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Problem definition: Autonomous sensors connected through the Internet of Things (IoT) are deployed by
different firms in the same environment. The sensors measure an important operating-condition state variable
but their measurements are noisy and so estimates are imperfect. Sensors can improve their own estimates by
soliciting estimates from other sensors. The choice of which sensors to communicate with (“target”) is
challenging because sensors (a) are constrained in the number of sensors they can target, and (b) only have
partial knowledge of how other sensors operate, i.e., they do not know others’ underlying inference algorithms/
models. We study the targeting problem, examine the evolution of inter-firm sensor communication patterns,
and explore what drives the patterns.

Academic/Practical Relevance: Many industries are increasingly using sensors to drive improvements
in key performance metrics (e.g., asset uptime) through better information on operating conditions. Sensors
will communicate amongst themselves to improve estimation. This IoT vision will have a major impact on
operations management (OM), and OM scholars need to develop and examine models and frameworks to
better understand sensor interactions.

Methodology: Analytic modeling combining decision-making, estimation, optimization, and learning.
Results: We show that when selecting its target(s) each sensor needs to consider both the measurement
quality of the other sensors and its level of familiarity with their inference models, i.e., the precision of its
beliefs. We establish that the state of the environment plays a key role in mediating quality and familiarity.
When sensor qualities are public, we show that each sensor eventually settles on a constant target set but this
long run target set is sample-path dependent (i.e., dependent on past states) and varies by sensor. The long run
network, however, can be fully defined at time zero as a random directed graph and, hence, one can
probabilistically predict it. This prediction can be made perfect (i.e., the network can be identified in a
deterministic way) after observing the state values for a limited number of periods. When sensor qualities are
private, our results reveal that sensors may not settle on a constant target set but the subset it cycles amongst
can still be stochastically predicted.

Managerial Implications: Our work allows managers to predict (and influence) the set of other firms with
which their sensors will form information links. Analogous to a manufacturer mapping its supplier base to help
manage supply continuity, our work enables a firm to map its “sensor-based-information” suppliers to help
manage information continuity.
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1. Introduction

The Internet of Things (IoT) and its sensor-based monitoring offers firms across a wide range of
industries (including energy, healthcare, manufacturing, retail, and transportation) a vast oppor-
tunity to improve their operations through better information. Take the process industries, from
upstream exploration through downstream commodity production, as an example. Asset uptime
and worker safety are crucial operational metrics: a single day lost to unplanned downtime can
cost a natural gas platform up to $25 million (Winnig 2016), and “on a global scale, unplanned

shutdowns in the process industry cost 5 percent of total annual production—that’s as much as
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$30 billion a year” (GEPower 2018, p.2). Downtime is often caused by abnormal operating con-
ditions; excessive vibration, for example, can be an important source or a leading indicator of
equipment failure (FlukeCorp 2020), and an excessive ambient chemical concentration can cause a
fire/explosion or be detrimental to worker health. Thus, process industries are increasingly turning
to the IoT to improve asset uptime and promote worker safety by deploying sensors on equipment
and workers to monitor key variables, e.g., vibration and trace chemicals, so as to help prevent
equipment failure and other unsafe conditions (BehrTech 2020).!

An oil refinery depends on the correct functioning of tens of thousands of machines (Evans and
Annunziata 2012), and “a typical oil drilling platform today might use 30,000 sensors, watching over
the performance of dozens of systems” (McKinsey 2015, p.9). In their report, McKinsey claim that
there is a vast untapped potential to use sensor information to make better operations decisions
related to predictive maintenance and worker safety, and they comment that “the real value of
IoT applications [comes] from analyzing data from multiple sensors” (p.104). Critical operating-
condition variables such as vibration and trace chemical levels are challenging to measure and sensor
estimates are inherently noisy. An important motive for sensor communication in an industrial
worksite is to improve estimation of the operational variables of interest by sharing estimates across
multiple sensors; that is, sensor communication can improve estimation. In turn, better estimation
of key operating-condition variables enables more informed decisions and actions, e.g., when to
dispatch technicians or remotely switch off/slow down certain machines if vibration levels are in a
warning state or when to evacuate workers from a certain area if dangerous gases reach a certain
level. These actions directly contribute to asset uptime and worker safety.

To appreciate the challenges and opportunities presented by communication between vibration
sensors on different pieces of equipment or between chemical sensors on equipment and workers,
for example, one must account for the scale and decentralized nature of process industry worksites.
From a scale perspective, a large oil refinery complex can have more than a thousand workers and, as
noted above, many thousands of critical equipment assets. While it would be theoretically desirable
to have all vibration sensors (or chemical sensors) in the same local environment communicating
with each other at each instant in time, it is not practically possible. Bandwidth, channel capacity,
and/or energy consumption concerns place important limits on communication in sensor networks
such that a sensor can only communicate with a subset of the other sensors in its environment

at any given moment (Shi and Zhang 2012, Han et al. 2017, Wu et al. 2020). Therefore, a sensor

! Vibration is a key variable and “vibration analysis is the most commonly used condition monitoring technique”
(Syed and Pai 2016).
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cannot simultaneously solicit estimates from the tens, hundreds, or maybe even thousands, of other
relevant sensors in its environment: it must choose at each moment a relatively small subset of the
others sensors to target. This limitation might suggest that a sensor should target the most precise
(highest quality) sensors in its environment, that is, those with the lowest measurement noise.

This intuition breaks down when one considers that “the oil and gas industry’s business model
and workforce include many stakeholders and partners. A single oil platform or refinery represents
multiple companies; oil company employees work next to contractors, services organizations, and
consultants. A range of manufacturers provides heavy equipment” (Winnig 2016, p.16) that often
“sits side by side with competitors’ equipment” (Winnig 2016, p.8). While estimation performance
would be highest if firms shared all relevant information, sensor technology (e.g., inference model,
measurement technique, raw readings) is often proprietary and closely guarded, and so companies
are reluctant to share all sensor-related data. However, according to a GE Oil & Gas executive
discussing sensor communication in operations, firms will engage in partial sharing of sensor-
generated information as “they realize they can learn from each other” (Jernigan et al. 2016,
p.6). For example, a vibration sensor from one company might share its current estimate with a
sensor from another company but not share its actual reading or its underlying inference algorithm.
Therefore, when choosing at each moment which other sensors to target to improve its own estimate,
a sensor must account not just for the quality of other sensors (which it may or may not know)
but also for its limited understanding of how the other sensors form their estimates.

There are at least two important aspects to the process-industry vision of using widely deployed
sensors to improve operational performance: (a) generating better operating-condition information
through sensor communication, and (b) enabling smarter decisions and actions through this better
information. These two aspects are somewhat related but also quite decoupled because better
decisions and actions are enabled by better estimation irrespective of the specific decision-action
context. In this paper we focus on (a) — the sensor communication aspect — and we seek to answer
the following question: in a dynamic environment populated by sensors from different firms, each
trying to maximize its own estimation performance, which subset of other-firm sensors should a
sensor target at each point in time (given a limit on the number targeted); and how does that
subset evolve over time (when one accounts for the fact that receiving estimates from other sensors
can enable a sensor to learn something about the inference models used by these sensors)? We

discuss (b) as a direction for future research in the conclusion of this paper.
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We have adopted the process industry as a motivating context but there are many other settings
in which noisy sensors from multiple firms operate in a common environment and can therefore
benefit from communication. Indeed, the concept of information “fusion across sensors [that] nomi-
nally measure the same property [to] reduce or eliminate noise and errors” (Mitchell 2007, p.4-5) is
envisioned as a remedy for sensor quality concerns in a wide range of IoT settings including energy,
environmental monitoring, infrastructure, and various other industrial applications, and systems
of sensors “will not necessarily be owned by one group [and] more often than not, more than one
organization will operate in the same system” (IEC 2015, p.33). This is true even in healthcare set-
tings; for example, many firms are developing minimally-invasive wearable bio-sensors to measure
blood glucose levels and it is envisioned that a diabetic person might simultaneously wear multiple
sensors (Xiong et al. 2011). More broadly, the emerging concept of Industry 4.0 — the marriage
of the digital and physical worlds in manufacturing and supply chain systems (Lennon Olsen and
Tomlin 2019) — will depend on sensors that “connect and communicate with one another, ... and
decentralized decision making — the ability of cyber-physical systems to make simple decisions on
their own and become as autonomous as possible” (Marr 2016).

With autonomous IoT sensors communicating across companies, firms will “become enmeshed
in a network of organizational relationships that require dedicated resources and management
attention” (Jernigan et al. 2016, p.14). Therefore, analogous to the current interest that consumer,
media, and technology firms have in understanding social network formation (Momot et al. 2019),
industrial firms will increasingly seek to understand the formation and evolution of autonomous
inter-firm IoT sensor communication patterns as Industry 4.0 matures. The goal of this paper is
to take the first steps in developing such an understanding. If one considers humans to be fully
rational (as sensors are), then our work can be applied to a wisdom-of-the-crowd, social-network
problem in which individuals forecasting a dynamically evolving variable (e.g., product demand)
choose over time which other individuals from whom to solicit forecasts when individuals do not
know but can learn about the forecast models used by other individuals. Full rationality is arguably
a strong assumption for human forecasters (Tong and Feiler 2017). Therefore, our paper applies
more directly to information fusion in decentralized, i.e., multi-firm, sensor networks.

In this paper, we consider a collection of autonomous sensors (i.e., no central governing entity)
operating in a common environment in which a state variable (representing an operating condition
such as vibration) evolves according to an autoregressive time series model. Each sensor is unbiased

but imperfect and generates a private, zero-mean noisy signal of the state in each time period.
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After observing its own private signal of the state in a period, each sensor chooses a subset of
other sensors to target (i.e., from which sensors to solicit state estimates) so as to generate an
improved estimate. Sensors do not know the inference models used by other sensors for estimation
but can learn about them over time if they communicate. In our base model, we assume that sensors
know the qualities of all other sensors. We then relax the known-quality assumption and adopt a
robust optimization approach in which the knowledge about other sensor qualities is ambiguous.
For expositional clarity, we focus on the setting in which a sensor can choose only one target during
each period but in the appendix show how all our results naturally extend to the setting in which
multiple simultaneous targets are allowed.

Among other results, we establish that the updating of the sensor’s state estimate depends on
(a) the qualities of both the targeted and the targeting sensors; and (b) the targeting sensors
beliefs about the targeted-sensor’s inference model, which update over time the more that sensor
is targeted, that is, the more “familiar” a sensor becomes with another sensor’s inference model
parameters. We show that the state of the environment plays a key role in determining the weights
placed on quality and familiarity when selecting a target in any given period. We prove that when
qualities are known and asymmetric, each sensor will eventually target a single sensor in all future
periods but this long run contact can vary by sensor. State dependency means that these long
run contacts are sample-path dependent, and hence, even for each particular sensor, the long run
contact can vary depending on the realization of state over time. Nevertheless, we demonstrate
that the long run communication network that forms between sensors can be fully defined at time
zero as a random directed graph, which means that one can probabilistically predict the long-run
communication patterns that will emerge. Furthermore, this prediction can be made perfect (i.e.,
deterministic as opposed to probabilistic) after observing the state values for a limited number
of periods. When qualities are not common knowledge, i.e., sensors face ambiguity with respect
to other sensor qualities, randomizing across some subset of sensors may be optimal in the long
run, but we provide an intuitive sufficient condition under which a deterministic targeting policy
is optimal.

These technical results have a number of important managerial implications. In particular, we
note that sensor communication enables improved estimation but it creates a dependency on other
firms’ sensors. Consider a multi-firm worksite in the process industry for example. A firm’s asset
uptime will depend to some degree on sensors from other firms if that firm’s sensor targets those

other sensors to improve its own vibration estimate. Therefore, those other firms are “information
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suppliers” to the firm. Our work help a firm identify which other firms have a high likelihood of
being its long-run information suppliers. Just as a manufacturer maps its supply base and monitors
events (e.g., bankruptcies) that can impact supply continuity, a firm can map its important sensor-
based-information suppliers and monitor for events that might affect information continuity, e.g., a
corporate ownership change of an important group of targeted sensors that might negatively affect
information sharing. Our results also establish the key levers that a firm can use to influence which
other firms will be its long-run contacts (information suppliers). Knowing these levers, a firm can
then exert influence over the set of firms on which it depends.

The rest of the paper is organized as follows. The most relevant literature is discussed in §2. The
base model is described in §3. Analysis and results are presented in §4 and §5. The extension to
unknown sensor quality is developed and analyzed in §6. A number of other extensions are summa-
rized in §7 and fully developed in the appendices. Conclusions are discussed in §8. Appendices A
through D are available in the e-companion. Appendices E through I are available from the authors

upon request.

2. Related Studies

Our research is related to a number of streams of literature that examine information sharing for
the purpose of improved estimation or forecasting.

The idea of sharing information between sensors is not a new one. Multi-sensor data fusion,
defined by Mitchell (2007)[p.3.] as “the theory, techniques and tools which are used for combining
sensor data ... so that it is, in some sense, better than would be possible if the data sources were
used individually” emerged as a problem domain in the 1990s due to the U.S. military’s desire
to enable more-complete or higher-quality surveillance of geographic areas. It has since grown
to encompass diverse applications in artificial intelligence, robotics, and environmental, equip-
ment and health monitoring. Sensor fusion is typically focused on developing efficient and effective
data architectures, processing techniques and protocols for aggregating information collected by a
defined network of sensors (Hall and Llinas 1997, Mitchell 2007, Khaleghi et al. 2013). Recognizing
that bandwidth, channel capacity, and/or energy consumption concerns place important limits on
sensor communication, there is a stream of sensor-fusion work related to sensor scheduling in which
a sensor can only communicate with a limited number of other sensors in a given period (Shi and
Zhang 2012, Vitus et al. 2012, Yang et al. 2014, Han et al. 2017, Wu et al. 2020).

The sensor fusion and sensor scheduling literatures presuppose a collection of sensors deployed

by a single governing entity such that all sensors are willing to share all relevant information; the
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challenge is to efficiently communicate and aggregate the information. Our work differs significantly
in intent from that literature and is distinguished by its focus on settings in which autonomous
sensors are deployed by different firms without a central governing entity. In such settings, sensors
do not have full information on the estimation approaches of other sensors but can learn about
them over time.

Forecasting is a central concern in operations management, and it has long been recognized that
combining demand estimates/information from multiple individuals or firms can improve forecast
accuracy (e.g., Fisher and Raman 1996, Swaminathan and Tayur 2003, Gaur et al. 2007, Simchi-
Levi 2010). More recently, motivated by the emergence of external and internal prediction markets,
Bassamboo et al. (2018) empirically explores the effect of group size on forecast accuracy, finding
that aggregation across larger groups improves accuracy. The notion that aggregation of a large
number of estimates can improve estimation—sometimes described as the wisdom of crowds—has
also received significant attention in the decision analysis, economics, forecasting, social network,
and other literatures (e.g., Bates and Granger 1969, Ashton and Ashton 1985, Winkler and Clemen
2004, Wallis 2011, Acemoglu et al. 2014a,b, Atanasov et al. 2016, Tsoukalas and Falk 2019).
Through that lens, one can view our work as exploring a related but different question: when each
individual in the crowd wants to improve his or her own estimate (but cannot ask everyone in the
crowd) then who in the crowd should an individual target?

With that lens in mind, the paper most related to our work appears to be Sethi and Yildiz
(2016) who examine communications between human experts that independently observe a static
white-noise process. In each period, each expert estimates the current state with some randomly-
drawn precision (i.e., quality) whose realization is publicly observable to all experts. These human
experts may differ in their private opinions on the mean level of the process. Each expert can
solicit an estimate from one other expert in each period. The authors examine the types of long run
communication networks that can emerge. Although sharing certain features (e.g., target selection
must tradeoff between quality and unknown beliefs), our work differs significantly from Sethi
and Yildiz (2016) in some fundamental aspects that are driven by our IoT-sensor motivating
context. For example, we consider a dynamic (not static) environment because that is a typical
feature of the environments in which sensors are deployed. We establish the importance of this
distinction by proving that—different to a static random environment—the state and its dynamics
are a crucial driver of target selection. Furthermore, the human experts’ qualities are randomly

redrawn in every period in Sethi and Yildiz (2016), with realizations being common knowledge. This
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highlights two other critical differences in our work driven by the IoT context: sensor qualities are
not typically random and, more importantly, sensor qualities may not be known to other sensors.
To accommodate this unknown-quality reality, we adopt a robust optimization framework in which
sensor qualities are ambiguous and target selection needs to be robust to this ambiguity.

Finally, our work is also related to the general theory of robust optimization and estimation;
relevant papers from the operations literature include Liyanage and Shanthikumar (2005), Perakis
and Roels (2008), Delage and Iancu (2015), Saghafian and Tomlin (2016), Misi¢ and Perakis (2019),
and references therein. For some general theoretical results on the percentile optimization approach
that we utilize, we refer interested readers to Nemirovski and Shapiro (2006), Delage and Mannor

(2010), Bren and Saghafian (2019), and references therein.

3. The Model

We first present a high level description before formalizing the model. We consider a collection
of sensors deployed by different firms in a common environment. Each sensor estimates (using its
own measurement and inference model) a state variable representing the operating condition in the
environment, e.g., the vibration level. The objective of each sensor is to generate the most accurate
state estimate it can. We intentionally omit any resulting operational action because there is a
wide class of action problems for which the goal of the sensor is to generate the best state estimate
it can. Our model is in fact indifferent to the action problem so long as action decisions benefit
from higher-quality state information. This means that the model we study is quite general.?
Sensors generate quick but noisy estimates in their local processing units. In practice, these noisy
estimates are sometimes augmented by more accurate but less frequent or slower estimates. For
example, maintenance technicians might periodically record “vibration data with a handheld data
collector” (IKM 2019) that can then be fed back to the sensor.® Alteratively, in addition to its own
rapid, local (“edge”) computation, a sensor might also “offload” its data to a remote computer
or the cloud for more computationally-intensive and more accurate estimation but this comes at
the expense of a communications delay (Ran et al. 2017, Ballotta et al. 2019, Xu et al. 2020). In
our base model, we assume that each sensor has a slower-but-more-accurate estimation approach

in place (e.g., technician inspection or remote offloading) and for simplicity assume that it incurs

2We make no assumption that the devices associated with the sensors are even engaged in related or analogous
actions. We merely assume that each sensor’s objective is to generate the highest quality state estimate it can for its
associated device.

3 Analogously in the diabetic monitoring context, it is thought that wearable blood-glucose (BG) biosensors will
require “frequent calibration against direct BG data” obtained by precise but invasive means (Chen et al. 2017, p.8).
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a delay of one period and is perfectly accurate. In Appendix C, we analyze relaxations in which
the slower-but-more-accurate approach has a general delay and may or may not provide perfect
estimation and we also consider relaxations in which the slower-but-more-accurate approach does
not exist. We show that our key results extend to these relaxations.

We consider a partial-information sharing regime in which the sensor-owning entities are willing
to share some but not all information. In particular, each sensor is willing to share its current state
estimate and possibly its underlying sensor quality but not its inference model or raw measurement.
A sensor can solicit estimates from other sensors to improve its own estimate but it is limited in the
number of other sensors it can target because of the communication constraints discussed earlier
in the paper. We explore the problem of determining for each sensor (in each period) which other
sensor(s) it should target so as to most improve the accuracy of its own state estimate.

In what follows, we formally describe the environment, individual sensor measurement and state
estimation, sensor collaboration, and finally the target selection problem whereby each sensor
chooses from which other sensors to solicit state estimates.

Environment: A collection N £ {1,2,--- ,n} of autonomous sensors exist in a common environ-
ment that is defined by an operating-condition variable S € R (e.g., vibration) whose discrete-time

state evolution is governed by a first-order autoregressive (AR(1)) process:
Si=a+p51+6& (1)

fort=1,2,--- 00, where ¢ arei.i.d. normal white-noise random variables with mean 0 and variance
normalized to 1. We note that autoregressive behavior is a common phenomenon and that AR
models are used to estimate a wide range of dynamic properties including two of our motivating
examples: equipment vibration (Thanagasundram and Schlindwein 2006, Ayaz 2014) and blood
glucose (Sparacino et al. 2007, Leal et al. 2010). We adopt an AR(1) model for reasons of parsimony
and note that such a model has been adopted in the sensor network literature, e.g., Vitus et al.
(2012), Shi and Zhang (2012) and Ballotta et al. (2019).*

Individual Sensor Measurement and State Estimation: At the beginning of each time period
t, each sensor i € N privately generates a noisy signal (observation) I';; of the state variable S;. In
many loT settings, e.g., when the variable-of-interest is difficult or time-consuming to measure, this
signal is indirectly generated by measuring some other related properties and mapping these mea-

surements into the variable-of-interest. Different sensor technologies may rely on different indirect

4 We acknowledge that higher-order models can have more predictive power; however, it is a generally advised principle
that one should select a model of minimum order needed for a good fit, and AR(1) models are sometimes used for
estimation, e.g., Sparacino et al. (2007).
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properties, and hence, different mappings. To avoid unnecessary notational burden, we suppress
the raw readings and related mapping, and instead focus on the final noisy signal of the current

state (S;) privately derived by sensor i:
i = S; + €, (2)

where €;; are i.i.d.° normal white noises with mean 0 and variance 1/(¢;)?, with g; representing the
quality of sensor ¢. That is, a higher quality sensor has a higher precision.

Each sensor i € N knows that the environment evolves according to an AR(1) process but does
not know the true parameters of the AR(1) process. Specifically, when using its signal to estimate
the current state of the environment, sensor ¢ uses its own inference model—developed based on

its firms’s training algorithms and data sets prior to deployment—which is given by
Sit =& + BiSi—1 + &, (3)

where &; and Bi are sensor i’s estimates of the process parameters o and §. Immediately before
period t starts, the realized value of the previous period state s;_; is revealed to each sensor
(because of our base-model assumption that the slow-but-more-accurate estimation approach of
each sensor is perfect with a one-period delay), and the system moves to the next period.®

At the beginning of each period ¢, knowing the realization of the previous period state s;_;, but
prior to receiving the noisy signal I';;, sensor i believes (based on its inference model (3)) that the
current state S; follows a normal distribution with mean &; + ﬁist_l and variance 1. Upon realizing
the current signal I';; = 4, sensor ¢ updates its prior belief about the current state according to
Bayes’ rule. Since both the signal received about the state and the prior on state have a normal
distribution (see (2) and (3)), it follows from Bayes’ rule that sensor ¢’s posterior belief about the

state is also normally distributed but with a mean and variance given by

ééi—FAiS, 12
5 t—1 q 2’Yit (4)

E[Sit|Tit = vie] = 1+¢2 1+¢q;

and
1

VGT[Sit’Fit = ’Yit] = qua

(5)

5In Appendix D, we study scenarios in which the measurement errors are correlated among sensors, and show that
our main results extend to such scenarios. However, even when these measurement errors are not correlated, it should
be noted that sensors’ readings given in (2) are still correlated both within and across periods.

5 Our base-model analysis and findings immediately extends to a setting in which state realization occurs less fre-
quently (e.g., every T > 1 periods because technician inspections or data offloading is periodic due to travel or
communication burdens) but target selection remains constant between realizations; this only requires a re-scaling of
time, i.e., changing the definition of a period. Also, please see Appendix G for generalizations in which the slow-but-
more-accurate estimation is not perfect and/or has a general delay of more than one period.
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respectively. The higher the quality of sensor ¢, the more weight it places on its signal when updating
its mean belief, and the larger the associated variance reduction.

Information Sharing and Sensor Collaboration: Each sensor i € N is aware of all the other
sensors in the environment. All sensors in the collection A are willing to collaborate in the following
manner: in each period t, after all sensors have formed updated beliefs based on their private
signals (according to (4) and (5) above), any sensor j € N is willing to share its best estimate
of state (according to the expected value of the squared error loss) which is its updated mean
prediction of state E[S}:|T'j; = ;] with any other sensor i that requests it.” Sensors are deployed
by different firms, and therefore sensor ¢ € '\ {j} may not know the inference model parameters
&; and Bj used by sensor j because firms typically train their sensors (pre-deployment) differently
using different algorithms and training data sets that are often privately owned. We assume that
at time ¢ = 0 sensor ¢ believes that sensor j’s inference model parameters &; and Bj come from
independent normal distributions N(a;,1/v};,) and N (B;,1 Jw3;), respectively.® In this setting,
parameters v;;0 > 0 and w;jo > 0 represent sensor ¢’s initial familiarity with sensor j’s inference
model. Higher familiarity values indicate more precise beliefs. A setting in which sensor ¢ fully
knows sensor j’s inference model parameters can be obtained by setting v;;o = w;;o = 0o. To gain
insights, in our base model we assume that sensor qualities ¢; are common knowledge to all i € N/,
but this is relaxed in §6.

Target Selection: In each period t, after updating its state estimate based on its private signal as
in (4) and (5) above, each sensor i chooses a set of sensors from which to request state estimates,
i.e., their updated mean beliefs about the state. We do not model the actions of devices associated
with sensors but implicitly assume that the action payoff is increasing in the quality of the state
estimate. Thus, in choosing which sensors to target, sensor ¢ selects those sensors that will most
improve its own estimate. By most improvement, we mean that sensor ¢’s resulting updated state
distribution gives the lowest expected squared error of estimation.® In particular, sensor i’s decision
in each period t is based on the following optimization problem:

2
min Eg, gt |:§it - St} (6)
5ir€R,a;€{0,1}n 1 it

7 Our work easily extends to a setting in which j will only collaborate with some subset of AV

8 The extension to a setting in which the means of these normal distributions are not correct is contained in Appendix
B which establishes that the key results in the paper still hold.

9 As we will show, this implies that each sensor targets those sensors that provide it with the most information about
the state. We use the expected value of the squared error as our targeting objective function mainly because it is a
common loss function used in the literature of Machine Learning and Estimation Theory. However, all our results
hold for any targeting objective function that is strictly increasing in the expected squared error of estimation.
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s.t.

O<ec Z]EN\{’L} At S b,

where the vector a;; € {0,1}"~! is composed of elements a,;; with a;;; =1 if 7 targets j at time ¢,
and a;;; =0 otherwise, F};"* is the posterior distribution of sensor i’s belief about the state after
communicating with the selected targets at time t, ¢ is the cost of communication per target in each
period, and b is a communication budget in each period. Thus, in (6), sensor i decides upon the
vector a;; € {0,1}""! (who to communicate to) subject to its communication budget. This decision
impacts the sensor’s posterior belief about the state (once the communication is made), and hence,
the sensors is trying to communicate to sensors that will allow for the most desired posterior belief
about the state, where most desired is measured in terms of /,-norm loss in estimation.

We define k =b/c, and refer to it as the targeting channel capacity because | k]| represents the
maximum number of targets from which a sensor can solicit estimates in a period. For expositional
ease, we focus on the case where a sensor can choose only one target in each period, i.e., |k] =1,
because this is when choosing the right target is most important. Our results readily extend to the
case of |k] >1 as we mention at times in the paper and fully show in Appendix A.

Other Extensions: In addition to the relaxations mentioned during the model description (i.e.,
delayed and imperfect state realizations, correlation in sensors’ errors, and incorrect beliefs about
the means of other sensors’ inference parameters), we extend our base model to consider non-myopic
sensors that care about estimation in future periods and also extend it to consider a setting in which
sensors update their own inference models over time in a Bayesian fashion. All these extensions
and their results are summarized in §7 but we relegate their detailed analysis and discussion to the

appendices for brevity.

4. Preliminaries: Targeting Equivalence and Familiarity Dynamics

As a preliminary to our exploration of how sensor communications evolve over time, we first develop
an equivalent target-selection problem and analyze how any given sensor’s beliefs about other
sensors’ parameters update from one period to the next.

Targeting Equivalence: We begin by establishing that the target selection problem in (6) above
is equivalent to one in which sensor i selects as its target the sensor that provides ¢ with the
most informative signal about the current state, where a less noisy signal (i.e., one with a lower

variance) is more informative.'® Importantly, we will show that the informativeness of a signal

10 Note that the information entropy of any normally distributed random variable depends only on its variance.
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depends not only on the quality of the potential target sensor j, but also on the receiving sensor
t’s familiarity with sensor j’s inference model. In particular, given its privately generated signal I';,
in period t, sensor j provides sensor ¢ with its best current estimate of state, which is E[S;;|T';:],
i.e., its updated/latest expected belief about the current state S;. Now, from sensor i’s perspective,

E[S;¢|T';:] is formed according to:

Qi + Bijtst—l qjg'
T 7

J

E[S;:|T ] =

which is similar to (4) but where &;;; and Bijt reflect sensor i’s beliefs at time ¢ about sensor j’s
inference parameters &; and Bj. (The relevant dynamic updating mechanism is developed below.)
Because I';; = S; + €;; from (2), this value E[S;;;|I';;] provides sensor i with the following noisy

signal regarding the state S;:

1+q2 CS[Z + Ai‘ St
pe LE[Sij+Tje) = S + €50 + thﬁ;”l. (8)
J J

We denote the variance in this signal’s noise as:

Qe+ Bijtst—l]

02(i,§,8.1)=Var [ejt + ”
J

(9)

There are two independent sources of noise in this signal: (a) the inherent white noise ¢;; in sensor
Jj's measurement T';, (which has a variance of 1/¢7), and (b) the noise caused by sensor i’s lack
of familiarity with sensor j’s inference model. For notational convenience, we define the random
variable Z;j:(s1-1) = Qs + Bijtst—la where its dependence on the prior state value s;_; is explicitly

noted. Defining the precision 1;;;(s;—1) = 1/Var[Z;5:(s,—1)], it follows from (9) that

2+1 it St—
O-tz(iajust—l) = qJ /qé};t( d 1)' (10)
J

Under a variance reduction objective, sensor ¢’s target in period ¢ is

N . 2/ .
Jiy = arg 1min oy (Z)jvstfl)

JeNM\{i}
2
.+ 1 it St—
= arg min {qj /¢4ﬁ( ! 1)} (11)
JENLi) q.

The following result establishes that the original target selection problem in (6) is equivalent to

the variance reduction target selection (11); that is, both objectives result in the same target.!!

PROPOSITION 1 (Target Selection and Variance Reduction). If channel capacity |k] =1,

then under (6), aj;, = 1yj=jxy, where jj, is given by (11), and 1, is the indicator function.

1 Without loss of generality, we assume ties in (6) and (11) are broken by choosing the sensor with the lower index.
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This result readily extends to a general channel capacity k > 2: each sensor i will select the |k]
other sensors that provide the lowest variance of signal. That is, it chooses the |k | most-informative
sensors (from its perspective) and solicits their state estimates; see Appendix A for more details and
extension of our results with k& > 2. This rank-ordering structure also illuminates the importance of
studying the case where each sensor can only target one sensor (| k| =1) during each period (while
targets may vary across periods). As noted earlier, this is because |k| =1 represents the scenario
in which choosing the right target is most critical.

Recall that, by definition, the variance of the random variable =;;,(s;-1) = GQiji + Bijtst—l is given

by 1/1::(si—1). In what follows, we therefore refer to ;;,(s) as the familiarity function that sensor
i has for sensor j at time ¢, and we refer to ¢;;;(s,—1) as the familiarity value, i.e., the familiarity
function evaluated at the latest realized state s =s;_;. We use the term familiarity to convey the
notion that higher values imply less noise in sensor i’s beliefs about sensor j’s underlying inference
model. Importantly, as we will establish below, sensor i does not need to separately update its
beliefs over time about parameters &;;; and ﬁijt of sensor j’s inference model; it suffices to update
the familiarity function 1);;(s).
Familiarity Dynamics: To operationalize the target selection problem (11), we now examine
how any given sensor’s familiarity function with respect to some other sensor evolves over time. In
particular, we develop the mechanism through which the time-¢ familiarity function is updated to
that at time ¢+ 1, i.e., how ;;;(s) updates to ¢;;:+1(s). To that end, we first note that it follows
from the definition ,;;(s;_1) = 1/Var [Eijt(st_l)] that the initial familiarity function is given by

2

30 (12)

2 2 2°
Wijo + Vij0S

2
VoW

Yiji(s) =

We also note that, if sensor ¢ communicates with sensor j at time ¢, then it follows from (7) that

i receives the following signal about the random variable Z;;;(s:—1) = &;j¢ + Bijtst,lz
(1+ ¢ E[Sije|Tje] = Zije(s0-1) + 47 (S + €50).- (13)

There are two independent sources of noise in this signal: (a) the noise in sensor i’s own estimate
of the current state S;, which has variance of 1/(1 + ¢7) (see (5)), and (b) the inherent white
noise €;; in sensor j measurement, which has a variance of 1/¢7. Thus, based on (13), the variance
in the signal’s noise is given by Var[q;(S; +¢€;1)] = q; /(1 +¢;) + ¢;. Using Bayesian updating of

the aggregated univariate random variable =,;;(s;—1) after observing this signal, which eliminates
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the need to explicitly update and carry over the joint distribution of &;;; and Bijt (hence, their

covariance matrix), we can show the following result.?

PROPOSITION 2 (Familiarity Dynamics). For any s € R:

(i) 1/’ij,t+1(3) = Zbijt(S) + 6(%7%’7@1‘3‘1&)7 where 5(%7%‘7 aijt) £ f(Qi7Qj)aijt and

(1+q7)
fa,q) & 55— 14
1) = B ) )
(ii) For all t=1,2,3,---, we have
()= 20004 r0)S (15)
¢ij,t+1 s)= wi2j0+vi2j082 qi, 4 - Qjj-

Intuitively, sensor ¢’s familiarity function for sensor j changes from time t to time ¢t + 1 if, and only
if, ¢ targets j at time ¢, i.e., a;;; = 1. Moreover, if 7 targets j then the gain in ¢’s familiarity with j
does not depend on the state: the gain is given by f(g;, ¢;), which we refer to as the stickiness factor.
It is noteworthy, however, that the gain depends on both the sender’s (j’s) and the receiver’s (i’s)
qualities. More importantly, it follows from (15) that to calculate the current familiarity function
that sensor ¢ has for sensor j we only need to know the number of times that ¢ selected j as its
target; we do not need to know in which periods those selections occurred. This is primarily due
to the fact that when ¢ communicates to j in any given period the gain in ¢’s familiarity with j
depends only on i’s ability to interpret the signal from j about the state. This ability to interpret
depends only on the time-invariant qualities of the receiver ¢; and the sender ¢; and does not

depend on the state which is time varying.

5. Communication Networks: Who Targets Who?

With the equivalent target selection problem and familiarity dynamics developed, we now char-
acterize how target selection evolves over time. In choosing a target in period ¢, any given sensor
i needs to consider both the quality of each other sensor j and its own current familiarity value
ije(si—1) for each sensor j; see the targeting criterion (11). That is, beside quality, the attrac-
tiveness of j as a potential target for ¢ depends on the familiarity value 1);;;(s;—1). The familiarity
value, in turn, depends explicitly on the previous state s;_; but also implicity on all prior states
through their influence on prior targeting of sensor j by sensor ¢. Thus, target selection in each

period depends on the history of state realizations up to that period.'?

12 We also provide a second proof of this result in which we explicitly use the joint distribution of Guje and Bijt and
characterize how their covariance matrix is updated over time; see proofs in Appendix G.

13 This state dependency does not arise if the underlying environment is governed by a static i.i.d. white noise process,
i.e., when 8 =0. In that case, it follows directly from the above analysis that the familiarity function ¥;;41(s) =
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5.1. Initial Target Selection

It is informative to first consider target selection at time ¢ = 1, because this initial selection high-
lights a key ongoing tradeoff between sensor qualities and state value. Consider any given sensor i,
and assume (without loss of generality) that it can select its target from two sensors: a high-quality
sensor (labeled h) and a lower quality sensor (labeled /). When should sensor i target sensor h?
When should it target sensor {7 How does the choice depend on the initial state sy?

To answer these questions, let r £ ¢;/¢, denote the quality ratio of sensors I and h. By definition,
0<r<1. Using (11) and (12), it follows that sensor i strictly prefers targeting the lower quality

sensor (1) if, and only if,

(rgn)* + G’ + G _ i+ (50 + Gog)’

% % Wih0 (16)

(’l“ %)4 q;t '

where 1/v;, and 1/w?;, are sensor #’s initial belief variances about sensor j € {h,l} parameters &;

and Bj respectively. From (16), it can be seen that i strictly prefers to target [ if, and only if,

co+c1s8 >0, (17)

where

2.2 7 2 1,
co=(rg) (r"=1)+(—)"—(—)", (18)
Vino Vii0
and
r? 1
c1= 2 - 2, (19)
Wino Wiio0

We note that ¢, reflects a tension between the difference in sensor qualities and the differences
in ¢’s initial familiarity with the inference model parameters &; and ¢&;. Similarly, ¢, reflects a
tension between the difference in sensor qualities and the differences in ¢’s initial familiarity with
the inference model parameters ﬁh and 31. As (17) shows, state influences initial target selection,
and this is through the ¢; term. The following result presents the conditions under which sensor
i strictly prefers to target the lower quality sensor. Thus, it also sheds light on conditions under
which sensor ¢ prefers to sacrifice quality for familiarity. By an appropriate swapping of labels [
and h, it can also be used to highlight conditions under which sensor i strictly prefers to target

the higher quality sensor.

v?jo + f(qi,q5) Zle a;j¢. This is independent of the state s, and therefore, target selection is sample path independent.
From this perspective, one can view Proposition 2 as generalizing the belief updating expressions (7)-(9) in Sethi and
Yildiz (2016) to the case of an AR(1) process.
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Figure 1  Initial selection between a higher quality sensor (h) and a lower quality sensor (I). The darker (lighter)

area represents the region in which ! (h) is the preferred sensor [Proposition 3 (i) applies in the inter-
mediate region between the dashed lines.]

ProPOSITION 3 (Initial Selection). A sensor i strictly prefers to target a lower quality sensor
(1) than a higher quality one (h) at t =1 if, and only if, one of the following conditions holds:

(i) co <0, ¢1 >0, and |so| >/—co/c1,

(i) co >0 and ¢; <0, and |so| <+/—co/c1, or

(iii) co >0 and ¢y > 0.

This proposition highlights the interconnected roles that (a) sensor qualities, (b) familiarities,
and (c) state play in target selection. Intuitively, if sensor ¢ has more familiarity with the high-
quality sensor’s inference model parameters (i.e., vino > vip and w;ne > wiy), then the high-quality
sensor is the inherently more attractive target regardless of state. This is reflected in the above
proposition by the fact that ¢y <0 and ¢; < 0 in this case and, therefore, sensor h is preferred.
On the other hand, if sensor i has more familiarity with at least one of the low-quality sensor’s
inference parameters, then the high-quality sensor might not be the preferred target, because its
estimate may prove to be more noisy from i’s perspective (than the low-quality sensor). This
tradeoff between quality and familiarity depends on the state (parts (i) and (ii) of Proposition 3)
unless the familiarity advantage of the lower quality sensor compared to the higher quality one is
so large that it makes the lower quality sensor the preferred target regardless of the state (part

(iii) of Proposition 3).
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As the quality ratio r increases from 0 to 1 (all else held constant) there are at most three
distinct regions of target selection that identify the role of state, as illustrated in Figure 1.* When
the quality ratio r is low, i.e., sensor h is of much higher quality than [, then h dominates I, i.e.,
h is targeted in all states. This h-dominating region always exists, but it does not cover the entire
range 0 < r <1 unless v;,0 > vyo and w;no > Wy, i.e., the high-quality sensor is the more familiar
for both parameters. In contrast, when the quality ratio is high, i.e., sensor qualities relatively
similar, then [ dominates h, i.e., [ is targeted in all states. This [-dominating region exists if,
and only if, v;0 < vy0 and wipe < Wy, 1.€., the low quality sensor is the more familiar for both
parameters. Importantly, there is an intermediate range of the quality ratio r (that extends to
r =1 if the familiarity ranking differs across v and w) in which state matters and the indifference
curve |so| = \/T/Q completely characterizes target selection. Figure 1 illustrates an instance with
parameters for which Proposition 3(i) applies. In this case, a high absolute value of state induces
sensor 4 to emphasize familiarity over quality such that it targets sensor [. In contrast, when the
absolute value of state is low, quality matters more than familiarity, and i targets h. The reverse
holds if case (ii) applies. When this intermediate region exits, then case (i) (i.e., high state favors
high familiarity sensor) applies over this entire intermediate region if r > \/m , but case (ii)
(i.e., high state favors high-quality sensor) applies over this entire intermediate region otherwise.
Put together, these results show that state can play an instrumental role in mediating quality and
familiarity even when target section is static (i.e., does not evolve over time). In the next section,

we turn our attention to exploring how target selection evolves over time.

5.2. Target Evolution and Long Run Target Selection

Analogously to initial selection, when choosing its target in period ¢, any given sensor i needs to
consider the quality of each sensor j € '\ {i} as well as its current familiarity value t;;;(s;—1)
for sensor j. What differs from the initial selection is that the familiarity function ;;(s) may
have evolved due to past targeting of j by . As shown in Proposition 2, this familiarity function
still depends on the initial belief variances 1/v;;0 and 1/w;;o but it now also depends on (a) i’s
communication history with j as reflected by the number of times ¢ targeted j in the past, and
(b) the stickiness factor f(g;,q;). In particular, ¢,;;,(s,—1) strictly increases in the number of times

i has already targeted j, and so the attractiveness of j as a future target for i increases every

14 A complete closed-form analytical characterization of the region thresholds exists but it is algebraically cumbersome
and not included for reasons of space.
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time ¢ targets j. This is because the signal received from j becomes more informative for i as its
familiarity with j builds.

The stickiness factor f(g;,q;) determines the gain in familiarity that results each time ¢ targets j.
It is strictly increasing in ¢; and strictly decreasing in ¢;; see (14). To understand these directional
effects, first consider g;, i.e., the quality of the targeted sensor. For the extreme case in which
q; = 00, sensor j’s state value (what it sends to sensor i) will be independent of its inference model
parameters (see (4) and replace ¢ with j), and so there is no information to be gained by i about
j’s model parameters. More generally, the higher the quality of sensor j, the less weight it places
on its inference model in forming its state expectation, and so there is less for i to learn about j’s
model parameters as g; increases. Therefore, i’s gain in familiarity decreases in ¢;. Next, consider
¢;, i.e., the quality of the targeting sensor. As ¢; increases, the targeting sensor’s own state estimate
becomes more precise. This, in turn, enables sensor 7 to better interpret and parse out the inference
model information contained in what it receives from sensor j. To summarize, all else equal, (a)
higher-quality sensors can build familiarity with other sensors more rapidly than can lower-quality
sensors, and (b) lower-quality sensors result in larger familiarity gains if targeted.

To analyze how target selection evolves over time, it is helpful to introduce the following definition

and result.

DEFINITION 1 (Dominance). For two sensors m,n € N'\ {i}, we say that m dominates n at time
¢ from the perspective of sensor ¢ (denoted by m = n), if Pr(c?(i,m,S;—1) < o?(i,n,S_1)[H:) =1,

where H, is the history of communications up to time ¢t (H; =0).

In other words, m =;; n if sensor ¢ almost surely prefers to target sensor m instead of n at time
t given the history of all past communications. Using Definition 1, we can establish the following

preservation result.
LEMMA 1 (Dominance Preservation). If m =, n, then m =, n, for all t' >t.

This result establishes that dominance is preserved (i.e., persists) over time. Therefore, if some
sensor n becomes dominated by some other sensor m from the perspective of ¢ at some time ¢, then
sensor n will never be targeted by 7 in the future. This allows sensor i to reduce its set of potential
targets over time. This result enables us to analyze the long run communication network.

In what follows, we first consider two special cases, and then explore the general case.
Special Case 1 (Common Initial Familiarities that Vary by Sensor): Consider the case in
which any given sensor ¢ has a common initial familiarity with all other sensors j € N\ {i}, i.e.,

Vijo = Vo and w;jo = w; for all j. This common initial familiarity can vary by sensor i. Let h(7)
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denote the highest-quality sensor j € N\ {i} from i’s perspective. It follows from Proposition 3
that h(i) dominates all other sensors (from the perspective of ¢) at time 1. Because dominance is
preserved (Lemma 1), the communication network at any time (including the long run) is the same
across all sample paths: regardless of state realizations, each sensor ¢ always targets the highest
quality sensor available h(7). Put differently, the highest-quality sensor targets the second-highest
quality sensor, and all other sensors target the highest quality sensor.

Special Case 2 (Equal Qualities with Initially More Familiar Sensors): Consider the case
in which (a) the sensors are all of the same quality, and (b) for any given sensor 7 there exists some
other sensor j(i) such that V50 > Vo and w;z > wijo for all j € N\ {i}. In other words, sensor 7 has
higher initial familiarities with both of j(i)’s inference model parameters than in any other sensor’s
parameters. It follows from part (iii) of Proposition 3 that j(i) dominates all other sensors (from
the perspective of i) at time 1. Because dominance is preserved (Lemma 1), the communication
network at any time (including the long run) is the same across all sample paths: regardless of
state realizations, each sensor i always targets its initially most-familiar sensor j(z)

In general, however, sensors may differ in their qualities and any given sensor may have het-
erogenous familiarities with other sensors. In such a setting, an initially-dominant target (for any
given sensor) may not exist. Therefore, we next develop results to help analyze this general case.
To this end, let So = {s¢,51,52,--- } denote a long run sample path, i.e., the realization of states
over an infinite horizon. Similarly, we denote by S; £ {s¢, 51,52, ,5;} a finite sample path up to
time ¢t. We also let S;i denote a sample path that is equivalent to S, up to time ¢, but one which

may deviate from S, afterwards: S.t £ S, U {s, 4155149, - }- To examine the long run networks

that may arise, we first introduce the following definition.

DEFINITION 2 (Long Run Contacts). Given a sample path S, the set of long run contacts of

sensor 1 1s:

Ti(Se) E{j e N\ {i}: tlirglcgbijt(st,l) = 008, 51,82, € Sac }.- (20)

REMARK 1 (Infinitely-Often Communication). It immediately follows from (15) that, along

any sample path S, sensor ¢ targets sensor j infinitely often if, and only if, j € 7;(S..).

If two (or more) sensors have the same quality, then depending on the initial familiarity of some
sensor ¢ with these equal-quality sensors, there might exist some sample paths along which the
long run set of contacts of sensor ¢ includes more than one sensor and sensor ¢ keeps alternating

between the sensors in its long run set of contacts such that it targets each of them infinitely often
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along the sample path. This alternating behavior is caused by the value of state in each period
which, as noted earlier, plays a central role in target selection.

However, when qualities differ across sensors, we establish in what follows that for any given
sensor i and along any fixed sample path S..: (a) 7;(Ss) is a singleton, i.e., |7;(Sx)| =1, and (b)
the unique long run contact in 7;(S.) can be identified in the almost sure sense in finite time,
ie., Ti(8x) = Ti(SE) a.s. for some t* < oo. These two results in turn will allow us to establish
the following. At time zero, one can fully define the long run communication network as a random
directed graph, i.e., a directed graph with given probabilities assigned to each link 75 that indicate
the probability that j will be the long run target for ¢. Furthermore, there exists a finite time after
which the graph can be defined as a deterministic directed graph, i.e., with all probabilities being
zero or one, that fully specifies the long run target for each sensor.

To establish these results, we start by presenting the following lemma.

LEMMA 2. For any € > 0, there exists a fized threshold 1. € R such that if Yije(Si—1) > Y. and
= >1+e then j;, # 5.
J

The above lemma states that a sensor j’ will not be targeted by a sensor i if (a) there is another
sensor j of a higher quality than j’, and (b) sensor i’s familiarity with j reaches a fixed threshold.
The importance of this result lies in the fact that the threshold is a fixed number, and hence, is
independent of sensor ¢’s familiarity with sensor j'. Thus, the above lemma holds regardless of how
familiar 7 is with j at time ¢: if ¢’s familiarity with j passes the fixed threshold, then j' will not be
targeted by 7. This in turn allows us to show that, when sensor qualities are asymmetric (defined
below), the set of long run contacts of each sensor i along any sample path S, only includes one

Sensor.

DEFINITION 3 (Asymmetric Qualities). Sensor qualities are said to be asymmetric if, and only

if, q; # q; for all j,j' € N with j # 5.

PROPOSITION 4 (Unique Long Run Contact). If sensor qualities are asymmetric, then given

any sample path Su., |Ti(Sso)| =1 for all i e N.

It is noteworthy that although the long run set of contacts of each sensor ¢ has a unique member
(when sensor qualities are asymmetric), this unique member is (a) sample path dependent, and
(b) is not necessarily the highest quality sensor in A\ {i}. As Proposition 3 showed, at t =1 any
given sensor ¢ might target a sensor of lower quality than some other potential target. Due to the

stickiness factor introduced in Proposition 2, this may create a momentum for sensor ¢ to target
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the same sensor in future periods as well. This may result in a lower quality sensor dominating the
higher quality sensor from the perspective of sensor ¢ at some period t. Since dominance persists
(see Lemma 1), the higher quality sensor may not be the long run contact of sensor 1.

Using the above result, we next show that when the sensor qualities are asymmetric, the long
run set of contacts of each sensor can be determined in finite time. That is, transient analysis is
sufficient for characterizing the communication network that will be formed in the long run. This
is because the role of state in target selection eventually vanishes, i.e., the effect of past targeting

outweighs the role of state.

PropPOSITION 5 (Transient Analysis). If sensor qualities are asymmetric, then along any sam-

ple path S, there exists a finite period t* such that for all i € N

The above results allow us to characterize the long run network of communications.'® First, at
time zero, this network can be viewed as a random directed graph é(/\f ,E,P), where N (i.e., the
set of sensors) is the set of vertices, £ = {(i,7) : 4,7 € N'} is the set of directed links, and P is a set

of probability distributions that assign to link (¢,j) probability p;; defined as

s Y Pr(Sw). (21)

VSoo: JETi (Soo)
Second, as the following result shows, the network can be defined as a deterministic directed graph

after some finite time.

PROPOSITION 6 (Deterministic Random Directed Graph). If sensor qualities are asymmet-
ric, then there exists a finite time t* such that given the sample path up to t* (i.e., S;+ ), the long run
commumnication network can be defined as G (N, E,P) introduced above with the additional property

that p;; € {0,1} for alli,j €N

In Appendix A we show that all of the above results extend readily to a setting in which a
sensor can simultaneously target |k] > 1 other sensors. The long run contact set of each sensor

will, however, contain min{|k],|N|— 1} sensors assuming that sensor qualities are asymmetric.

5 The extension of the above results to settings with non-asymmetric sensors is straightforward, although as noted
earlier, Proposition 4 may no longer hold.
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5.3. Managerial Implications

As discussed in the introduction, firms in the process industries are increasingly using sensors to
improve asset uptime and worker safety through better real-time knowledge of important operating-
condition variables such as vibration (whose effective estimation is key to condition-based mainte-
nance). Sensor communication enables improved estimation but it creates a dependency on other
firms’ sensors. That is, firm A’s asset uptime depends to some degree on sensors from other firms
if firm A’s sensor targets these other sensors to improve its vibration estimate. These other firms
are “information suppliers” to firm A. The results developed above allow a firm to predict which
other firms will have a high likelihood of being its long-run information suppliers, both for (a)
an individual asset on a particular worksite and (b) in aggregate across its fleet of assets over
all worksites by examining the targeting frequency across its portfolio of sensors. Analogous to a
manufacturer mapping its supplier base and monitoring corporate events (e.g., takeovers, divest-
ments, bankruptcies, etc.) that might affect supply continuity, our results enable a firm to map its
important sensor-based-information suppliers so that they can be monitored for events that might
affect information continuity, e.g., a change in ownership of an important group of targeted sensors
that might impact information sharing.

In addition to predicting and mapping its information suppliers, a firm might want to influence
which suppliers are likely to be chosen (targeted) by it suppliers. For example, for reasons of
corporate relationships or geopolitical considerations, a firm might be more comfortable being
dependent on some firms rather than other firms. From our results above, the long-run probability
pij, defined in (21), increases in v;;0 and w;;o; that is, all else equal, sensor j is more likely to the
long run contact of sensor i as i’s initial familiarity (belief precision) in j increases. Therefore,
(labeling firms in same manner as their sensors) if firm ¢ would prefer to be dependent on firm
j than k then firm ¢ should invest upfront effort building familiarity with firm j’s sensor, either
strategically through corporate relationships or more tactically through personnel on a specific
worksite. All else equal, firms that are more willing to promote initial familiarities with each others’
sensors are more likely to end up as each others targets, and so firms in existing alliances may find
that those relationships persist. Initial familiarities may also be enhanced through past exposure
to firms in different environments (worksites). If firm i has experience targeting sensors from firm
j in analogous environments previously then its initial familiarity with j in this new environment
should be higher, making it more likely that j will be the long run contact. In this way, past

targeting relationships between firms may promote future relationships and create opportunities
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for alliances that, although perhaps not originally planned, should be fostered because of mutual
information dependence.

Looking at the quality lever, it follows from our earlier results that the probability that some
sensor j will be the long run contact of some other sensor i increases in the quality of sensor j;
that is, p;;, defined in (21), increases in ¢;. This then implies that firms deploying high-quality
sensors are more likely to be the long-run contact of other firms’ sensors and, therefore, to be
more connected to other firms, i.e., be a central node. The implication of this observation is
that firms with high-quality sensors will serve as an information supplier to many firms. Because,
as discussed in the introduction, connections can build organizational relationships that require
resources and attention, firms deploying high-quality sensors should anticipate the opportunities
and consequences of being more central in IoT-enabled networks. Although beyond the scope of
this particular research, this raises the interesting possibility of sensor-quality based pricing for
information sharing to enable firms to monetize the value of having higher-quality sensors.

Firms may have less control over the underlying state dynamics that govern the environment’s
operating-condition variable. However, the communication pattern that emerges will be influenced
by the underlying dynamics. This is illustrated in Figure 2 that presents the long run communica-
tion patterns for a collection of three sensors and nine different cases for the environment’s AR(1)
parameters («, ). The sensor qualities and initial familiarities were chosen such that sensor 1 is
the most attractive from a quality perspective but that sensor 3 is the most attractive from an
initial familiarity perspective. Sensor 2 lies in between sensors 1 and 3 in that it represents mid
values of both quality and initial familiarity. (Full details and discussion of this numeric study and
others can be found in Unabridged Appendix I.)

Although no sensor is initially dominant from the perspective of any other sensor (by study
design), observe in the top left panel of Figure 2 (low o and low ) that the long run contact of each
sensor is always the high-quality sensor, i.e., 1 eventually always targets 2, and 2 and 3 eventually
always target 1. However, observe in the bottom right panel (high « and high ) that the long run
contact of each sensor is always the high-familiarity sensor, i.e., 1 and 2 target 3, and 3 targets
2. In contrast, at intermediate values of v and (3, e.g., the center panel, the long run contact of
each sensor typically depends on the sample path: for some sample paths, the higher quality sensor
wins and for others the higher-familiarity sensor wins. It is important to emphasize that although
the underlying state dynamics affect the communication pattern, a firm can (as discussed above)

influence its centrality in the pattern irrespective of the underlying dynamics through its sensor
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Figure 2 The influence of underlying state dynamics on communication pattern.

quality and it willingness (or not) to increase others’ initial familiarity with its sensor model. It can
also influence who it is likely to target (irrespective of the underlying state dynamics) by increasing

its familiarity with targets it sees as desirable for certain corporate reasons.

6. Sensors of Unknown Qualities

To this point, we have assumed that sensor qualities are common knowledge. That might not always
be the case; a sensor deployed by one firm may have only limited knowledge about the quality of
a sensor deployed by a different firm.

In what follows, we allow sensor qualities to be ambiguous to other sensors. We do so by assuming
that any given sensor i believes the quality of sensor j € N\ {i} is contained in a set of possible
values (which we refer to as the ambiguity set) with each possible value having some associated
probability. We adopt a robust optimization framework in which sensors select their target so as
to be robust to this ambiguity, while trying to achieve the best possible improvement in their
estimation as in the previous sections. To this end, let ]P’iQ denote the joint probability that sensor

1 assigns to the possible qualities of all other sensors. We consider a robust version of the target
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selection problem (6), where similar to the previous sections we assume |k| =1 for expositional
ease. In each time period t, any given sensor ¢ follows a targeting strategy that is defined by a
N — 1 dimensional probability vector with elements representing the probability that sensor i
targets sensor j € N\ {i}. In particular, we assume sensor i’s problem at time ¢ is to find the

targeting strategy:

Tt = arg;gnfi Yit (22)
where
yi = infy er, Ye (23)
s.t.
PO { ming, en Er s,y [50 — 5] < ye} >1—e (24)

That is, at time ¢ each sensor 7 optimizes over the set of targeting strategies II; (which contains all
deterministic and/or randomized strategies) to find the current targeting strategy that minimizes
yZ,, where y7, represents the robust “cost” of a targeting strategy m. This cost is defined as the
(1—¢)-percentile (with respect to P%) of the sensor 4’s estimation squared error if it follows targeting
strategy 7. In (24), F is the posterior distribution of sensor i’s belief about the state after applying
the targeting strategy m at time ¢.'® Parameter € € [0,1] represents the level of optimism, where
e =0 yields robust optimization with respect to the worst-case (a pessimistic scenario), and € =1
yields robust optimization with respect to the best-case (an optimistic scenario).

The optimal targeting strategy given by (22) need not be deterministic in general: a randomized
strategy might outperform any deterministic strategy due to the chance constrained optimization
nature of problem (22)-(24). This is formalized in Lemma EC.5 in Appendix H. As we will see
in our numerical studies below, this randomization may cause a sensor to have a long run set of
contacts that includes more than one member even if qualities are asymmetric, which is in stark
contrast to the singleton result we established when qualities are known (Proposition 4). That
is, in order to be robust to the fact that qualities of other sensors are not perfectly known, each
sensor may end up building enough familiarity with more than one other sensor in the long run,
and go back and forth between them infinitely often along any given sample path. Even in that
case, the long-run contact set, though not a singleton, can be stochastically predicted, and so our
earlier managerial implications about information-supplier mapping still apply. However, there are
16 This posterior distribution depends on the element of i’s ambiguity set (i.e., the particular ¢; values) as well as

the past targeting history (through the familiarity function at time ¢ which in turn depends on ¢; values), but these
dependencies are suppressed for ease of notation.
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conditions under which one can restrict attention to the set of deterministic policies without any

loss. Below, we present on such sufficient condition.

PROPOSITION 7 (Deterministic Communication). Suppose that at period t for all j € N\ {i}
we have V; <., V; for some jE€N\{i}. Then 7, defined in (22) prescribes that sensor i targets

sensor j at period t almost surely regardless of €.

Proposition 7 establishes a connection between cases with unknown qualities and those with known
qualities. When qualities are known, sensor ¢ targets the sensor that provides the lowest signal
variance, i.e., the most informative signal. When qualities are unknown, this deterministic com-
parison has a stochastic counterpart: if the signal variance from one sensor j is stochastically lower
than that of other sensors, sensor i targets sensor j with probability one, regardless of the opti-
mism level, €. Thus, sensor 7 still behaves deterministically for any robustness level imposed by
€. However, this deterministic behavior may not hold if sensor ¢ assigns probabilities to unknown
qualities in a way that no one sensor’s signal variance stochastically dominates the others.

We numerically explored how the tradeoffs in the known-quality setting between (a) quality,
(b) familiarity, and (c) state can be affected by the underlying ambiguity around qualities and/or
by the level of optimism of sensors. We briefly summarize our observations here and refer the
reader to Appendix I (Unabridged Version) for full details and discussion. For the case of known
qualities, we analytically established earlier that target selection is deterministic (i.e., sample path
independent) and time-invariant in the case of common initial familiarities (see earlier Special Case
1): the highest-quality sensor targets the second-highest quality sensor, all other sensors target the
highest quality sensor. However, when qualities are unknown, the long-run contact might not be
deterministic even under a deterministic targeting policy each period; see Study 3 in Appendix
I. We also observed (Study 4 in Appendix I) that the optimism parameter e strongly influences
long-run target selection. Sensors are more pessimistic (optimistic) about potential sensor qualities
when € is low (high) and this in turn influences the emphasis placed on familiarity versus possible
qualities, which in turn influences the role of state in target selection. The optimism parameter
used by a sensor will depend on the firm that deployed it. Thus, organizational attitudes towards
ambiguity will impact target selection and the resulting communication network that evolves over

time.

7. Extensions

In what follows we summarize a number of extensions of our base model. Full details and discussion

of these extensions can be found in the appendices.
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We assumed that each sensor could target only one sensor (|k] =1) in each period, both for
expositional ease and because that is when the targeting choice is most crucial. However, we relax
this assumption in Appendix A and extend our results to a general channel capacity [k] > 1. We
establish that each sensor will follow a rank-ordering structure in its targeting: in each period it
will (a) order all the sensors from lowest to highest based on the variance criterion established
earlier, i.e., (10), and then (b) pick the | k]| best-ranked, i.e., lowest-variance, sensors as its targets.
We prove that our key results (Propositions 1, Propositions 2, Lemma 2, and Proposition 4) extend
in a natural fashion based on this rank-ordering structure. The extension of other results is then
straightforward. Our results also carry over directly to a setting in which the channel capacity |k]
varies by sensor.

We assumed that the initial belief of a sensor about another sensor’s inference model parame-
ters are accurate in their means. The extension to a setting in which the means of these normal
distributions are not correct is contained in Appendix B which establishes that the key results in
the paper still hold.

We assumed that each sensor has a slower-but-more-accurate estimation approach in place (e.g.,
technician inspection or remote offloading) that has a delay of one period and is perfectly accurate.
In Appendix C, we analyze various relaxations in which the slower-but-more-accurate approach
has a general delay and its estimation may or may not be perfectly accurate. For a general delay
with perfect accuracy, i.e., when state realization is simply delayed, we show that the following key
results still hold: if sensor qualities are asymmetric then (a) there exists a unique, albeit sample-path
dependent, long run contact; (b) this contact can be determined in finite time; and (c) there exists
a finite time after which the long run communication network can be defined as a deterministic
directed graph. That is, Propositions 4, 5, and 6 all continue to hold; see Propositions EC.4, EC.5,
and EC.6 in Appendix C for details. We then establish that these results continue to hold under a
general delay with imperfect accuracy, i.e., when the slower-but-more-accurate approach does not
reveal state perfectly to the sensor. We also explore settings in which the slower-but-more-accurate
approach does not exist and so there is no state realization except for the first period or not even
in the first period.

In Appendix D, we extend our base model to the case where the error terms in sensor readings
are correlated. We first consider a “symmetric correlated measurement errors” case in which the
correlation between sensor errors is the same for all pairs of sensors. We establish that the optimal

target choice will be the same as when there is no correlation and, therefore, our key results
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developed in the main body still hold and the network that is formed among sensors (both in the
short and long-term) will be the same as the one without correlated errors. We then consider the
“asymmetric correlated measurement errors” case in which the correlation in measurement errors
between a sensor ¢ and a sensor j is allowed to depend on ¢ and j. We show that this induces
a target selection criterion that is not in general equivalent to the one established in the main
body. Hence, a sensor might target a different sensor than it would if there was no correlation.
However, we are able to establish a condition (related to the ratio of correlation difference to sensor
qualities) under which the target selection criterion for each sensor will be equivalent to that under
no correlation and hence our key results will hold. Taking both cases together, it follows that the
results for the case of uncorrelated errors can be quite informative of what happens even if errors
are correlated.

The extension to the setting in which sensors care about the quality of future estimates and not
just of the current-period estimate is analyzed in Appendix E. We establish that this non-myopic
problem lies in the general class of restless multi-armed bandit problems. Nonetheless, we show
that if the discount factor (for future estimates) is below a certain threshold then it is optimal
for sensors to act myopically (similar to the setting we studied earlier). For any arbitrary discount
factor, we also establish a sufficient condition for myopic targeting to be optimal in a given state.

Finally, in Appendix F, we allow sensors to update their own inference parameters in a Bayesian
fashion. We formally establish that if each sensor’s initial precision of its own inference model
parameters exceeds a certain threshold (and this is publicly known) then one’s own inference
parameter updating will not alter the target selection of any of the sensors. This implies that if
pre-deployment training data sets are large enough to result in sufficiently high initial precisions
then network formation among sensors can be accurately studied without assuming that sensors
update their own inference models after deployment. Since in practice firms typically use large
amount of training data pre-deployment, minor updating of one’s own inference model parame-
ters can be safely ignored (thus, the setting we studied earlier). However, because different firms
may use different sensor technologies, proprietary algorithms, and different training data sets pre-
deployment, their inference parameters will be private and therefore learning about other sensor’s

parameters is still fruitful.

8. Conclusions

Much of the promise of the IoT stems from the idea that better operational decisions will be enabled

by a vast array of sensors that provide almost real-time knowledge of the state of things. In the
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process industries, assets and personnel from different firms are often located in close proximity on
the same worksite, and sensors are now being widely deployed to monitor key operating-condition
variables (vibration, for example) in an effort to improve asset uptime and worker safety through
more-informed condition-based maintenance. Sensors are not perfectly accurate but the sharing of
estimates across sensors can help improve estimation. However, sensors cannot solicit information
from all other sensors in their environment due to very real communication constraints, and sensors
may not have full knowledge of the inference models used by sensors deployed by other firms.

We characterize the initial and long run communication network—who talks to who—for an
arbitrary collection of sensors that do not know each others’ underlying inference models and
that may not know each others’ qualities. We establish that the state of the environment plays
a key role in determining the weights placed on quality and familiarity (knowledge of another’s
inference model) when selecting a target. We establish that if sensors differ in their qualities
then each sensor will eventually target a single sensor in all future periods. This long run target,
however, can vary by sensor and is sample-path dependent because state values influence the
weight sensors put on familiarity versus quality. We establish that the long run communication
network that forms between sensors can be fully defined at time zero as a random directed graph
and that one can probabilistically predict the long-run communication patterns that will emerge.
When qualities are not common knowledge, we show that a firm’s ambiguity attitude can play an
important role in target selection. Our work sheds light on what kind of communication networks
develop over time, and this enables managers to not only make predictions about which other
firms their sensors will interact with but to also influence the communication outcomes through
the levers of sensor qualities and initial familiarities. This predictive ability and managerial control
is important in light of the fact that sensor communications build organizational ties that require
attention and resources. For example, our work enables a process-industry firm to map the sensor-
based-information suppliers that it will depend on, at least to some extent, for improved uptime
performance.

This specific research could be extended in a number of directions. The sensors might not operate
in the same environment but instead operate in correlated environments such that signals are
still somewhat informative to each other. The environment might evolve according to a more
general model than the AR (1) model we used to generate insights. We assumed that the receiver
is always able to respond to the sender (that is, when ¢ communicates to j, j responds to i)

and leave it to future research to explore potential relaxations. We assumed time-invariant sensor
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qualities. If sensor qualities degrade significantly over time then this would introduce an important
time dependence between quality and time that would cause the familiarity function dynamics
(Proposition 2) to depend not only on the number of times a sensor was targeted but when it was
targeted.

Because the goal of this research was not to examine a highly specific application but rather to
establish and analyze a general information-quality based communication framework that applies
to a broad range of emerging IoT settings, we were intentionally silent about (a) the actions of the
sensor-owning entities and (b) the incentives of these entities to share information. With regard to
(a), because sensor targeting in our framework faces a constraint on the number of sensors targeted
in a period, we could, without loss of generality, ignore any actions taken based on sensor estimates
under the mild assumption that better estimation allows better actions (and hence, sensors have the
objective of providing their entities with the best estimates). However, if there were financial costs
to soliciting estimates from other sensors, then the value of the improved estimation would need to
be taken into account when targeting, and that would require a model of how optimal actions (e.g.,
condition-based maintenance) and pay-offs (e.g., asset uptime) depend on estimation performance.
We leave the development of models that consider targeting costs and the value of better estimation
for future research. With regard to (b), we assumed a particular partial-information sharing regime
in which the entities only share state estimates but not their sensors’ proprietary inner processes
(e.g., inference models or readings). Future research could study decisions regarding whether or
not to share (and what information to share) under different incentive structures.

Finally, we have focused on the information quality motive for sensor communication but firms
are also interested in information completeness in which the states of distinct elements are combined
to provide an overall system state. In general, the IoT presents many opportunities to explore how
to improve and exploit information quality and information completeness in various operations-

related domains. We hope our paper motivates further research in this area.
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Appendix A: General Channel Capacity

In our base model we assumed that each sensor can only target one sensor (|k] =1) in each
period although its target may vary across periods. We focused on this case because |k]| =1
represents the setting in which choosing the right target is the most crucial. We now extend our
results by allowing a general value for |k|. As we will show, there is a rank-ordering structure: each
sensor in each period selects the | k| other sensors that provide it with the lowest variance of signal
(about the state) in that period and targets them. When the channel capacity weakly exceeds
the number of all other sensors in the environment (|k] > |N|— 1), the results become trivial
because each sensor will target all other sensors. Thus, without loss of generality, in what follows
we assume (| k] < |N|—1). The rank-ordering structure implies (proven below) that each sensor’s
set of long run contacts have exactly |k] members assuming that sensor qualities are asymmetric
(see Definition 3 in the main body). We focus on extending some of our main results (Propositions
1, Propositions 2, Lemma 2, and Proposition 4) with the understanding that the extension of other
results become straightforward given these new extensions.

We start by providing a generalization for Proposition 1 presented in the main body.

ProposiTION EC.1 (Target Selection and Variance Reduction). Suppose in each period
sensor i is allowed to communicate to a general number of other sensors denoted by |k|. Then
ajj, = Uijegsy, where 1y is the indicator function and Jj; CN \{i} is the set of all sensors j that
have the | k| lowest value of

@+ 1/0ije(51-1)

07 (i,5,8-1) = T . (EC.1)
J

Proof of Proposition EC.1: Proofs of all results in the Appendices are in Appendix H. U

We next present the following result, which shows that Proposition 2 still holds when the number
of targets in each period is allowed to be any general number.

ProposiTiION EC.2 (Familiarity Dynamics). Suppose in each period sensor i is allowed to
communicate to a general number of other sensors denoted by |k|. Then for any s € R:

(i) ¢ij,t+1(8) = wijt(s) + 5(%‘7%’7%]‘1&), where 5(%‘,%‘; aijt) £ f(Qi7Qj)aijt and

(1+4q7)
flgi,q) & ————Tt—. EC.2
) = B ) e
(ii) For all t=1,2,3,---, we have
(5) = D00 r )3 (EC.3)
Yijara(s) = wi2j0+vi2j082 qi, q; - Qiji- .

Next, we extend Lemma 2. The following result shows that if there are | k| other sensors that (a)
have a higher quality than a given sensor j’, and (b) the familiarity of sensor ¢ with them is above a
threshold in a period ¢, then sensor ¢ will not target sensor j in that period. It then follows from the
results established in the paper that all such |k]| sensors dominate sensor j' from the perspective
of sensor ¢ in period t. Due to the dominance preservation results established in the paper, this
means that sensor ¢ will not target sensor j’ in any future period either. This, in turn, allows us to
establish that the long-run set of contacts of sensor i will have exactly | k| members. Notably, this
means that each sensor will eventually settle on | k| other sensors, and will not change the sensors
it targets in future periods. This long-run set of contacts, however, depends on the sample path,
and might differ across different realizations of state over time.
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LEMMA EC.1. Suppose in each period sensor i is allowed to communicate to a general number of
other sensors denoted by |k|. Consider a subset of sensors J C N\ {i} satisfying |JT| = |k]|. For
any € >0, there exists a fized threshold 1) € R such that if for all j € J (a) ¥iji(si—1) > ., and (b)
% >1+e, then aj;,, =0.

ProprosITION EC.3 (Set of Long Run Contacts). Suppose in each period sensor i is allowed
to communicate to a general number of other sensors denoted by |k|. If sensor qualities are asym-
metric, then given any sample path S, |T:(Ss)| = | k| for allie N.

Appendix B: Erroneous Initial Beliefs about Means

In our base model we assumed that at time ¢ = 0 sensor ¢ believes that sensor j’s inference model
parameters come from normal distributions that have correctly calibrated means (N (é&;,1/v;,,) and
N(3;,1/ w;,,)). Since in practice, inference models are carefully built based on training data sets,
it is not a strong assumption to assume that means of these distributions are relatively accurate.
However, we now extend our analyses and consider the setting in which these means are erroneous
as well.

In particular, suppose that at time ¢t = 0, sensor ¢ believes that sensor j’s inference model param-
eters come from normal distributions N(a;,1/v7;,) and N(B;, 1/w?,), where (@&;, B8;) # (a;,5;). Let
o= (&, 3]»), p=(a;, Bj), and denote the sensor i’s belief about sensor j’s inference model param-
eters at time ¢ by X = (s, Bij:)" (a column vector). Suppose sensor ¢ communicates to sensor j
at time t = 1. It follows from the general results provided under Method 2 of proof of Proposition
2 that upon receiving the signal

Y = ;1 + Biji80 + %2'(51 +€1)
from sensor j, sensor i’s posterior joint distribution on sensor i’s parameters is
X|Y ~ N(ZE[ATL(Y —b) + Af],X), (EC.4)

Where A: (1750), b:E[qf(Sl +€j1):|7 Azz_l :[J:f(q,“qj)7 and

50>
S =[A+ATLA] . (EC.5)

The difference between the posterior joint distribution obtained in (EC.4) and what one would
get under the assumption made in the main body (i.e., correct means at times zero) is that in
the latter case 1 would be replaced with u. However, it follows from the proof of Proposition 2,
that the results in Proposition 2 (and hence, other results in the paper) hold. Furthermore, under
some conditions, one can also show that the initial difference between starting with mean beliefs
fv instead of p disappears as t — oo assuming ¢ targets j infinitely often).

Appendix C: Delayed, Imperfect or No State Observations

In our base model we assumed that each sensor has a slower-but-more-accurate estimation
approach in place (e.g., technician inspection or remote offloading) that has a delay of one period
and is perfectly accurate. We analyze various relaxations in which the slower-but-more-accurate
approach has a general delay but is perfectly accurate (Case I) or has a general delay with imper-
fect observations (Case IT). We also examine settings in which the only state realization is at time
0 (see Cases III and IV).
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Case I: Delayed-but-Perfect State Observations

Recall that each sensor i has its own model of state dynamics given by (3):
Sy =G+ BiSi_1 + &, (EC.6)

where &; and ﬂAl are sensor ¢’s estimates of the process parameters « and . In the main body,
we assumed that right before period ¢ starts, the realized value of the previous period state (s;_1)
becomes publicly known (i.e., is revealed to each sensor), and the system moves to the next period.
Here, we relax this assumption and assume that there is a delay of n periods in observations made
about the sate. That is, we now assume that right before period ¢ starts, the value of S;_,, (for some
positive integer n < t) is observed perfectly by all sensors. Note that this is a general extension and
incorporates various scenarios (including the one analyzed in the main body) as a special case. For
example, as we will discuss later in this appendix, setting n =t means that no state observation
can be made beyond that made at the very beginning of the horizon (i.e., sq).
Observe that replacing S; ;-1 = &; + ﬂAiSt_g + € in (3) and repeating this process yields:

n—1 n—1
Si=0 Y BF+BSnt Y Bl s (EC.7)
k=0

k=0

Hence, we have

n—1
E[Sit|5i,t7n = Si,tfn] = Z@k + 5?515771
k=0

1—4" .
= OAéz /BAZ + B?St—n (EC8)
1=5i

and

n—1
VaT[Sit|Si,t7n = Si,tfn] = ZB?kV@T[gtfk]
k=0
2n
_ 11‘ i»z , (EC.9)
7
where geometric sums are obtained by assuming (without loss of generality) that 3; # 1.

Thus, from the perspective of sensor i, the current state S; follows a normal distribution with
mean and variance given by (EC.8) and (EC.9), respectively. Next, upon realizing the current signal
I"st = i, sensor i updates its prior belief about the current state according to Bayes’ rule. Since
both the signal received about the state and the prior on the state have a normal distribution, it
follows that sensor i’s posterior belief about the state is also normally distributed but with a mean
and variance given by

1-32
1-p2n

1—8m N
17%1_ + B7s1—n] + @it

1-p2
1-p2n
A A 17371 An 2
gn(Bi) Q=5 + B se—n] + @it
- gu(B) + a2 (e

[

E[Sit|rit = ’Vit] =

+q¢?
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and
1
VCLT'[Sit|F'Lt :’Yit] = 1-/32
=g +al
1
where 3
R 1- 32
A - i
gn(ﬁl) - 1 IBZQn

Thus, it can be seen that the higher the quality of sensor ¢, the more weight it places on its
signal when updating its mean belief, and the larger the associated variance reduction. In addition,
assuming that the process is stationary (|5;| < 1), the smaller the n (i.e., the more recent the state
observation) the smaller both the variance of the prior and the variance of posterior (see (EC.9)
and (EC.11)). The special case with n = 1 represents the case where such variances are the smallest
and can be obtained by noting that g, (Bl) = 1. Replacing ¢, (Bz) =1, yields the results obtained in
the main body. However, using (EC.10) and (EC.11) with a general g, (Bl) 2 11:3%271 instead of their
counterparts in the main body ((4) and (5), respectively) generalizes the results obtained.

Specifically, next we show that the main results obtained in the main body hold under this

extension. Thus, our results reveal that our main results are robust to the assumption (made in
the main body) that at the beginning of each period sensors have access to the realized value of
the previous period’s state.
Robustness of the Main Results. To study the target selection problem of sensor ¢, suppose
it communicates with some sensor j in period t. Similar to the main body, given its privately
generated signal I';; in period ¢, sensor j provides sensor ¢ with its best current estimate of state,
which is E[S;;|T'j;], i.e., its updated/latest expected belief about the current state S;. Now, from
sensor i’s perspective, E[S;;|T';;] is formed according to:

A~ R 1— AF«_ -
In(Bije) [Gije 1_7,322 +Bstn] €T

E[S:|Tje] = g (B"t)+q2
n\Mij J

(EC.12)

Equation (EC.12) is based on (EC.10). However, it uses parameters d;; and Bz‘jh which are sensor
i’s beliefs about sensor j’s inference parameters &; and ;. (Also, note that (EC.12) reduces to (7)
of the main body if we set n=1.) Since I';, = S; + €, it can be seen from (EC.12) that E[S;;;|I';:]
provides sensor ¢ with the following noisy signal regarding the state S;:
5 4 Ao 1= Alnit an
9 (Bise) + ¢ 9n(Big)Gje =57 + Biji5e-]
= E[Sin|Te] = St + e + =

EC.13
q; a; ( )

There are two independent sources of noise in this signal: (a) the inherent white noise €;; in
sensor j’s measurement I';, (which has a variance of 1/¢7), and (b) the noise caused by sensor
i’s lack of familiarity with sensor j’s inference model (the third term in the right hand side of
(EC.13)). For notational convenience, we define the random variable

= A — Bije A
Eijt(5t—n) = gn(Bije) [aijt% + i;tst—n],
— Pijt
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and let its precision be denoted by lﬁijt(st_n) 21/Var [éijt(st_n)]. With these, based on (EC.13),
the variance of the signal’s noise (if ¢ targets j in period t) is

. q]2~ + ]-/Q;[;ijt(stfn)

~2 . .
Ut (27]7 St—n) -
g

)

which provides an extension for Equation (10) of the main body.
Similar to the main body, the target selection is then as follows. Sensor ¢ targets the sensor that
has the minimum ¢2(4, j, $;_,). That is,

. é . ~2 . .
ji = arg min 6;(i,7,8n)

JeANi}
.-
+ 1 ijt(St—n
— arg min {qﬁ th( t )}. (EC.14)
JeAN i} ¢’

Now that the target selection rule is defined, we are ready to show that the main results presented
in the main body hold. In particular, we show that when sensor qualities differ across sensors, for
any given sensor 7 and along any fixed sample path S..: (a) the set of long run contacts 7;(S)
is a singleton, i.e., |7;(Sx)| =1, and (b) the unique long run contact in 7;(Sw) can be identified
in the almost sure sense in finite time, i.e., 7;(Sx) = Ti(S.) a.s. for some t* < co. These two
results, in turn, mean that one can fully define the long run communication network as a random
directed graph, i.e., a directed graph with given probabilities assigned to each link 75 that indicate
the probability that j will be the long run target for ¢. Furthermore, there exists a finite time after
which the graph can be defined as a deterministic directed graph, i.e., with all probabilities being
zero or one, that fully specifies the long run target for each sensor.

To establish these results for the extension under consideration, we start by establishing the
following result which extends Lemma 2 of the main body.

LemMA EC.2. For any € >0, there exists a fived threshold 1, € R such that if ¥ij,(s,_n) > e and
> 14€ then j5, # 5.
J

Lemma (EC.2) allows us to show that the set of long run contacts of any sensor is a singleton,
and that this result holds regardless of the duration of delay in state realization (i.e., parameter
n). That is, Proposition 4 of the main body holds not only when n =1, but also for any general n.

ProprosITION EC.4 (Unique Long Run Contact). If sensor qualities are asymmetric, then
given any sample path S, |Ti(Ss)| =1 for alli e N.

Finally, we can show that another main result presented in the main body holds for the extension
under consideration: when the sensor qualities are asymmetric, the long run set of contacts of
each sensor can be determined in finite time. This means that transient analysis is sufficient for
characterizing the communication network that will be formed in the long run, even when state
realization has a general delay. Intuitively, this is because the role of state in target selection
eventually vanishes: the effect of familiarity built via past communications eventually outweighs
the role of state.

ProposITION EC.5 (Transient Analysis). If sensor qualities are asymmetric, then along any
sample path S, there exists a finite period t* such that for all i e N
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ProprosITION EC.6 (Deterministic Random Directed Graph). If sensor qualities are asym-
metric, then there exists a finite time t* such that given the sample path up to t* (i.e., Sy ), the
long run communication network can be defined as a graph é(/\/,g,P) with the additional property
that p;; € {0,1} for alli,j €N

Case II: Delayed-and-Imperfect State Observations

We next consider the case in which each sensor’s slower-but-more-accurate estimation approach
has a general delay of n periods but is imperfect. In other words, the delayed state observations are
subject to errors. To extend Case I, we assume that right before period t starts, the value of state at
t —n (for some positive integer n < t) is revealed with some random error that is independent across
sensors. Specifically, we model this revelation for sensor i as S;, ,, = S;_,, +v; with a realized value
denoted by S}, , where S,;_,, is the true value of state at period t —n, and v; represents
a normally distributed random noise with mean 0 and variance 1/¢%. In this setting, ¢% denotes
the precision (i.e., quality) of sensor i’s slower-but-more-accurate approach in measuring the state.
For expositional ease, we will assume this quality is the same across sensors, that is, g, = qo V.
Because the slower approach is more accurate than the regular sensors, it follows that gy >> ¢; Vi.
Of note, if go = 0o this setting is equivalent to Case I studied earlier. However, we now generalize
our previous analyses by allowing go < co. We assume the v; noise terms are independent across
sensors. However, the case in which there is one “universal” slower-but-more accurate approach
that gives the same (imperfect) measurement to all sensors is easily handled by simply setting
v; = v Vi in what follows.

Recall from (EC.7) that

I
= Sit—no

n—1

n—1
Sz‘t :&iZIBf—FB?St—n—i_ZBfgt—k' (EC.15)
k=0

k=0

Hence, we have

E[S,|S!

,t—n

n—1

o ’ _ oA Ak an

=S t—n> Si,tfn =Sin +Ui} = Q5 § Bi + B; Sit—n
k=0

13" .
PSSl (EC.16)
11— ’

and

BQn n—1
)

Var(SlS i =5 St = Sin+ vl = 2 + 3 BFVarfe ]
k=0

0
32n 32

= B’2 + 51
40 1-p5?

, (EC.17)

where geometric sums are obtained by assuming (without loss of generality) that 3; # 1.

Thus, similar to Case I, from the perspective of sensor i, the current state S; follows a normal
distribution with mean and variance given by (EC.16) and (EC.17), respectively. Next, upon realiz-
ing the current signal I';; = ;;, sensor ¢ updates its prior belief about the current state according to
Bayes’ rule. Since both the signal received about the state and the prior on the state have a normal
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distribution, it follows that sensor i’s posterior belief about the state is also normally distributed
but with a mean and variance given by

B2 1-p2ry-1 ng
|:q(2]+1512:| [11ﬁ+5 i,t— n]_'_qu)/ﬁ‘

E[Sit‘rit = ’)’it] =

B 11
[;g = 52] +ai
gn(/éz)[az +B7, i, n] +qz‘27it
- 195 % +qt (EC.18)
and
1
Var{Sit’Fit = fYLt] - ﬂQn ﬂQn
[ 1— ﬁ?] +q’L2
1

where

2n 2n
e & + =y

4o 1—p5?
When ¢y = oo we observe that gn(Bz) given above is equivalent to that obtained under Case I
However, it provides a generalization by allowing ¢y < co. Importantly, using the g,(5;) given
above instead of that in Case I, it can easily been shown that all the results provided under
Case I still hold. This follows directly if the slower-but-more accurate approach is common to all
sensors (i.e., they all receive the same delayed-but-imperfect measurement). If the delayed-but-
imperfect measurements are independent then the results also go through directly subject to a mild
assumption that sensors do not try to learn about the delayed measurements received by other
sensors. Any benefits of such learning (to improve estimation) would be very low (and so can be
ignored) because the slower-but-more-accurate estimation approach has a much higher precision
than the real-time sensor measurement, i.e., gg >> ¢;.

Case III: No State Observations, Transient Behavior

In the previous subsection, we considered the case where state is realized with some delay (Case
I) and showed that the main results presented in the main body hold under such an extension. We
now consider the case in which there is no state observation beyond the one in the very first period,
S0 (see below for another extension in which even s, is not known). This case can be analyzed by
setting n =t and using the result of Case I. Specifically, for n =t, we observe that

11 Bﬁzt[ i +5f50] + ¢ it
E[Sit|rit :%‘t] = -
1— BZt +qz
A\TA Bt t
9:(Bi) 1= + Bsol + ¢y
= 15 (EC.20)
gt(/Bi) +q;
and
1
Var[Si|Uis = vie) = a2
1-5; 2
-5zt +4;
1
= —, (EC.21)

9:(Bi) + a7
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where .

1-

1- B2

Similar to Case I, using (EC.20) and (EC.21) with a general g,(5;) £ — BB; instead of their

counterparts in the main body ((4) and (5), respectively) generalizes the results obtained (after
some necessary modifications).

gt(@) =

What if even s, is not available? Note that the availability of sy in the above analyses is
not restrictive. For example, suppose sy is not available to the sensors but they either make use
of the historical mean of the state value (e.g., using their training observations) to find/estimate
a proxy for sg, or rely on a predicated value provided by an outside entity (e.g., a third-party’s
smart device). In either case, the sy value in the above analysis can be replaces with 5y, where §,
represents the proxy available to the sensors. Replacing so with its proxy §, (which might differ
from sy), we have

B2 .
G + 850 + ¢
B[S T =vu] = 132
1— 321& + Q’L
(52)[ z 1 + /Bts()] + qz ’Ylt (EC 22)
gt (ﬁz) +q; '
Using using (EC.22) and (EC.21) with a general g,(5;) £ - _52% instead of their counterparts in

the main body ((4) and (5), respectively), we again see that the main results are generalizable.
Furthermore, in the next case (Case I1I), we analyze the setting in which the system dynamics has
reached steady-state. We note that in that case, even a proxy for sy is not needed.

Case IV: No State Observations, Steady-State Behavior

We now consider a similar case to that of Case II by assuming that there is no state observation.
However, unlike Case I, we assume that at the beginning of the horizon the state dynamics has
reached steady-state. This case can be analyzed by setting n — oo, and nothing that the process
is stationary if | ;| < 1. To this end, we define

It can then be seen that

9oo (B G 725 + i
E[Sit|Tit =vi) = i

1 B\, 4 g2,
_ +@¥“+%%t (EC.23)
9oo(Bi) + 4
and
1
Var[Sullu =74 = ————. (EC.24)
9oo(Bi) + @

Again, similar to cases I and II, using (EC.23) and (EC.24) with g (8;) £ 1 — 32 instead of their
counterparts in the main body ((4) and (5), respectively) generalizes the results obtained (after
some necessary modifications).
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Appendix D: Correlated Measurement Errors

In the main body, we assumed that sensors take independent readings of the state variable. In
particular, we assumed that each sensor ¢ receives a noisy signal about the state variable at in time
t:

Ly = Si+ €, (EC.25)

where €; are i.i.d. normal white noises with mean 0 and variance 1/(g¢;)?, with ¢; representing the
quality of sensor i. In this setting, a higher quality sensor has a higher precision. Furthermore,
it should be noted that even in this setting sensor measurements given by (EC.25) are highly
correlated. Indeed, in high states, all sensor readings tend to be high, and in low states, all sensor
readings are low. Moreover, since the value of state is correlated across periods, sensor readings
are correlated even across periods.

However, in the main body, we assumed that the errors in these readings are not correlated
across sensors. That is, we assumed that €;; and €;; are independent for any i # j. Here, we extend
our results by allowing these errors to be correlated.

In what follows, we discuss two cases separately. The first case is where the correlation in these
measurement errors are the same among all sensors. We label this case as “symmetric corre-
lated measurement errors” and show that almost all our major results in the main body remain
unchanged for this case, because the criterion each sensor will use to choose its target is essentially
equivalent to the one established in the main body. In other words, each sensor will choose the
same target as it would if there was no correlation in measurement errors.

The second case, which we label as “asymmetric correlated measurement errors,” will consider
the situation in which the amount of correlation in measurement errors between a sensor ¢ and a
sensor j depends on ¢ and j (thus, asymmetric across sensors). We show that this case induces a
target selection criterion that is in general not equivalent to the one established in the main body.
Hence, in general, a sensor ¢ might communicate to a different sensor than it would if there was no
correlation. However, we are able to establish conditions under which even in this case the target
selection criterion of each sensor will be equivalent to that provided in the main body. That is,
under some conditions, we demonstrate that, even in this case, each sensor will choose in each
period exactly the same sensor that it would when the errors in measurements are not correlated.

Notably, both of the above-mentioned cases shed light on the importance of understanding the
setting in which the measurement errors are uncorrelated, which is the focus of the main body of
the paper.

Symmetric Correlated Measurement Errors. Consider the case in which the error terms
in sensor readings given by (EC.25) are correlated in a symmetric way. Specifically, for any two
sensors ¢ and j with ¢ # j assume that

€t =V €y + €5, (EC.26)

where ¢}, are i.i.d. normal white noises with mean 0 and variance 1/(¢;)?. In this setting, the level
of correlation in measurement errors is denoted by v, which does not depend on ¢ and j. Similar
to (8) in the main body, we have that if sensor ¢ communicates with sensor j then it receives the
following noisy signal regarding the state Sj:

1+q; Gije + Bijese-
5 jE[Sijt|th]:St+€jt+Jt—2ﬂt1'
q; q;

(EC.27)
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Similar to (9), we can denote the variance in this signal’s noise as:

Q¢ + Bijtstfl]

o2 (i,,81-1) = Var|ej + 2 (EC.28)
J
Replacing (EC.26) in (EC.30), we have
2 + 1 it St— 2
02(i,j, 51 1) = 2 /qjjt( 1) +Z, (EC.29)
7 i

where similar to the main body y;,(s,_1) 2 1/Var [Eijt(st_l)}. Comparing (EC.29) with (10), we
observe that

1/2

0'1/52(2.7].,51571) = Uf(ivjvstfl)—f—?’ (EC?’O)
where 02(i,j,5;_1) in the variance of the signal i will receive from j (if they communicate at time
t). From (EC.30), we can establish the following equivalence result, which shows that each sensor
will choose the same target whether v =0 or v % 0. This, in turn, implies that the main results
developed in the main body hold, and the network that will be formed among sensors will be the
same as the one studied there (both in short-term and in long-term).

ProprosiTION EC.7. Let j}, and ji; denote the optimal target of sensor i in period t when v =20
and v # 0, respectively (all else equal). Then j;, = jix.

Since the above proposition establishes that every sensors in each period would select the same
sensor whether v =0 or v # 0, when all else (including the sample path of state realizations) is
equal, all the main results of the main body still hold for this scenario.

Asymmetric Correlated Measurement Errors. Now consider the scenario in which correla-
tions in measurement errors are not symmetric. Specifically, for any two sensors ¢ and j with i # j
assume that

€jt = V;j €ix + 6;-,5, (EC.31)

where ¢}, are i.i.d. normal white noises with mean 0 and variance 1/(¢;)?. In this setting, the level
of correlation in measurement errors is denoted by v;;, which depends on ¢ and j. Similar to the
previous case, we can denote the variance in this signal’s noise received by i if it communicates to
j in period t by: X

Qijy + 5ijt3t—1]

02 (i,§,81-1) = Var|ej + . (EC.32)
J
Replacing (EC.31) in (EC.32), we have
2411/ (8e— V2
o2 ser) = ) Py (BC.33)

CI;‘L q;

where similar to the main body v (s—1) £ 1/Var[Z;;,(s,_1)]. Comparing (EC.33) with (10), we
observe that

2
V2
Uf(@jﬁt—l) = U?(iajyst—1)+q72], (EC.34)
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where 02(i,7,s;_1) is the variance of the signal i will receive from j (if it communicate to j time
t) when the measurement errors are independent. Since the second term in (EC.34) depends on j,
we immediately observe that target selection in general in this case is not equivalent to the one
studied in the main body. However, as we show below, we are able to establish conditions under
which a similar result to the equivalence result in Proposition EC.7 holds.

In particular, the following proposition shows that if the ratio of the maximum of the differences
in correlation values across sensors to the quality of sensor i is lower than a threshold, then sensor
¢ will choose the same target whether v;; =0 or v;; # 0. Since correlation values typically change
in a limited range (e.g., [-1,1]), and quality of a sensor i given by ¢, is typically relatively large,
this sufficient condition established in the result below is not very strong.

ProrosSITION EC.8. Let j;, and ji; denote the optimal target of sensor i in period t when v;; =0
and v;; # 0, respectively (all else equal). There exists a threshold 0 < k, < oo such that if

o~ Vi
max ———— < ky,
Bi'#i g

then ji, = jii -

Note:

Appendix E (Non-Myopic Behavior), Appendix F (Self-Updating Inference Models), Appendix
G (Proofs of Results from Main Paper), Appendix H (Proofs of Results from Appendices), and
Appendix I (Numerical Studies Detailed Description and Discussion) are not part of the basic

e-companion for reasons of space. They are available in the unabridged version of the paper posted
on SSRN.
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Appendix E: Non-Myopic Behavior

In the main body, we assumed that sensors were myopic: in each period, each sensor ¢ took the
action that minimized its estimation squared error of that period:

2
min EStNFiatit |:§it - St:| (EC35)

3j1€R,a;;€{0,1}n1
s.t.

0<ch€N\{i}aijt Sb,

where L%J =1, and the vector a;; € {0,1}"" is composed of elements a;;, with a;;; =1 if i targets j,
and a;;; = 0 otherwise. In the proof of Proposition 1, we showed that this is equivalent to minimizing
the posterior variance Varg, pit [S:], where if a;;; =1, the posterior variance is

1

, EC.36
Qe T e o (EC-36)

VaTStNF;” [St] =

with

q32‘+1/¢ijt(3t—1)

- EC.37
7 ( )

U?(iaja Stfl) =

We now consider an extension of this setting in which sensors are not myopic. When a sensor is
not myopic, it might be willing to communicate with a sensor that does not provide it with the
best information regarding the current state if doing so helps it build familiarity with that sensor
for future periods.

To analyze the extension, based on (EC.36), we first define the following disutility function for
Sensor i:

i, éVaT a; S = aijt . EC38
pla BVers o B1= 2 TG (O3

We then assume that each sensor 7 minimizes the discounted sum of its disutilities over the entire
horizon t=1,2,---,T"

min E [Zthl nt=t d)i(ait)] (EC.39)

a;;€{0,1}n =1 vt=1,.,T
s.t.

EjeN\{i}aijt:L Vtzl,---,T,

where 1 € [0,1) is a discount factor, the constraint ensures that exactly one sensor can be targeted
at each period, and the expectation operator in (EC.39) is with respect to the sequential revelation
of states. Hence, each sensor minimizes the discounted sum of its posterior variance, which is equiv-
alent to minimizing the discounted sum of its estimation squared errors (i.e., the discounted sum
of the values of its loss function). The problem in infinite-horizon can be analyzed by considering
(EC.39) and taking the limit as 7' — co.

To gain some insight, let m = (m;);ean (s} denote sensor i’s vector of the number of previous com-
munications with other sensors and let s denote the last state realization. Then, the optimization
program (EC.39) can be solved via the following dynamic program:

V' (m, ) :jgj{}i\%}{@j(mms)+77/Vti_1(m+ej,5/) dFj’\s(s/)} (EC.40)
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along with the terminal condition V (m,s) =0, where V/(m,s) represents the value function
(disutility) if there are ¢ periods to go. In (EC.40), the immediate “cost” based on (EC.36) and
(EC.37) is

1
(Z)ij (mj, S) £ ) 2 s (EC41>
J
I+ 4+ o
where based on Proposition 2
2,2
Vii0Wijo0
(s) = 2290 Q)M . EC.42
Yij(s) wzzjo T U?jOSQ + f(ai,q;)m; ( )

Furthermore, in (EC.40), e; denotes a vector with the element associated with sensor j equal to
one and all other elements equal to zero, and F;,ls(s’ ) represents sensor i’s belief about the next
state (i.e., s') given that the last state realization is s.

The information state in (EC.40) is the number of previous communications along with the last
revealed state. If sensor ¢ chooses to connect to sensor j, it incurs the immediate “cost” of ¢;;(m;, s),
its number of communications with sensor j increases by one (equivalently, its familiarity to sensor
Jj improves by f(q:,q;); see Proposition 2), the revealed state of the environment next changes from
s to &', and there remains t — 1 periods to go.

Although (EC.40) is presented for a finite horizon setting (7' < o), taking limit as ¢t — oo allows
studying the problem in an infinite-horizon scenario (7= c0). We denote the infinite-horizon value
function for sensor ¢ by V. (m, s), and based on (EC.41) and (EC.42) let

1
¢ij(00,8) = mljiinoo Gij(my,s) = Tréid

Of note, (EC.40) can be viewed as a restless multi-armed bandit problem, if we think of each
sensor as an arm. Each arm j has an underlying Markov chain with state (m;, s). The transitions
in this Markov chain depends on whether the arm is pulled or not. Even if an arm is not pulled,
its state changes, and hence, the bandits are restless.

In general, restless multi-armed bandit problems are hard to analyze. Particularly, (a) it is known
that a problem in this class might not be indezable, and (b) there no known general conditions
that guarantee optimality of a myopic policy. In what follows, we seek to generate insights into
conditions under which each sensor ¢ will act myopically (i.e., by connecting to the sensor that has
the minimum immediate “cost” ¢;;(m;,s)). Under such conditions, all the results established in
the main body will hold for non-myopic sensors as well.

Optimality of Myopic Behavior We now provide some structural properties and establish some
conditions under which its optimal for sensors to act myopically. We start by noting that since the
immediate “cost” function ¢,;(m;,s) is decreasing in m; for all s, we have

lim ¢;;(mj,s) < ¢ij(my,s) < limo ¢i;(m;, s). (EC.43)
m]'—>

mj—mo
Replacing the limits in above, we observe that

1 1

——— < ¢i(my,5) < . (EC.44)
T+ tq2 = Pulmps) = ;
T L+g? + — oy
LR S H
ij0Yi50

Hence, the immediate “cost” function ¢;;(m;,s) is bounded. This along with the fact that there
are finite number of sensors allows us to establish the following intuitive result.
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ProprosITION EC.9 (Threshold on 7). There exists a threshold 7(m,s) > 0 such that if n <
7(m, s), then the optimal policy for all sensors at information state (m,s) in both finite-horizon
and infinite-horizon settings is myopic.

Proposition EC.9 states the following intuitive condition: if the discount factor is below a certain
threshold, then it is optimal for sensors to act myopically. This might happen when the length of
each period is relatively long, or when good current estimates are much more valuable than those
in future. To dig deeper, we next examine conditions under which for any given discount factor
(i.e., even when the discount factor is not relatively low) it is optimal for sensors to act myopically.

In particular, we next demonstrate that there exists a state-dependent threshold on m; denoted
by m; (after suppressing its dependency to other elements of information state for the ease of
notation) such that, if it is optimal for sensor ¢ to choose sensor j myopically when its number
of previous communication with j is m;, then it is optimal for sensor ¢ to do the same whenever
m; >m; (keeping all else the same).

ProprosITION EC.10 (Threshold on m;). Suppose at some information state (m*,s) it is opti-
mal for sensor i to myopically choose to communicate to sensor j. Then it is optimal for sensor i
to do the same at (m*+e;, s) in both finite-and infinite-horizon settings. Furthermore, there exists
a threshold m; such that it is optimal for sensor ¢ to myopically choose to communicate to sensor
j at any information state (m,s) with m; >m; and my =m? for all j' € N'\ {i,j}.

Propositions EC.9 and EC.10 establish sufficient conditions under which it is optimal for sensors
to act myopically. However, these conditions are not necessary, and hence, there might be various
other situations in which it is optimal for sensors to choose their targets myopically. It should be
noted, however, that a myopic behavior is not always optimal. Nevertheless, the insights gained
in the main body by focusing on the case where sensor communications are myopic are highly
informative as they shed light on how networks may form among sensors as well as on the related
tradeoffs that may arise in IoT.
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Appendix F: Self-Updating Inference Models

In the main body, we assumed that each sensor ¢ had its own unchanging inference model about
the environment. In particular, while the true state dynamics (given in (1)) is

St =a+ BStfl + gt (EC45)
we assumed that sensor i’s model is
Sit = &, + B¢5t71 + €, (EC.46)

where &; and Bl are sensor 7’s estimates of the true process parameters « and [, and €; is a normal
white-noise random variables with mean 0 and variance normalized to 1.

Firms typically use their own training data sets and training algorithms prior to deployment,
and hence, sensors developed by different firms will have different inference models. Because firms
typically use massive training data sets, we assumed in the main body that once the training phase
ends and deployment begins, firms do not adjust their inference models. This is reasonable when
the amount of the data used during training is much larger than the data that can be collected
during deployment, and thus, the effect of using each single data point collected during deployment
to dynamically update the estimates of the o and [ parameters is negligible. Of note, even with
a large training data set, each sensor’s estimate of environment parameters o and [ is rarely
perfect, especially in situations in which it is important to use a good training algorithm. For such
reasons, estimates of a and [ are typically (a) firm-dependent, and (b) imperfect. Nevertheless,
since such estimates are based on much larger data sets than those that can be obtained during the
deployment process, it is reasonable for firms to ignore minor updating of their estimates during
the deployment phase, which is the setting we studied in the main body.

However, below we extend our analysis by allowing each sensor to update its estimates after
each state realization. Recall that, in our main setting, right before each period starts the state of
the previous period is realized (see Online Appendix B for extensions in which there is no state
realization or there are delayed state realizations). To see the impact of using this state realization
to update estimates of o and S parameters, suppose that prior to the realization of s;, sensor 4
believes

(aitvﬁit)TNiN((O[76)T + Aithftl).

That is, his parameters (o, ;)" (considered as a column vector) are random variables having
a bivariate normal distribution with a mean estimation error given by the (column) vector A
and precision A;;. Sensor i’s estimated parameters prior to realization of s, are then (&, Bit)T =
(o, B)T + Ay;. When s; is realized, sensor i makes the following observation about (c, Bi)7:

iy + BirSi—1 + € = 54

Assuming that sensor ¢ uses Bayesian updating, it follows from the general result on multi-variate
updating of normal distribution (discussed under Method 2 of Proof of Proposition 2) that its
posterior over the parameters denoted by (o 41, ﬂi,tH)T becomes

(Oéi,t+1, /Bi,t+1)TNiN(2ATSt + EAit[(% /B)T + Ait] ) 2)7

where

S =A+ATA (EC.47)
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and A = (1,s;_1). If we assume parameter estimations are based on mean of distributions (e.g.,
assuming that they are based on least squared errors or maximum likelihood estimation) then the
change (denoted by vector C ) in sensor #’s estimation of («, 3)” due to the updating is

CE2ZATs,+ [EA; —I)[(e, )T + Ayf] (EC.48)

where I represents the identity matrix.

In what follows, we first use Lemma EC.4 (see Appendix G) to show that the change C can be
arbitrarily small (for any state realization) when A is large enough. As noted earlier, A is typically
large since firms use large amount of training data prior to deployment. We then use this result
along with the fact that there are finite number of sensors to show that there exist a threshold
such that if the precision of all sensors are not below it, parameter updating will not alter the
target selection of any of the sensors: target selection is robust to the assumption that sensors do
not update their inference parameters. Importantly, this implies that network formation among
sensors can be studied without assuming that sensors update their inference models during the
deployment phase.

LEMI\iIA EC.3. For any € >0 and s = s;_,, there exists a threshold ./_\678 such that if at time t
A> A, for all sensors, then —eI < C <€l for all sensors.

Using Lemma EC.3, we next show that if sensors have enough precisions in their inference model’s
parameters (e.g., have trained their sensor’s using enough training data) and this fact is publicly
known, then target selection is not altered by whether they update their parameters or not during
the deployment phase. Hence, for the purpose of understanding how sensors choose their targets,
and how communication networks form among them in the era of Big Data, it is safe to assume
that there is no updating of the inference model parameters during the deployment phase.

ProrosITION EC.11. Let j5, and j3* denote the optimal target of sensor i at time t when sensors
are not allowed and are allowed to update their inference model’s parameters, respectively. For any
s=8,_1, there erists a threshold A, such that if (a) A > A, for all sensors, and (b) condition (a)
is known by all sensors, then ji, = j&* for alli e N.
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Appendix G: Proofs of Results from Main Paper

Proof of Proposition 1: Consider the following optimization program:

2
min ESth;“ |:<§“5 - St:| (EC49)

5it€R,a;;€{0,1}n1
s.t.

0<CZjEN\{i}aijt Sb,

where L%J =1, and the vector a;; € {0,1}"! is composed of elements a;;; with a;;; =1 if i targets
J, and a;;; = 0 otherwise. Note that each feasible solution to this optimization program has exactly
one a;;; equal to one. Furthermore, under each such feasible solution, it follows from the convexity
of the objective function in decision variable §;; that the optimal estimation for §;; satisfies the
first order condition

g;[E&MﬁﬁF“—SJj::Q (EC.50)
From (EC.50), we observe that:
S = ESwFiatit [St]‘
Therefore, in (EC.49), we have
2 2
= min  Varg e [St], (EC.51)

a; {0,131

where the last term denotes sensor i’s variance of S; under the posterior distribution F};*. That is,
sensor ¢ chooses its target based on minimizing the posterior variance. Next, note that j;; given by

AN . 2/ .
Ji = arg min o;(i,7,81)

JEN\{i}
2
"+ 1 it St—
= arg min {qJ /1/}4”( 1) } . (EC.52)
JEN\{i} q;
minimizes the posterior variance. This is because, with a,;; = 1, the posterior variance is
% )] ! (EC.53)
ar i = — .
SR @ - o7 (i, s )]

in which 1+ ¢7 is sensor i’s precision prior to communication with sensor j, and [07(i,,8;1)] "

is the precision of the signal it receives from sensor j. Hence, the optimal solution satisfies
ai;; = Lgj=;»y, and the proof is complete. U

Proof of Proposition 2: For completeness, we provide two methods of proving the result. In the

first method, we only consider the aggregated univariate random variable =;;,(s,—1) = ;e + Bijtst,l
without explicitly utilizing and updating the joint distribution of «;;; and f;;;. In the second
proof, we explicitly consider the joint distribution of «;;; and 3;;; and update it over time as
communications are made.

Method 1: First consider the following general setting. Let Y = X + € be an observation made
about some random variable X. It follows from Bayesian updating that if X and € are both normally
distributed, so is the posterior distribution for the random variable X|Y = y. Furthermore, it is
easy to show that the precision of the random variable X|Y =1y is the sum of precisions of X and
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e. Next, let X =Z;;,(-) and Y =EZ,;,(-) + ¢;(S; + €;1), and note that when sensor 4 communicates
with sensor j at time t (i.e., when a;;; = 1) the noise term in the observation (Y) made about
X =E,;:(-) has variance

Var[qf(St +e€0)] = q;‘l Var([(S: +€;1)]
1 1
_ 4 2
— (1+qi2 " q?)
=q;/(1+4¢))+¢, (EC.54)

or equivalently precision

Varlg(Si+e))] = [0/ +ad)+a]
(1+4g?)
(1 +qi +4q7)
2 faiq5)- (EC.55)

Since the precision of prior is ¢);;;(s), it follows that the precision of the posterior is

T/Jij,tﬂ(s) :Q/)ijt(s) +5(Qi7Qj7aijt)a (EC.56)

where 6(q;,q;, aij1) = f(qi, q;)aq;:, which completes the proof for part (i).
To prove part (ii), we use induction on ¢. First, for t =1 observe that the result holds, because
from part (i) we have

¢ij,2(3) = wz‘jl(s) + f(qi7Qj)aij1
vZ w2,
= 05 45) Wit EC.57
wijo + V508> 105 ( )
where the second equality follows from Equation (12). Next, assume the required result holds for
some t > 1:

2 2 t—1
Vii0Wijo
ii = - iy il EC.58
)ije(8) w?jo + Uigj082 + f(4i,q5) ?1: Qiji ( )

We show that it also holds for ¢+ 1. To observe this, note that from part (i) we have

¢ij,t+1(5) = @Z’ijt(s) + f(qi» Qj)aijt- (EC.59)
replacing 1;;:(s) from (EC.58) in (EC.60), we have:

U?' w? t—1

Vijar1(s) = ﬁ +f(g,5) Y @i+ f(ai, 45) i (EC.60)
350 T Vijo =
U?jow‘2

t
= L [l g) Y i (EC.61)
=1

2 2 2
Wijo T VijoS

Thus, the result holds for £+ 1, which completes the induction step.
Method 2: First observe the following general result (see, e.g., Bishop 2016, page 93'7). Suppose
X follows a multivariate normal distribution with mean p and precision A. That is,

X~ N(p, AT

17 Bishop, C.M. 2016. Pattern Recognition and Machine Learning, Springer, New York, NY.



e-companion to Saghafian, Tomlin, Biller: The Internet of Things and Information Fusion: Who Talks to Who? ecl9

If an observation Y is made about X, where
Y|X~N(AX +b, L),
then the posterior distribution of X given Y is normal and we have
X|Y ~ N(Z[ATL(Y —b) + Apu|,X),
where
'=A+A"LA. (EC.62)

In particular, upon observing Y, our posterior precision about X improves by ATLA. Now, let
X = (eiji, Bije)" (a column vector), and suppose that at time ¢ it has a bivariate normal distribution
with precision A=3%7}. Let A =(1,s,_1) and b=E[¢?(S; + ¢€;;)]. If sensor i connects to sensor j,
then it receives the following signal about X = (v, Bi5¢)":

Y = aijt =+ 5733‘,58,5_1 + qf(Sf + ejt) = AX + qu(St + 6jt)-

Hence, we have
Y|X~N(AX+b, L),

where
1 1

T Var[YIX] T Var[@(S. + )]

= f(qiv(IJ)

based on (EC.55). It follows from the general result presented above that the posterior X|Y has
a bivariate normal distribution. If we denote the precision of this posterior distribution by Z” 1>
it follows from (EC.62) that

21]1t+1 E’th + ATAf(qza QJ)a’ljt7 (ECGS)

where, as before, a;;; is equal to one if i connects to j and is zero otherwise. Equation (EC.63)
shows that sensors i’s precision about (41, Bij.¢+1)" improves by AT A f(g;,q;)a;;: (compared to
that of the prior (&ijt,ﬁijt)T).

Next, since the posterior (ézij,Hl,BAij,tH)T has a normal distribution with precision given by
(EC.63), Eijis1(5i-1) = A(dij,tﬂ,ﬁij,tﬂ)T is also normally distributed, and its precision defined as
Yijer1(si-1) is given by

Gise (501) = (AS 0 AT) (EC.64)

Note that since the posterior is obtained after receiving a signal but prior to moving to the next
period (state change), ©;;.+1(+) in (EC.64) is still evaluated at s;,_;. Now, using (EC.63) in (EC.64)
we have:

Yijee1(Si-1) = (A(EZJ% + ATAf(Qi’Qj)aijt>_lAT)_l

(A(Ziye— WzmATAzm)AT)I, (EC.65)

where g =trace(f(qi,q;)aijiATAX ;) = (¢, q;) i (AEWAT), and the second equality is due to
the following result on inverse of sum of matrices by Miller 19818,

18 K.S. Miller, On the Inverse of the Sum of Matrices, Mathematics Magazine 54 (2) (Mar., 1981), 67-72.
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LemMmA EC.4 (Miller 1981). If G and G+ H are two invertible matrices, and H has rank 1,
then let g =trace(HG™'). We have that g # —1 and

LG_IHG_I.

G+H)'=G"'-
(G+H) l+g

Replacing the value of g = trace(f(gi,q;)aijiATAS;) = f(4i,4;)aij (AEiﬁAT) in (EC.65), we
have:

Vijur1(si-1) = (AEithT)_l + f(qi, a5)aije
= Vije(se-1) + [ (@i 45) aize- (EC.66)

That is, the improvement in the precession v;; ¢11(s:—1) compared to ¥;;:(s¢—1) is f (¢, q;)ai;t, which
is independent of s;_;. Finally, from (EC.66) it can be seen that for a general value of s we have

Vijir1(8) = Viji(s) + 0(ai, 45, aije), (EC.67)

where §(qi, q;,aij¢) = f(gi,q;)ai:, which is equivalent to (EC.56) in Method 1, and completes the
proof for part (i). The proof of part (ii) is the same as that of Method 1. O

Proof of Proposition 3: From Equation (17), we have that a sensor i strictly prefers to target
a lower quality sensor (1) than a higher quality one (h) at ¢t =1 if, and only if,

co+c1sg>0. (EC.68)

Hence, it remains to drive sufficient and necessary conditions for the quadratic inequality (EC.68).
Doing so, we have that (EC.68) holds, if, and only if, one of the following conditions holds:

(i) €0 <0, ¢1 >0, and |sg| > v/—co/c1,

(ii) ¢g >0 and ¢; <0, and |sg| < \/—co/cy, Or

(iii) ¢o >0 and ¢; > 0.

These are conditions (i), (ii), and (iii) of the proposition, and hence, the proof is complete. O

Proof of Lemma 1: Define

q72n + 1/¢imt(5t71) _ QEL + 1/¢int(st71)

an, a

gi(s1-1) = , (EC.69)

and note that by Definition 1 and Equation (10), m = n if, and only if, g,(S;_1) <0 almost surely.
Let

t
Fn 2D i, (EC.70)
=1
t
Fa 2 i, (EC.71)
=1
and
Af = fon = fa (EC.72)

Next, note that g;(S;_1) <0 almost surely, if, and only if,

Af=Af,
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where Af is some fixed threshold (i.e., a time-independent constant). It remains to show that the
inequality Af > Af is preserved over time (i.e., if it holds at time ¢ then it will hold at any time
t' > t). To observe this, note that if, at time ¢, Af > Af, because sensor ¢ sects its target based on

A . 2/ .
ji = arg min o;(4,7,51)

JEN\{i}
241/ (s—
= arg min {qj /wjt(St J }, (EC.73)
JEN L) ¢’

then ¢ will not target n (i.e., j #n) but may target m (i.e., j5 =n) at time ¢. In addition, from
Proposition 2, we have that

2 2 t
VimoWimo
i — —_tm07um0 iy Qi imis EC.74
b= T 01) 3 ey
and .
Binpir(s) = 0000y g 03 a0 (EC.75)
7 w7i2n0 + U'£2n082 ! =1

Hence, Af at time ¢’ >t will not be less than Af at time ¢, if Af > Af holds at time ¢. Hence,
the inequality Af > Af is preserved over time. O

Proof of Lemma 2: Note that since

2+ 1/ (80—
02(i,j,511) = 2 / ;ﬂ”(st 1), (EC.76)
J

sensor ¢ strictly prefers targeting sensor j to targeting sensor j' at time ¢ if, and only if,

45 +1/%iji(s1-1) < @+ 1/ (si-1)

. EC.77
q;l q;l/ ( )
Next, observe that inequality (EC.77) is equivalent to
1 q? 2 1 2 2 q]2' Q?
@Z)z'jt(stq) q;-l/ (qj Q;[)ij’t(stfl)) 4= (qu-/ ) Q;-l/l/)ij’t(«stq) ( )
Let )
- q; _
b= [q; (= — D], (EC.79)
4q;
and note that
(a) oo > 1. >0 because :—7', >1+e€, and
— J
(b) ®. is a fixed number, and is independent of t;;/(s;—1).
Furthermore,
I ey p— (EC.50
oy —5 80
P ’ q?, Q?lwij’t(st—l)
where the inequality (EC.80) follows from (EC.79) and the fact that
qt
I > 0. (EC.81)

q;»l/%j/t(stq)
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Therefore, if ¥y, (s,_1) > ., from (EC.80) we have:

1 1 4 q;
S S R T¢I A
Vije(se-1) e G @rbijre(se-1)

(EC.82)
Hence, if 9;;:(s;_1) > 1., then (EC.78) holds, and therefore, sensor i strictly prefers targeting
sensor j to targeting sensor j’ at time ¢. Therefore, j, # j’, and the proof is complete. O

Proof of Proposition 4: We use proof by contradiction. Suppose 7;(S.,) includes at least two
sensors. Since these two sensors differ in their quality by assumption, we can label the higher
quality sensor with j and the other sensor with j’, and choose € > 0 such that qj > 1+ €. Note that

since j € T;(S«), sensor i connects to sensor j infinitely often along S, Therefor there exists a
finite time 7(S4) < oo such that
7(Sco)

flairq;) Z aiji > e, (EC.83)

=1

where 1), is the threshold defined in Lemma 2, and aiji=1gjmjzy along S... Observe that, since by
Proposition 2

’U2 Ow20 t

Vijar1(s) = Wi“ f(%‘:%’)zaijla (EC.84)
1]0+U i0S =1

we have that 1;;; > 1. for all t > 7(S,). It then follows from Lemma 2 that j}, # j/ for any

t > 7(Ss). This means that ¢ communicates with j’ only a finite number of times, which is a
contradiction considering the assumption that j’ € T;(S.). O

Proof of Proposition 5: By Proposition 4, |7;(S.)| =1 for all i € . Let x;(Ss) denote the
unique member of 7;(S.). Since sensor i only communicates to k;(S.) infinitely often, for all

JEN\{i,ki(Sx)}, there exists a finite time 7;;(S.) such that ¢ does not communicate to j after
Tij (Soo) Let

= max T::(Sso), EC.85
b JEN\{iki(Soc)} 5(S2c) ( )

and note that ¢} < oo, since (a) there are a finite number of sensors in AV, and (b) all 7;;(S,,) values
are finite. Next, let

t* = maxt;, (EC.86)
€N

and observe that t* < oo, since (a) t; < oo for all i € N, and (b) A is a finite set. Moreover, note
that at ¢* the sets 7;(S) are all determined (for all i € ). Thus,

Ti(Ss) =Ti(Ss ) (EC.87)
for all : € N/, and hence, the proof is complete. O
Proof of Proposition 6: By Proposition 4, |7;(S.)| =1 for all i € . Let x;(Ss) denote the

unique member of T;(S..). Next, note that from Proposition 5, along any sample path S.., there
exists a finite period t* such that for all i € N

Ti(Sx)=Ti(SE)  a.s.
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/t*

Hence, given the sample path up to t*, we have k;(Sw) = ki(SL ). Let p;j(Sa|Si+) denote the
probability that given the sample path up to t* (i.e., Si+), j € Ti(Ss ). Observe that

Pij(Swc|Sie) = Yo Pr(S«lSe) (EC.88)
VSoo|Six: JET; (Soo)

= Z Pr(S.|S) (EC.89)
VSOO|St*: J:/{z(Soo)

— Z Pr(S.|Si+) (EC.90)
VSoo|Spx: j=ri(SHE")

=L sy (EC.91)

/t*

where the third equality follows from the fact that x;(S.) = ki(S.L ), and the forth equality follows
from the fact that ,;(S.) is known at time ¢*. Hence, we have

1:j=ri(SL)
Pi(SoclSp+) = . (EC.92)
0:j#ri(Sx)
Therefore, p;;(Se|Si+) € {0,1}. O

LEMMA EC.5. A deterministic targeting policy may not be optimal for the unknown-quality sensor
targeting problem given by (22)-(24); a randomized policy can be better.

Proof of Lemma EC.5: Note that under a deterministic policy that prescribes targeting j
(almost surely) we can write (24) as:

Pr{‘/;gye}zlfe (EC.93)

where V; = %%(i,4,5,_1,Q;) is a random variable with realization o2(4, j, s, 1) (defined in (10)), and
Q; is a random variable with realization ¢;.'? That is, sensor i solves a robust counter part to the
original variance reduction problem (see, e.g., (11)) in which instead of connecting to the sensor j
that has the minimum o2(i, j,s;_1) it connects to the sensor j that has the minimum

Fyl(1—e), (EC.94)
where for any random variable = with possible realizations in Z and c.d.f. Fz
Fo'(y) &inf{z € Z: F=(2) > y}. (EC.95)

Thus, the optimal robust objective function within the deterministic set of policies denoted by
yale) is

“()= min F,1(1—¢ , EC.96
yd( ) JEN\Li} 7 ( ) ( )
and sensor ¢ connects to sensor
— min F,'(1—¢). EC.97
Jit,d argje./\/l\{i} Vj( €) ( )

19 Note that due to the fact that Q; is a random variable for sensor 4, the familiarity value of ¢ to j is also a random
variable. Thus, the familiarity value t; ;+1(s:) has a realization which can be calculated based on (15) for each
Q@; = gq; that belongs to the ambiguity set considered by sensor i.
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In contrast, a feasible (but not necessarily optimal) randomized policy that prescribes connecting
to sensor j with probability 7; causes an expected squared error of estimation that is a convex com-
bination of variances: V £ Zj EN\{i} m;V;. Hence, the robust objective function under this feasible
randomized policy denoted by y,.(€) is

yr(€) =Fy (1 —e). (EC.98)

Since, unlike F;] ' Fy ' depends on the joint distribution of all @;’s defined by IE”f2 (for all sensor
j’s where j € N'\ {i}), it can be the case that y.(e) < yj(e). That is, one can find a feasible
randomized targeting strategy for sensor ¢ that is strictly better than any deterministic policy.
Because the randomized policy that resulted in y,.(€) is not necessarily optimal, it follows that the
optimal policy 7 defined in (22) may not be deterministic. O

Proof of Proposition 7: If |[N| =2, the result is trivial. So assume |[N| > 2. Consider sensor
i €N, and let 7 € II; be a specific randomized communication strategy for sensor i that assigns
a probability of one to communicating with sensor j, and a probability of zero to communicating
with all other sensors j € N\ {i,7}. Let 7 € II; be any feasible randomized strategy for sensor .
Since for all j € N\ {i}

Vi <.0 Vi, (EC.99)

we have - B
VE DN mViz.VE DY FY (EC.100)
FJEN\{i} JEN\{i}
Next, similar to (EC.98), note that the robust objective function under strategy 7 denoted by y,.(¢)
is

y () =F; ' (1—e), (EC.101)
and under 7 denoted by g, (¢) is
gr(e) =F;'(1—e). (EC.102)

Since V >,, V, we have that §,(¢) < y,(e) for all € € [0,1]. Next, observe that since 7,(€) < y,(e)
holds for any feasible strategy 7 € II;, we have that strategy 7 is an optimal strategy. Hence, the
solution to (22) is given by strategy 7 € II;. O
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Appendix H: Proofs of Results from Appendices

PROOFS FOR RESULTS FROM GENERAL CHANNEL CAPACITY APPENDIX

Proof of Proposition EC.1: Recall that each sensor ¢ is selecting its targets based on the opti-
mization program:

2
min Eg,paic |50 — i (EC.103)

5it€R,a;;€{0,1}n1
s.t.

O<c ZjEN\{i} A5t < b.
It follows from the proof of Proposition 1 that
5 =Eq,_pnu[51]

Therefore, in (EC.103), we have

2 2
min E it |:§t — Sti| = Inin ]E it [E ~ it St — St
sueRagefoyn—t o [ agefo 1yt b e Fiy 15
= min Varst"’F,-atit {St], (EC]_O4)

a;;€{0,1}n—1

where the last term denotes sensor i’s variance of S; under the posterior distribution Fj*. That
is, sensor ¢ chooses its targets based on minimizing the posterior variance. Furthermore, if sensor ¢
communicates in period ¢ to all sensors in an arbitrary set J;; C N satisfying | 7| = | k], then the
posterior variance is:

1
1+ qu + Zjejit [O-tQ(i’ja Stfl)]il ’

in which 1+ ¢? is sensor i’s precision prior to communication, and [02(i,,s;_1)] " is the precision
of the signal it receives from sensor j, where as shown in the main body
q]2' + 1/1/}ijt(3t71)

02(i,,81) = 4 : (EC.106)
J

Varg, p2u[Si] = (EC.105)

It follows that sensor i must choose set J; C N satisfying \jﬁ\ = |k] such that
> ieds [02(i,7,8:—1)] 7" is maximized. Denoting the optimal such set by J;;, we have that [J; is the
set of sensors j that have the lowest |k] value of 07(i,7,s;1) defined in (EC.106), which means
that the proof is complete. ]

Proof of Proposition EC.2: The proof directly follows the proof of Proposition 2. 0

Proof of Lemma EC.1: The proof follows from the proof of Proposition 2 via pairwise compari-
son between each member of set 7 and sensor j'. Specifically, consider an arbitrary member of set
J and denote it by j. It follows from the proof of Proposition 2 that, at time ¢, sensor ¢ prefers to
communicate to sensor j than sensor j'. Repeating this argument for all j € J shows that there
are at least | J| = |k| sensors that are better targets than sensor j’ from the perspective of sensor
i at time t. Since 7 is allowed to pick only | k| sensors as targets, it will not pick sensor j’ at time
t. Hence, aj;,, =0. O
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Proof of Proposition EC.3: We use proof by contradiction. Suppose 7;(S..) includes at least
| k] + 1 sensors. Since these sensors differ in their quality by assumption, we can label the sensor
with the lowest quality in 7;(S.) with j'. Since 7;(S..) is a finite set and j’ is the sensor with the
lowest quality in this set, we can choose € >0 such that 5—7/ >1+4¢ for all j € T;(Sx) \ {j'}- Note

that sensor ¢ connects to any sensor j € T;(Sw) \ {J'} inﬁjnitely often along S.,. Therefor, there
exists a finite time 7(S.,) < 0o such that for all j € 7;(Sw) \ {7’} we have

7(Sco)
Flang) D >, (EC.107)
I=1
where ), is the threshold defined in Lemma EC.1. Observe that, since by Proposition EC.2
v w2, ¢
Yijer1(8) wigjo +U7J2j082 + f(qi> q5) lz;ajl ( )

for all j € T;(Sx) \ {j'} we have that 1,5, > 1, for all ¢ > 7(S.,). It then follows from Lemma EC.1

that aj;, =0 for any ¢ > 7(S.). This means that i communicates with j’ only a finite number of
times, which is a contradiction considering the assumption that j' € 7;(S). O

PROOFS FOR RESULTS FROM STATE REALIZATION GENERALIZATION
APPENDIX

Proof of Lemma EC.2: The proof is similar to the proof of Lemma 2. In particular, it follows
from (EC.14) that sensor i strictly prefers targeting sensor j to targeting sensor j’ in period ¢ if,
and only if,

C_I? + 1/1@jt(st7n) < q]2,, + 1/7Zij’t(3t—n)

, BC.109
aj gy ( )
which is equivalent to
1 a4 5 1 o 2 @ 4
_ <+~ ) =4 =q (5~ 1)+ = : (EC.110)
Vit (5t—n) q?’ T ie(Se—n) T qu'/ q?/wij’t(stfn)
Let )
B2 [ -1, (EC.111)
q;
and note that
(a) 00 > ¢ >0 because - >1+¢, and
_ i -
(b) t. is a fixed number, and is independent of t;;/+(s;—1).
Furthermore,
i<q?(q—32'—1)+qi;l (EC.112)
(2 ! qj% q;l/wij’t(st—ny
where the inequality (EC.112) follows from (EC.111) and the fact that
9
—— >0 (EC.113)
i (Se—n)
Therefore, if 1y;,(s;—n) > 1., from (EC.112) we have:
1 L _ o4 9
. <Py — (EC.114)
Q;Z)ijt(stfn) e ! q?" Q?/,(Z)ij/t(stfn)
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Hence, if @jt(s,‘,_n) > 1), then (EC.110) holds, and therefore, sensor i strictly prefers targeting
sensor j to targeting sensor j' at time ¢. Therefore, j/;, # j’, and the proof is complete. O

Proof of Proposition EC.4: Similar to the proof of Proposition 4, we use proof by contradiction.
Suppose T;(Ss) includes at least two sensors. Since these two sensors differ in their quality by
assumption, we can label the higher quality sensor with j and the other sensor with j’, and choose
€ > 0 such that ;—_j, > 1+ e. Note that since j € T;(S), sensor i connects to sensor j infinitely

often along S. Tjherefore, it is easy to show that there exists a finite time 7(S,,) < oo such that
Vije(81_p) >t for all t > 7(S). It then follows from Lemma EC.2 that j;, # j for any ¢t > 7(Sx).
This means that ¢ communicates with j only a finite number of times, which is a contradiction
considering the assumption that j' € T;(S4)- O

Proof of Proposition EC.5: Note that by Proposition EC.4, |T;(Sw)| =1 for all i € N. Similar
to the proof of Proposition 5, let x,;(Sw) denote the unique member of 7;(S). Since sensor ¢
only communicates to r;(S.) infinitely often, for all j € N'\ {i,x;(Ss)}, there exists a finite time
7i;(Ss) such that 7 does not communicate to j after 7;;(Sx). Let

U= max 73 (Sso), EC.115
C sy T (5) ( )
and note that ¢; < oo, since (a) there are a finite number of sensors in AV, and (b) all 7;;(S,,) values
are finite. Next, let

t* = maxt}, (EC.116)

ieN

and observe that t* < oo, since (a) t; < oo for all i € N, and (b) A is a finite set. Moreover, note
that at ¢* the sets 7;(S) are all determined (for all i € N'). Thus,

Ti(Soc) = Ti(S ) (EC.117)
for all i € N, and hence, the proof is complete. O
Proof of Proposition EC.6: The proof follows a similar argument to the proof of Proposition 6.
In particular, note that by Proposition EC.4, |T;(Sw)| =1 for all i € N. Let £;(S.) denote the

unique member of 7;(S.). Next, note that from Proposition EC.5, along any sample path S,
there exists a finite period ¢* such that for all i € N

/t*

Ti(S) =Ti(S. ) a.s.

e

Hence, given the sample path up to t*, we have k;(Sw) = ki(S.L ). Let p;j(Seo|Si+) denote the
probability that given the sample path up to t* (i.e., Si+), j € Ti(Ss). Observe that

Pij (SuclSi) = > Pr(Sx|Si) (EC.118)
VSoo|Spx: JETH(So0)

= > Pr(S«|Si-) (EC.119)
VSoo|Syx: j=ri(Soo)

= > Pr(S|Si-) (EC.120)

VSoo ‘St* : j:"@i(sloé*)

(BEC.121)

=Ly sy
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/t*

where the third equality follows from the fact that x;(S) = ki(S.L ), and the forth equality follows
from the fact that ;(S..") is known at time t*. Hence, we have

1:j=ri(SE)
Pij (Soo|Se) = . (EC.122)
0:j#ri(Ss)
Therefore, p;;(Sw|Si+) € {0,1}. 0

PROOFS FOR RESULTS FROM CORRELATED SENSOR ERROR APPENDIX

Proof of Proposition EC.7: It follows from the similar line of proof as Proposition 1 that sensor
1 will choose it target in period ¢ by selecting the sensor that provides it with the lowest variance
of signal. Since when v # 0 the variance of signal i receives from sensor j is given by (EC.30), we
have:

/% . 12/ -
jir = argminoy”(i,7,8:1)
Jj#i
YR v?
= argminey (i, j, s.-1) + 5
JFT 4

o . 2/ - .

= argminagy (7”.]7 St—l)
J#i

— g

- ]it:

(EC.123)

where the second line follows from (EC.30), and the third and forth lines follow from Proposition
1. 0

Proof of Proposition EC.8: Note that from Proposition 1 we have j, = argmin;_; 07 (i, j, S¢—1).
Similarly, we have j/¥ = argmin;; 0,%(¢,j, s,—1), where

2
204, 51-1) = 02(i, ] % FC.124
Oy (27]751571) - Ut(zvjvstfl)'f_ q2 ( . )

We use proof by contradiction. Suppose j/; # j/; and define

ko= min 02(6,5,81)) — 020,45, 80-1)-
J#4,55

Note that since j, = argmin;; 07(i, j, $i—1), we have k; > 0. Observe that if

2 2

Vi — v,
P
Ji' #i q;
then
2 2 2 2
2/ . 2/ % > . 2/ . 2/ % —k ij_yj’>yij;t VU
Oy (/Lujvst—l)_o-t (/thitast—l)_ ( mln* o (/Lujwst—l))_o-t (/ijitast—l)_ t>m/ax - 2
VE 5,3'#i q; q;

Re-arranging the RHS and LHS of the above inequality, we have:

2 2

Jf(z,j,st_l)—i-qf;>Ut2(z,jit,st_1)—|— R (EC.125)

i 4

Vi F# 4 Jir-
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The inequality (EC.125) together with (EC.124) implies that j}, = argmin; 07%(4,7,8;-1). Since by
definition j/f = argmin; o,?(i, j, s,—1), we have that j¥, = j/r, which is a contradiction. O
PROOFS FOR RESULTS FROM NON-MYOPIC BEHAVIOR APPENDIX

Proof of Proposition EC.9: First consider the finite-horizon setting. Fix ¢t and information state
(m, s), and let

J —argjerﬁlfl\r{l ¢i;(my,s).

Next, for each j' € N\ {i,5*} define

Pijr (mJ’vs)_¢2J (M=, )
| [ Vi (mt+ey,s) dFY (s) = [Viiy (m ey, s') dF (s7)]

lI>

ﬁ;”t(m7 S)

,‘S

and note that 77;,, (m, s) is positive (and finite) for all j' € N\ {7,*}. Since  is a fine set, it follows
that

i A
m, = 7\ 1M,
7;(m, s) JGN\{” }77] +(m, s)

is positive (and finite). Furthermore, it follows from the optimality equation

Vi(ms) = min {0 (m.s) 40 [ Vi (e, o) dEY () (EC.126)
Fi i

that for all n < 7;(m, s), it is optimal for sensor ¢ to choose j* (i.e., the sensor that has the minimum

immediate “cost”) when there are t periods to go and the information state is (m, s). Finally, since

both the number of periods and the number of sensors are finite, we can set

L

7(m, s) min Nﬁz(m, s),

t=1,2,--- ,T;i€

)

where 7(m, s) is positive and is such that for all n <7(m,s), it is optimal for all sensors to act
myopically when the information state is (m,s) (for all t =1,2,---,T), which completes the proof
for the finite-horizon setting. The result for the infinite-horizon case follows the same line of proof.
In particular, since the optimality equation is

VL (m,s) :jenj\lfi\r%i} {q&ij(mj,s) +77/V0’O (m+ej,s")dF (s )}, (EC.127)

it can be seen that fixing the information state (m, 3), letting

=arg min ¢;;(m;,s),
7 gJGN\{}¢J( i)

and, for each j' € N\ {7,7*}, defining

s Pijr (m]/,s) — ¢ij(my~, 8)
| [Vi(m+ey,s)dFy (s) = [Vi(m+e,s)dF ()]

ﬁ;;oo(m, S)

/‘S

it is optimal for sensor i to choose j* (i.e., the sensor that has the minimum immediate “cost”)
when the information state is (m,s) so long as

£ min 7, (m,s).

<7 (m,s
N < o (m,s) P
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Since the number of sensors are finite, we can set 7(m, s) 2 min,cx 7, (m, s), which completes the
proof after nothing that 7(m, s) >0 (because each 7’_(m, s) is positive). O

Proof of Proposition EC.10: We first show that the value function of each sensor i in both
finite-horizon and infinite-horizon settings are non-increasing in mj: for all 5/ € '\ {i}. To this
end, let

A;,t (m, s) =V (m +ej, 5) A (m, s).
We use induction to show that for allt=1,2,---,T, A;,t (m, 8) <0 for all information states (m, s).

Since Vj (m, s) =0 by definition, from the optimality equation we have

Vf(m,s): min {qﬁij(mj,s)}.

JeEN\{i}

Thus, it follows from ¢;;(m; + 1,8) < ¢;57(myr,s) that A;,l(m, s) < 0 for all information states
(m, s). Next, suppose A;,t (m, 3) <0 for some t =k for all information states (m, s). We show that
Azlt(m, 5) <0 for t =k +1 for all information states (m, s). From the optimality equation, we have

A;’,k+1 (m, S) = min {qbij (mj + ]l{j:j/}y S) + T]/Vkl (m-l—ej +ej/,s’) d ;,ls(s')}(E0128)

JEN\{i}
- i {¢>ij(mj,8)+77/vzf(m+ej,5') dEsi’\s(S/)} (EC.129)
<0, (EC.130)

where the inequality follows from the fact that every term in the minimization in (EC.128) is
less than or equal to that in (EC.129) (because of the induction assumption and the fact that
Gijr(my +1,8) < ¢ijr(myr, s)). Hence, the finite-horizon value function V/(m, s) is non-increasing
in my for all 5/ € N\ {i} and all t =1,2,---T. Taking the limit as ¢ — co then proves that the same
property holds for the infinite-horizon value function.

Next, consider the finite-horizon setting, fix ¢, and suppose it is optimal for sensor 7 to choose
sensor j myopically at some information state (m*, s). From the finite-horizon optimality equation,
this means that for all ' € A"\ {i,j} we have

¢ij(m;as) < ¢ij/(m;/,8)
and
d)ij(m;as) +77/‘/ti_1(m* +ej,5’) dEf,|s(s’) < d)ij,(m’;/,s) +77/\/ti_1(m* —I—e]—/,s’) deqs(S/)-

Since we have ¢;;(m; +1,5) < ¢;;(m3,s) and V', (m* +2e;,5') <V;' | (m+e;,s'), it follows from
the above inequalities that, for all 5 € N'\ {4, j}, we have

bij (mj +1,5) < Oijr (m;/, s)
and
(5 1,5) [ Vi (0 4 2,,8) AFD () < 6y omis) [V () dF (),

which (based on the optimality equation) means that it is optimal for sensor i to myopically
choose sensor j at information state (m*+e;, s). A similar line of proof shows that the same result
holds for the infinite-horizon setting. Finally, if m; denotes the minimum value of m; such that it
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is optimal for sensor ¢ to myopically choose sensor j when its number of previous communications
with j is m; and with all other sensors j' € N'\ {i,j} is m; = m’,, then it follows from the previous
result that sensor ¢ should myopically choose to communicate to sensor j at any information state
(m, s) with m; >m; and m; =m}, for all j'€ N'\ {4, j}. O

PROOFS FOR RESULTS FROM SELF-UPDATING INFERENCE MODEL
APPENDIX

Proof of Lemma EC.3: First consider a specific sensor, sensor ¢, and for clarity let her precision
at time t be denoted by A;. Since we have

ST =A;+ATA, (EC.131)

it follows from Lemma EC.4 (see Online Appendix A) that

SoAto L

; A7TATAA (EC.132)
1+g

where g = trace(ATAA; ). Next, fixing € >0 and s = s;_y, it follows from (EC.132) that we can

find A, . s such that

el +1[(e, B)" + A
2

DATs, < (EC.133)

and

eI+ I, B)" + A
2

for all A; > A, ... Adding up (EC.133) and (EC.134), and noting that based on (EC.48) C for

sensor ¢ is given by

ZAi[(a, B)T + Ay < (EC.134)

CE2ZA"s, + [ZA; —T)[(a, B)" + Ay (EC.135)

we have that (for sensor_i) C <e€I when A; > -/_\i,e,s- A similar line of proof shows that (f(zr Sensor
i) C > —el yvhen A; > A, . ;. Finally, since the nun_1ber of sensors is finite we can find A, ; such
that A. ;> A, for all i € V. Using the threshold A, then completes the proof. O

Proof of Proposition EC.11: Recall that

A . 2/ .
*2arg min o2(i, j, 5. EC.136
Jit gjeN\{z'} 1 (4,7,80-1) ( )

where .
Qg+ @‘jt&:q}

q '
Now let j* be the counterpart to j;;, denoting sensor ¢’s optimal target at time ¢ with the difference
that j;* indicates the optimal target when sensors update their inference model parameters. Since
the number of sensors are finite, observe from (EC.136) that we can pick an ¢* > 0 such that
perturbing all d,;, and f3;;, parameters (i.e., for all j € A"\ {i}) by at most #€* does not change j.
Furthermore, if we set s =s;,_; and denote the changes in sensor j’s parameters due to updating
by C;, it follows from Lemma EC.3 that there exists a threshold A« , such that for all j € N\ {i}
we have —e*I < C; < €*T if the precision of all sensors is greater than or equal to A .. Since when
—e* I < C; <¢€*I, each sensor j € N\ {i} will change its parameters by at most ¢* and sensor 7 is
aware of this, sensor ¢ will not change its &;;; and Bijt parameters by more than €* when updating
is allowed. Thus, for sensor 1,

o’(i,j,8.1)=Var [ejt +

sk ek
Jit = Jit
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so long as the precision of all sensors is greater than or equal to A.-,. Repeating this argument
for all other sensors and letting A, be the maximum of the thresholds among all sensors completes
the proof. O
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Appendix I: Numerical Studies Detailed Description and
Discussion

Known Qualities

We present the results of two numerical studies that examine, respectively, the roles that the
underlying state dynamics and the initial state distribution play in long run communication network
formation. In both studies, for ease of illustration, we consider a collection of three sensors, i.e.,
N ={1,2,3}. The following sensor characteristics are adopted for each study. Sensor qualities
are asymmetric and decreasing in sensor labels, with ¢ = (g; : j € V) = (9.8,9.6.,9.4). The initial
familiarities v;;o and w;jo are specified by the following matrix:

o0 1.6 2.4
[vijO]i,jEN = [wijo]i7je./\/' = 0.8 0 2.4 . <E0137)
0.8 1.6 oo

Thus, any two different sensors ¢ and k have the same initial familiarities about the third sensor j.
This matrix also implies that initial familiarities are increasing in sensor labels. Combined with the
above quality-labeling scheme, it then follows that sensor 1 is the most attractive from a quality
perspective but that sensor 3 is the most attractive from an initial familiarity perspective. Sensor
2 lies in between sensors 1 and 3 in that it represents mid values of both quality and familiarity.
We emphasize that by design these parameters ensure that no sensor is initially dominant from the
perspective of any other sensor. Also, these parameters ensure that target selection in the initial
period is given by Proposition 3 (i); that is, the intermediate region of Figure 1 applies and so high
(absolute) state values favor familiarity over quality.

For each problem instance in each study, the time-0 random directed graph é(/\/ ,E,P) was gen-
erated by simulating 1,000 sample paths, each representing a distinct realization of the underlying
AR(1) process over time. That is, at time ¢ = 0, the probability that j will be the eventual long run
target of i (see p;; defined in (21)) is estimated using the outcomes of the 1,000 sample paths.?
Study 1 (The Effect of State Dynamics): To capture the effect of state dynamics, we con-
sider nine different cases for the environment’s AR(1) parameters («, 3). The nine cases represent
pairwise combinations of low, medium, and high values of both a and f: a € {0,2,4} and €
{0.3,0.5,0.7}. The initial state is randomly drawn from a normal distribution with a mean of 10
and a standard deviation of 2 in all cases.

Figure 2 (shown in the main paper) presents the long run communication networks for all nine
cases of (a,f). Recall that by design no sensor is dominant from the perspective of any other
sensor. Despite this fact, observe in the top left panel (low o and low () that the long run contact
of each sensor is always the high-quality sensor, i.e., 1 eventually always targets 2, and 2 and 3
eventually always target 1. Also, observe in bottom right panel (high o and high ) that the long
run contact of each sensor is always the high-familiarity sensor, i.e., 1 and 2 target 3, and 3 targets
2. In contrast, at intermediate values of o and [, e.g., the center panel, the long run contact of
each sensor typically depends on the sample path: for some sample paths, the higher quality sensor
wins and for others the higher-familiarity sensor wins. However, we observe that the winner is more
likely to be the more familiar sensor as either o and f increases. The reason for this («a, 3) effect
is twofold. One, high state values favor more familiar targets because Proposition 3 (i) applies
(by study design). Two, higher state values are more likely to occur on any given sample path as

20 The number of simulated sample paths were chosen so that the point estimations for pi; values have a low enough
standard error, and hence, provide reliable estimation.
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Low Quality Med Quality Low Quality Med Quality Low Quality Med Quality
High Familiarity Med Familiarity High Familiarity Med Familiarity High Familiarity Med Familiarity

0.986 0.987 0.990

High Quality High Quality High Quality
Low Familiarity Low Familiarity Low Familiarity
(a) (n,0)=(2,2) (b) (o) =(10,2) (c) (u,0)=(18,2)

Figure EC.1  The role of initial state in long run communication network. So has a N(u, o) distribution.

either v or 8 increases. Therefore, higher-familiarity sensors are increasingly favored as a and/or
3 increases. Interestingly, we also note that « typically has a stronger effect than 3.2

Study 2 (The Effect of Initial State): We now fix the environment’s AR(1) parameters as
(o, ) = (2,0.5) and consider three different N(u,0) distributions for the initial state: (a) (u,0) =
(2,2); (b) (u,0)=1(10,2), and (c) (u,0)=(18,2). We know from our earlier theoretical results that
the initial state can impact the long run contact probability through its impact on initial selection
and the resulting familiarity gain. That is, due to the stickiness factor, initial state can create a
momentum that might last for ever.

The long run communication (targeting) network for each case is presented in Figure EC.1.
Observe that as we move from left to right, i.e., from case (a) to (b) to (c), sensors 2 and 3 settle
on their higher-familiarity sensor (3 for 2; 2 for 3) with a somewhat higher probability. This reflects
the fact that higher initial states favor initial selection of the more familiar sensor and higher initial
states are more likely as we move from (a) to (b) to (c¢). For sensor 1, although there is a higher
probability of the more familiar sensor being initially targeted as we move from case (a) to (b)
to (c), this has no effect on the long run contact probability because quality eventually wins over
initial familiarity with all sample paths.

In summary, the initial state can impact the long run contact probability through its impact on
initial selection and the resulting familiarity gain. However, in comparing Study 1 and Study 2,
we observe that the effect of the initial state is less strong than the effect of the underlying state
dynamics, i.e., the («,3) parameters. This is because the («, ) parameters influence the state
realization in every period, whereas the initial state’s impact on future states can diminish over
time.

Unknown Qualities

Next, we numerically explore how the tradeoffs we observed in our earlier results and experiments
between (a) quality, (b) familiarity, and (c) state can be affected by the underlying ambiguity
around qualities and/or by the level of optimism of sensors.?? In both of the following studies
(Studies 3 and 4 below), we assume that a collection of three sensors operates in an environment
where the underlying AR (1) model has parameters («, 3) = (2,0.7). We assume that sensor i # j
believes that sensor j’s quality lies in the range (0,2q;) with all values in this range equally likely
and where ¢ = (¢; : j € N) = (9.8,9.6.,9.4). Thus, the average perceived quality and ambiguity range

21 We note that at higher values of 8, e.g., 8=0.9 (not shown), the higher familiarity sensor has a small probability
of being the long run contact even when a=0.

22 We restrict our attention to the set of deterministic policies to gain clear insights, and avoid extra levels of
complexities that are caused by randomized policies.
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Figure EC.2  With unknown qualities, the communication network is stochastic even with identical initial
familiarities.

both decrease in the sensor label, such that Sensor 1 (3) has both the highest (lowest) maximum
possible quality and the highest (lowest) average perceived quality. That is, while a higher-label
sensor is perceived to have a higher quality on average, a lower-label sensor’s quality is known with
less ambiguity. In what follows, the known-quality counterpart problem sets the qualities at the
exact g; values given by ¢ = (g;: j € N) = (9.8,9.6.,9.4), which is (a) similar to values used in our
earlier studies, and (b) corresponds to the average perceived qualities in the unknown-quality case.
Study 3 (Common Initial Familiarities) In this study, we assume initial familiarity values
are common among sensors (set at v;j0 = w;jo = 2), and compare the cases of known and unknown
qualities. For the case of known qualities, we analytically established earlier that target selection
is deterministic (i.e., sample path independent) and time-invariant in the case of common initial
familiarities (see earlier Special Case 1): the highest-quality sensor targets the second-highest qual-
ity sensor, all other sensors target the highest quality sensor. This is illustrated in Figure EC.2(a)
[main paper] in which the link value is 1 on 1 — 2; 2 — 1; and 3 — 1. The long run contact may
not be deterministic, however, when qualities are unknown; see, e.g., Figure EC.2(b) [main paper]
which presents the long run communication network for an optimism parameter of € =0.2.
Observe from the link values that in the long run each sensor typically (but not always) targets
the lowest-label sensor available to it, indicating that each sensor’s long run target is more likely
to be the one for which the ambiguity is lowest even though such a sensor’s average perceived
quality is the lowest. However, this preference towards lower ambiguity (which comes at the cost
of targeting a lower average quality sensor) is violated on some sample paths. A value of € = 0.2
implies that sensors are quite pessimistic (i.e., ambiguity-averse) in target selection, and hence they
put a lot of weight on avoiding targeting a potentially low-quality sensor. Given our construction
of the ambiguity sets, lower-label sensors have lower likelihoods of low quality values, and that
is why sensors tend to target low-label sensors. However, because there is some chance that the
lower label sensor may be the one with the lower quality (e.g., higher labeled sensors have a higher
maximum possible quality), we observe that this long run low-label selection does not occur along
all sample paths.
Study 4 (The Effect of the Optimism Level): We now explore the impact of the optimism
parameter € on long run target selection. We consider a setting where initial familiarities vary
across sensors. In particular, we use the same initial familiarity matrix as used in our earlier
known-quality studies; see (EC.137). Therefore, the study replicates the known-quality instance
in Figure 2(f) except that there is now quality ambiguity; sensors can’t assume that qualities are
exactly at their means as was the case with known qualities. Figure 3(a) replicates the known-
quality communication network, i.e., Figure 2(f), for ease of comparison. Figures 3(b) and 3(c)
present the unknown-quality communication networks for optimism parameters ¢ = 0.2 and e = 0.9,
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Figure EC.3 Communication network differs when qualities are unknown and depends on the optimism param-
eter e.

respectively. One immediate observation is that the link probabilities differ when qualities are
unknown. This is because target selection now must consider ambiguities in addition to qualities
and familiarities. Moreover, we observe that the optimism parameter strongly influences long run
target selection. Sensors are more pessimistic (optimistic) about potential sensor qualities when e
is low (high) and this in turn influences the emphasis placed on familiarity versus possible qualities,
which in turn influences the role of state in target selection. The optimism parameter used by
a sensor will depend on the firm that deployed it. Thus, our results imply that organizational
attitudes towards ambiguity will impact target selection and the resulting communication network
that evolves over time.

Combining findings from this study and those presented earlier, we see that the inherent targeting
trade-off between quality and familiarity is influenced by both the environment (through the state
dynamics) and the firms deploying the sensors (through the ambiguity optimism parameter).



