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1

INTRODUCTION

Urban areas around the world are struggling with the overlapping challenges of rapid growth in
population and increasing natural disasters due to climate change. Local governments are experimenting with novel sensing technologies to address these challenges. However, a city is already a
complex social, technological, and ecological system. In this work, we complicate the notion of
“wiring a city” (P9) with sensor networks by investigating how new technical infrastructures are
integrated into the existing streets and neighborhoods of a particular city.
The dominant vision of the “smart city” that is put forward by technology industry players [23],
echoed in national funding streams in the United States [39], and investigated by the technical
research community [25] involves instrumenting environmental and social sub-systems (transportation routes, streams, etc.) in cities with data collection infrastructure. The promise is that
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these technical systems will yield data that can be used to inform city policy, and that combining
and analyzing data from these sensor networks in near–real-time can allow for intervention if
issues are detected.
Previous work in the technical literature has identified challenges in deploying smart city
infrastructure, including the integration of heterogeneous data types across domains—for example,
combining data from a traffic monitoring sensor network and an air quality monitoring sensor
network [38, 56]. However, many of the technical challenges in smart city deployment also have
significant—even dominant—social and organizational components. For example, as demonstrated
in a quote by Participant 11 in our study, integrating heterogeneous data types also means setting
up collaborations between different city departments as well as with private companies:
Public Works or the Transportation Department might know what’s up on the street; the
Parks Department might be in charge of the trees. So it’s like there’s a lot of different
entities that have interest in the public right-of-way, but there’s no like one owner of it all
that can like manage it super effectively or efficiently. Meanwhile, we’re giving it to the
private sector often for very low costs and sometimes for nothing to crowd up that space.
(P11)
There has been considerable recent interest in the politics of big data systems, including in how
human biases can be encoded into data infrastructures [5]. In the public domain, urban sensor
networks are data-intensive systems that influence policy decisions and thus the lives of city
residents. Local government actors, working under societal constraints, make decisions about how
and what data is collected, how it is combined and analyzed, and how the information produced
closes the loop and impacts the world. It is essential to develop a framework through which these
decisions and their rationale can be uncovered to understand, for example, if and how biases might
be introduced into smart city systems.
We approached this study with the following research question: How do sociotechnical factors
influence the design and deployment of smart city systems, and thus the architecture and flow of data
within such systems? We collected the perspectives of those deploying smart city infrastructure
within a specific American city. Our focus was on large-scale projects that involved sensors and
in which a local government was a dominant stakeholder. We did not focus on public perception
of smart city technology except insofar as those we interviewed attempted to anticipate public
response during the deployment and maintenance of urban sensor networks.
Our study reveals how the process of collecting, storing, analyzing, and using data from urban
sensors is mediated throughout by people and organizations and fundamentally influenced by
geography and politics. We contribute a rich description of a number of overlapping smart city
projects in one American city, along with an emergent framework for supporting future analytic
work in this domain.
Our analytical framework traces the flow of data through the phases of data collection, management, analysis, and impacts. Each of these phases can display variability in immediacy, automation,
geography, and institutional ownership. For example, a smart city project might have automated,
immediate data collection infrastructure in a single city that is owned by a private company, data
might then be managed in a publicly owned state database and automatically linked to other data
sources, it might be analyzed by human analysts over the course of months, and then may impact
the world by both being displayed on an online public dashboard and used to design educational
programs. In a purely technical view of smart city infrastructure, the human elements of this system
(people physically carrying samples, performing analyses, or educating others about data) might be
missed, as would the variations in geographic scope due to political geography and ownership due
to public–private partnerships. By providing this narrative and framework, we expand upon prior
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characterizations of end-to-end urban sensor networks that focus more narrowly on the technical
aspects of such systems (see [17, 38, 56]) or more exclusively on organizational and political factors
(e.g., [27]).
Finally, we also reflect upon how our situated work helps in understanding a generalizable
tension in smart cities between cross-domain data integration and fragmentation. While the smart
city vision often idealizes a “system of systems” paradigm [38] in which data from different domains
is combined into a common hub and analyzed together, our work revealed a mix of technical, social,
and organizational tensions that work to reduce the amount of actual cross-domain data integration
happening in real world smart cities. Our work opens the door for further investigation of urban
infrastructure development and operation as a site well-positioned for future study in the domain
of computer-supported cooperative work (CSCW).
2
2.1

RELATED WORK
Smart cities and urban sensor networks

The precise definition of a “smart city” has been widely characterized as ambiguous within both
computing and policy literature. Smart city-branded programs undertaken by cities can include
a wide variety of projects and services that involve the use of information and communications
technologies (ICT) in an urban context, as well as a variety of sensing strategies [17, 40, 55]. In this
work, we focus on urban sensor networks—what Neirotti et al. would characterize as the “hard”
smart city approach rather than the “soft” approach, which focuses on e-government and promoting
innovation [40]. We chose this focus in order to reduce ambiguity in our analysis, and because
the “hard” vision of the smart city most closely aligns with how national funding sources, private
companies, and individual cities in the United States describe smart city projects [9, 25, 39, 40].
Although we scoped our investigation to urban sensor networks, we also asked participants to
reflect specifically on the more-loaded “smart city” term and how it did or did not accurately
describe their work.
2.2

Critiques of smart cities

Those critical of the smart city concept have argued that they may prioritize inappropriate ideals
from computer science, such as ubiquity and invisibility [19], and thus help cities position themselves as innovative without actually addressing inequality or other core challenges related to
urbanization [2, 64]. Others have discussed smart cities as part of a larger conversation around the
concept of “big data,” pointing out that data is not a neutral entity [5, 65], as well as the potential
violation of civil liberties associated with increased surveillance and data integration [5, 26, 67]. In
particular, some have noted the power imbalances that can arise in public–private partnerships,
and that corporations are interested in large-scale data collection due to the ability to turn urban
data into profit rather than to provide services related to the public good [32].
Urban sensor networks are not apolitical infrastructures—they are situated in particular physical
places and social structures. Our work is in conversation with these critiques, providing both
a grounded commentary on a particular smart city implementation and a framework that can
help reveal how people influence and are involved in the flow of data through such systems. We
aim to elaborate the simplified views of such systems in the engineering literature by discussing
their sociotechnical nature. A sociotechnical perspective highlights the contextually embedded
mutual constitutions of people and digital technologies—“the interdependent and inextricably
linked relationships among the features of any technological object or system and the social norms,
rules of use and participation by a broad range of human stakeholders” [54]. A sociotechnical
perspective on urban sensor network deployment calls on us to examine how a multitude of human
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interests and organizational structures influence their construction. Carvalho’s work demonstrates
how this kind of sociotechnical perspective can provide useful insights about how technologies
are tested and the ways in which social systems respond when smart cities are developed “from
scratch” [7]; here, we use a similar approach to understand the impact of these same forces on the
low-level sensor networks and associated data flows that underlie a particular city’s ongoing smart
city implementation and integration efforts.

2.3

Empirical and design investigations into smart cities

Our work is most closely aligned with those who have called for in-depth empirical work on
existing, situated smart city implementations [26, 55, 64]. Shelton et al. point out how “smart
city interventions are always the outcomes of, and awkwardly integrated into existing social and
spatial constellations of urban governance and the built environment” [55]. Empirical investigations
uncover how these “awkward integrations” occur in specific cities, and thus help disambiguate the
smart city concept and provide a basis for grounded critique.
A similar investigation by McMillan et al. explores how data is used in governance in a number of
Northern European cities; however, they focus on applications that involve citizens as data collectors
or consumers, rather than urban sensor networks [33]. Others have looked at how databases are
used across multiple scales of public sector work [30], examined the uptake of data-driven systems
by police departments [62], investigated the bottom-up processes used in a local co-design projects
in Taipei [21], assessed effects of the regional governance structure in the Boston metropolitan area
on opportunities for creating a large-scale smart-city ecosystem [27], surveyed those implementing
smart city projects across a number of cities [46], and critiqued the technocratic underpinnings of
smart city planning and its capacity to support urban sustainability and ecological objectives [66].
These authors have engaged with the various motivations for developing data-driven infrastructure
at a local scale and reflected upon both the power of data and the ways that data is influenced by
power dynamics, including those between city residents and governing entities or between local
and regional governments.
Authors have also tackled the relationship between data and place. Through an investigation of
a number of data-driven projects on a single city street, Taylor et al. discuss how “small worlds”
of data are created due to the boundaries of both physical and social geography [60]. Freeman
et al. bring the concept of “placemaking” from geography to bear on the design of smart cities,
highlighting the importance of understanding the iterative human processes of sense-making
involved in creating places [21, 49].
Design and systems investigations in the civic space have largely focused on developing ICT
solutions that engage residents with local policy making or advocacy, often via tools or workshops
that allow residents to explore urban data sources [3, 14, 16, 20, 22, 24, 42, 51]. In addition to data
consumers, city residents have also been treated as sensors or data sources through participatory
sensing [1, 6, 28, 29] and hyper-local polling [11]. Design researchers have also developed ways to
contextualize sensor data in order to make it more actionable [15, 50].
Our investigation provides an additional deep description of a smart city implementation in a
particular geographical location. Our analytical approach complements and expands upon prior
work by tracking how sociotechnical factors influence the end-to-end data flow in a number of
urban sensor network systems. We construct a framework based on cross-cutting issues that is
likely generalizable to other locations and could provide an appropriable lens for future empirical,
design, or systems work in the civic space.
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METHODS
Research context

We focused our investigation on projects in Denver, Colorado, a fast-growing city in the Mountain
West region of the United States. The majority of projects discussed were explicitly part of the
Denver Smart City program [9]. This program started in 2015 as part of an application to the U.S.
Department of Transportation Smart City Challenge for mid-sized cities. Denver was one of seven
finalist cities that received funding to develop a detailed smart city vision [61]. Although they
did not ultimately win the competition, the initiative has since continued, primarily with projects
focused on air quality and transportation.
Projects associated with the Denver Smart City program have been supported by various funding
sources, including a Bloomberg Philanthropies grant for deploying air quality sensors in Denver
Public Schools [10] and a federally-funded Advanced Transportation and Congestion Management
Technologies Deployment Program (ATCMTD) grant for deploying pedestrian detection and vehicleto-infrastructure communication technology [9]. The city also collaborated with Panasonic on
the Peña Station NEXT development project, with the goal of constructing a smart community
from the ground up [47] and is developing an Enterprise Data Management (EDM) system built on
Microsoft Azure for managing Internet of Things (IoT) data across multiple projects [9, 35].
Other sensing projects discussed in interviews were not formally part of the Denver Smart
City program, including projects to monitor water quality in city lakes and streams and the
flood monitoring and response system operated by the Mile High Flood District. The Mile High
Flood District was established in 1969 to coordinate flood mitigation and response in Denver and
surrounding counties [36]. Participants also discussed projects supported by the Colorado Smart
Cities Alliance, which facilitates regional public–private partnerships, including several projects in
Denver [13].
3.2

Participants

We conducted interviews with 12 individuals involved in designing, implementing, and/or operating urban sensor network projects. We systematically recruited participants in order to provide
perspectives across a number of overlapping sensing projects in the region. Most participants
worked in (or had previously worked in) mid- to upper-level management positions within local
government and therefore could talk about both the specifics and day-to-day operation of projects
as well as the associated higher-level motivations, constraints, and organizational context. Half
of the participants were city government employees working in the public health, public works,
technology services, or transportation and infrastructure departments in Denver. Two participants
no longer worked at the city—one had left to work in the private sector on smart transportation,
and another had left to work at a regional coalition-building nonprofit in the smart city space.
These participants spoke both about prior work with the city and their current work on projects
relevant to the study. Two participants were employed by the Mile High Flood District, and two
were academic researchers who had been involved in government-affiliated smart city projects.
3.3

Data Collection

We collected data via semi-structured interviews. We dynamically customized the interview protocol
to prioritize the topics most relevant to each participant’s expertise and experience. Each interview
covered the following themes: the flow of data in specific projects, how those projects related to
the broader concept of a smart city, and any other relevant experiences about the use of data in the
participant’s work. We prompted all participants to elaborate on both the technical as well as the
social and organizational aspects of each project.
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Interviews were mostly held at each participant’s workplace, though out of convenience for
participants, four interviews were held over the phone and one interview was held at a coffee shop.
Interviews lasted 52 minutes on average. We transcribed all interviews for subsequent analysis,
which was interleaved with ongoing data collection.
3.4

Analysis

We conducted a multi-phase analysis of the interview transcripts, starting with deductive analysis
using an initial set of codes relating to the process of moving from data collection to action. Our
coding scheme included four tags: data collection, data management, data analysis, and data impacts.
We adapted these tags from Naphade and colleagues’ foundational work discussing the “system of
systems” vision of a smart city and related challenges [38]. In much of the engineering literature
related to smart cities (see also e.g., [8, 12, 56]), these four phases are envisioned as part of connected,
closed-loop systems which are automated by technical infrastructure and then connected into an
overall “system of systems” via shared databases or analyses (see Figure 1).

Fig. 1. Closed-loop coding scheme adapted from Naphade et al. [38]

Initial coding scheme:
• Data collection: collecting data from sensors or people’s personal devices
• Data management: storing data, primarily in databases that are shared across multiple departments or agencies
• Data analysis: processing data into actionable information via both real-time and long-term
analysis, as well as developing prediction models
• Data impacts: influencing outcomes via informing, actuating, responding, or controlling
In the first round of coding, the first author applied one of these initial “Process” codes and a
simultaneous “Project” code to each relevant excerpt in the transcripts [37]. The “Project” code
allowed us to keep track of projects that were discussed by multiple participants. Applying these
two codes to each relevant excerpt allowed us to look both within “Process” tags, themselves, as
well as at the flow between those tags across specific projects. During this first round of coding,
we also wrote analytical memos [53]. In these memos, we reflected upon how each of these initial
codes fit to data. In some cases, we chose to expand or elaborate upon definitions of the initial tags
based on our sociotechnical—rather than primarily technical—perspective.
In the second round of coding, the first author then performed multiple rounds of iterative,
inductive coding within the data for each of the “Process” codes to identify sub-codes within
each phase of the smart city process. Given the exploratory nature of this study and desire to
understand the flow of data, codes were primarily descriptive in nature (i.e., open codes [59]),
for example, identifying when a participant discussed sensor placement or developing a custom
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data platform [53]. In this round of coding, we also added additional high-level process codes for
when participants discussed “project motivation” and “project funding,” which were not part of the
initial four codes but emerged as significant recurring themes. A final round of axial coding was
performed to group similar sub-codes.
4
4.1

RESULTS
Data collection

Participants brought up many technical aspects of developing and maintaining data collection
infrastructure. For example, many participants discussed the relative quality of different sensing
technologies and setting up protocols to ensure that a sensor network was robust to failure.
However, we found evidence of a broader sociotechincal narrative even in simple choices such
as what sensors to use and where to place them. Such choices are made within an organizational
context and decisions needed to align with existing budgets, collaborative structures, and spheres
of ownership.
Choosing sensing technologies typically involved weighing trade-offs between sensor cost and
data quality, with participants needing to make judgements early on about the level of sensing
accuracy required for particular use cases. In some cases, sensor cost was a prohibitive factor,
leading participants to continue manual data collection instead of investing in automated systems.
Our participants discussed placing sensors strategically in anticipation of future analyses based on
existing organizational collaborations. For example, in an air-quality sensor network, sensors were
deployed at public schools where it was possible to also collect asthma-related health data, and
near street intersections at which existing sensors monitored traffic flow.
In some projects, such as flood and air-quality monitoring, the goal was to deploy sensors in
a way that provided distributed sensing capabilities across a geographical area, often extending
beyond the boundaries of a specific city. In other cases, sensors were placed in specific locations
based on the requirements imposed by funding sources or to monitor specific construction projects,
traffic intersections, bodies of water, or pilot projects.
We came to see the deployment of sensor networks as just one of the various, often-relational
activities undertaken by those working in local governments to obtain data, and considered by
our participants to be part of the smart city concept. We asked participants if they obtained data
from other entities as part of their work, and participants often discussed such collaborative data
collection activities unprompted. Data was shared between departments or other governmental
entities via shared repositories or interpersonal connections:
So we can get it through the data-sharing network. We also work closely with a lot of those
folks. So we can call them up and say, ‘Hey, can I get this data?’ and the data sharing
network is difficult, so they will frequently say, ‘Sure, let me pull it and send it to you.’ So
it’s not as easy as going out to the cloud and just pulling the data down. But you can...it’s
accessible. You can get it. (P3)
Participants also discussed getting sensor data from private entities via mandated reporting.
For example, the City of Denver collected data from ride-sharing and scooter companies in order
to understand the impact of these services on traffic patterns. Such data collection agreements
demonstrate how a rapidly changing consumer technology ecosystem offers both challenges for
local governments, in terms of being able to fully understand urban systems, and opportunities for
collecting new forms of data. In addition to mandated reporting from some companies, sensing
strategies capitalizing on widespread smartphone use are also in operation in Denver—for example,
tracking traffic flow via Bluetooth sensors. Additionally, participants mentioned how specialized
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sensors, such as those for air-quality monitoring, are increasingly purchased by consumers, creating
a bottom-up data collection infrastructure that city governments can also leverage.
Most participants saw automating data collection with sensors as the ideal, with the goal of
continuously collecting and processing data such that the elapsed time between data collection and
use would be minimized. However many participants described current practices that combined a
variety of data collection strategies with different levels of automation:
And so we get, gosh, probably like 15 different sources of traffic data. So some of it is we go
out and collect it...some of it is we have various cameras or sensors around the city. (P8)
Ad-hoc infrastructure development and heterogeneous public and private ownership of assets
also led to fragmented data collection. In the most extreme cases, the same data might be collected
by multiple entities for different reasons:
And then the state, the Department of Water Resources or [Department of] Natural
Resources...they have hydrographers who go out and survey channels and then collect the
same data that we’re collecting.... But they’re doing it to determine water rights compliance
issues. (P4)
Our broader sociotechnical lens also allowed participants to discuss what data might not be
being collected and why. For example, Participant 5 discussed the possible hesitancy around putting
air quality monitors at schools, given that schools can be placed in highly polluted areas: “I mean
some cities don’t want it also because what they have seen with traffic patterns, we have also been
horrible at placing schools because it’s cheaper land like right in there” (P5).
Examining the choice of sensor type and placement from a sociotechnical perspective revealed the
multiple constraints under which cities operate when developing data collection strategies, including
those imposed by budgets, city borders, existing infrastructure, data protections, and private
ownership of data collection assets. Such constraints can lead to data collection infrastructures
that offer partial or duplicated coverage of phenomena of interest and that are heterogeneous in
their levels of automation and their ownership across public, private, and academic sectors.
4.2

Data management

The engineering literature around data management in smart cities has idealized centralization
projects, in which data sources are integrated across multiple domains [38]. Our participants often
discussed such centralized, cloud-based data management solutions as an ideal, and mentioned
challenges with such projects that have been identified in the engineering literature, such as in
developing unified data models across heterogeneous data sources and types [51].
In practice, centralized database projects were pursued at various geographic scales and levels of
cross-domain data integration. Participants discussed data management—the databases and associated schemas used in projects—in the context of supporting organizational structures, collaborations,
and processes.
All participants working on smart city projects in Denver government mentioned the Enterprise
Data Management (EDM) system, which was the city’s attempt to centralize data storage from a
number of departments and sensing projects into a single data platform. This project, completed
via a partnership with Microsoft [35], was a way to “de-silo” (P1) datasets across departments and
was “the heart of ” (P1) the cross-collaboration across departments in Denver’s Smart City program.
As the EDM project rolled out, it initially focused on storing data from specific Denver Smart City
projects, as building the EDM from scratch took a lot of human effort and technical expertise:
Right now, what I have to work with is a lot of disparate systems... so we have to go from
one system to the next system, the next system. So with part of this, with the new datasets
that we’re bringing in, I don’t want to add one more system to our systems. I want an
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overall system that’s gonna manage those. So we are building our own Azure instance of
an Enterprise Data Management system. (P10)
Participants also discussed custom data platforms that were used to centralize data within
a specific domain, such as transportation, air quality, or flood monitoring. In one of the cases
discussed, an air quality sensor network sent data to a custom platform before it was also sent to
the EDM. Similarly, traffic data used to be stored in “homebrew databases” [63]—“in various Excel
sheets or PDFs” (P8). While those working with traffic data intended to eventually move all data
into the EDM, it was higher priority to move data into a custom, department-level platform that
was specialized for traffic data management:
So we had the option of putting a lot of traffic data into the EDM...and we went with a
cloud-based solution that’s already commercially available that we could buy. The big
thing with the EDM is that you kind of have to figure it out all yourself...you know, how
do you access it? You gotta build a website around it and what does it do here and what
does it do there? So you’re literally kind of starting from scratch. (P8)
The Mile High Flood District had their own custom data platform which integrated multiple
relevant data sources at a regional scale around the common purpose of storm monitoring. Participants working on this system were resistant to the prospect of integrating data into or from this
special-purpose data platform if it was not essential to the Flood District mission.
Data was also accessed from, stored in, or sent to regional, national and international databases.
Data management across large geographic scales or heterogeneous sensor ownership was made
possible through the use of data formatting standards, which were developed and enforced by
organizational units. For example, the Mobility Data Specification [44], promoted by the Open
Mobility Foundation (OMF) [45] simplified obtaining data from ride-sharing, scooter, or other
mobility companies. The OMF is run by a coalition of municipal governments and, among other
things, develops and promotes standard formats that private companies use to report mobility data
to cities:
Last I looked, there were probably a dozen cities that are part of OMF and so they’re
basically saying like, we are the public sector and we should govern how the public rightof-way’s used and the data is collected so we can actually use it in a standardized format.
Whether you’re in LA or Pittsburgh. And yeah, they also have private sector members, so
the private sector sort of pays a fee to be part of the OMF. And the OMF is governed by
these public sector entities. (P11)
As in data collection, participants discussed the complications of negotiating private vs. public
ownership of and access to databases. Participant 1 described the challenge of finding vendor
partners who were willing to cede ownership of stored data:
Because we as a city, we want to have ownership over the data. And vendors, obviously
data is powerful...so like then they want to keep ownership of that data...and I think it’s
something we as a smart cities group need to focus on in terms of data control type of
policy. Just to ensure that all the data we are getting, like we have ownership over it and
it doesn’t reside in someone else’s database...because at any time they just could just cut
off access and then we’re just [out of luck]. (P1)
Participants also mentioned privacy considerations around storing data, which was particularly
an issue for video footage. For example, video footage in the traffic management center was
accessible in real-time but not stored.
Discussing data management with participants revealed the importance of organizational structures in the creation and maintenance of databases. Data standards, which were created and enforced
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by institutions, simplified integration of data from sensors that were diverse in ownership and
locations, particularly within and across jurisdictional boundaries. Cross-domain data integration
within databases was identified as technically challenging and time-consuming, but in some cases it
was valued for the collaborations it encouraged. In others, special-purpose databases were preferred
over databases that stored data from various projects or domains.
4.3 Data analysis
Participants discussed data processing and analysis activities that occurred at various time scales
and with different levels of human effort or expertise. Before undertaking analyses, moving from a
raw, sampled medium to a dataset could involve human effort and decision-making. In an extreme
case, water samples needed to be transported to a laboratory and cultured in order to obtain an
E. coli level—a process that eliminated the ability to perform real-time detection of bacteria levels.
Similarly, in the case of video detection, a person or algorithm obtained data of interest, such
as the number of cars passing through an intersection, from raw video footage. In some cases,
variables of interest were estimated based on the value of a more easily-sampled variable. And,
as a general concept, sensor measurements were used to estimate what was happening over a
broader geographic area—a technique that could miss important spatial variation if the level of
spatial aggregation was chosen inappropriately. In some cases, private entities provided data to
which proprietary data processing techniques had already been applied.
Participants also discussed various methods to detect erroneous data. Just as human subjectivity
was involved in data clean-up and processing, the ability to detect faulty data could depend on deep
familiarity with the data, such as knowledge of common indicators of sensor failure, or knowledge
of what other datasets could be used to corroborate sensor readings: “If you’re used to dealing with
the data and you understand it in depth, you probably have a real sense for what’s probably wrong.
The average person wouldn’t know” (P9).
In the projects we discussed, automated processes built into custom data platforms were used
primarily to perform simple calculations or detect when a variable exceeded a threshold. However,
participants repeatedly discussed higher-level analyses being performed by people who were
experts rather than through automated processes. In many cases, these experts were external to the
government agencies directly involved with operating and maintaining the smart city infrastructure.
For example, academic researchers collaborated on projects that produced data of scientific interest:
So finding and working with other people who are interested in what that data can do.
And basically do data analysis on it...cause, I mean, I’m one person.... So I mean just kind
of like we’re basically creating this like research infrastructure for anyone to come in and
take all the data and run with it. (P1)
In some cases, experts either external or internal to the government were “built into” systems
as permanent fixtures rather than as temporary collaborators, as discussed by Participant 4 in
the context of the flood monitoring network: “...[Data are] also transmitted to two consultants that
we use to kind of do some data processing...so we try to split up the load a little bit to give different
consultants some work” (P4).
In many cases, decision-making was facilitated by modelling and prediction based on historical
datasets rather than analysis of contemporaneous data. Participant 3 discussed how the dominant
focus of other smart city projects on real-time data analysis was not in line with the majority of
analysis work required for water quality monitoring:
So they want to have all these different real-time data sources out there that they can start
to look at them and see, you know, this is happening and it’s causing, you know, the side
effect is this. But what I need to be able to do is I need to be able to kind of look backwards
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to understand what’s been going on so that I can think about going forwards. How do we
adapt to it? ... You know, we have close to 20 years worth of data and we’re actually just
now getting to the point where we can really start to look at it and understand what’s
going well. (P3)
In addition to looking at long-term trends, participants discussed a general pattern of collecting
baseline data, implementing changes, and then evaluating the effect of those changes. This pattern
complemented a broader move towards data-driven policy making, in which the city attempted to
make changes based on data analysis rather than assuming best practices would work.
Generally, the discussion of data processing and analysis using a sociotechnical lens exposed
how human subjectivity and effort was involved in nearly all stages of moving from a raw sensor
reading to an output of interest. This discussion also exposed how city data infrastructures must
support multiple analyses that operate a different temporal scales including for real-time alerting,
modelling to enable prediction of future events, and analyzing “before” and “after” data to evaluate
the effectiveness of interventions.
4.4

Data impacts

Participants mentioned many ways that information produced from sensor data impacted the
world, or ways that they hoped or predicted it would. While some of these impacts happened quite
quickly—for example, in response to crises—others happened over long periods of time through
the accumulation of new local knowledge. While some impacts were realized via automatic or
remotely controlled actuation of infrastructure, the vast majority were realized by informing either
government decision makers or members of the general public. Participants discussed many ways
in which they anticipated people would respond to this information, including infrastructure
maintenance, planning, or law enforcement activities by government actors; and personal health
or safety-seeking, environmental stewardship, or advocacy activities by members of the public.
The most immediate, automated data impacts were achieved via actuation of infrastructure due
to patterns detected in data streams. For example, detecting when people were in a crosswalk and
using that information to adjust traffic signal timing. However, as mentioned by Participant 9, it
could be risky to rely on a fully automated response system: “but I’m going to want some human
intervention there not just gauges thinking they know the answer” (P9).
Other nearly immediate impacts on the world were achieved once people internal or external
to the government were alerted to patterns or thresholds in the data that required response.
For example, in the flood monitoring network, an alert was sent out to response coordinators if
precipitation levels exceeded a threshold. Responses to alerts also varied in their level of human
effort—some could be achieved via remote control of infrastructure, thus emulating what might
be possible with an automatic system with additional oversight. More complex responses might
involve sending people out to respond to an event—for example, people might be sent out to close
a flooded bridge or on snow plows to clear snow.
Sensor data also contributed towards a regularly updating body of knowledge that was used
to make longer-arc decisions about city operation, often accessible via online dashboards. For
example, ride-sharing data or average travel time data might be used in long-term traffic planning.
Alternately, air quality data could impact decisions around permitting or building public projects.
New information could be distributed via other artifacts as well, such as summary documents,
scientific publications, or conference presentations.
Across the projects we discussed with participants, the desire to use data to inform the public
was a repeated theme. Flood-related alerts go to members of the public as well as first responders.
Online dashboards used by government planners were often also fully or partially accessible to the
PACM on Human-Computer Interaction, Vol. 5, No. CSCW1, Article 178. Publication date: April 2021.

178:12

Lucy Van Kleunen, Brian Muller, & Stephen Voida

general public. In the case of the air quality sensing project, in-situ dashboards displayed data to
those at schools with air quality sensors.
In discussing desired impacts, participants often assumed that the public would both access data
and use this information to alter their behavior. For example, traffic issues might be mitigated
if people planned trips based on traffic data. Or, people might decide not to swim in a stream if
they saw that E. coli levels were high. Participants also discussed how seeing some environmental
data might inspire people to be become better environmental stewards or get involved in political
advocacy. Participants also anticipated possible unintended consequences of relying on personal
decision-making. For example, people might intentionally put their property in harm’s way if it
provided them a financial benefit:
Now there’s people that want to get in hailstorms so they get their car wrecked so they
can get a new paint job. Let’s say they’ve been dinged up a lot. They just want to collect
the claim. So I could see it being used in unintended ways. (P9)
Participants acknowledged that simply providing access to data did not necessarily lead to data
impacts, as the public’s success with sense-making around this data and using it to alter behavior
in the desired way was not guaranteed. In some cases, this inspired the creation of supporting
educational programs that encouraged public engagement around sensor data. Our discussions
revealed that while some data impacts were immediate and automated, many relied on human
interpretation, complex decision-making, and collective action and thus were difficult to fully
anticipate or structure.
4.5

Project-oriented view

An additional thread emerged during the interviews that conceptualized the infrastructures discussed as projects that needed to be planned, funded, gradually implemented, and iteratively
evaluated. Participants repeatedly discussed the goals of smart city projects and how they intersected with funding opportunities. They also discussed ways that infrastructures were designed
and implemented such that they could be continuously evaluated against these goals. This projectoriented view reinforced the idea of projects as boundary objects [58] around which planning,
funding, design, deployment, maintenance, and evaluation activities could be carried out across
collaborators and constituencies.
Participants discussed various ways that data could be collected to evaluate the impacts of
smart city projects, for example by asking those consuming information from such infrastructures
to fill out surveys about how they used the data, or by setting up ways to relay telemetry data
from sensors back to storage. Such data was collected so that participants could prove that new
technologies were useful. “But we’re also trying to evaluate, ‘can we really do this in a way that’s
useful?’ So those are the kind of questions that when we’re trying out something new, we test it and we
start asking those hard questions, ‘Is this useful? Is this useful?’” (P9).
Many smart city funding sources mandate reporting about project outcomes and technology
use. Evaluating sensor networks incrementally was common, supported by the tendency to deploy
sensors gradually in strategic locations. In other cases, the goal of smart technology deployment
was never to create an entire, functional infrastructure, but rather to deploy pilot projects in order
to understand whether a particular technology could feasibly be used in the future. Participant 11,
however, critiqued the tendency to focus on pilot projects and isolated deployments of smart city
infrastructure rather than approaching infrastructure development from a holistic perspective:
I think the biggest challenge that we’re facing overall is asking this question is what’s most
important from an outcome perspective that we’re trying to accomplish and then figure
out like, okay, if that’s the outcome you want, then what are the... where’s the problem?
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Or something very specific that you can solve. I think what you’re seeing is a lot of pilot
projects, things that are very tactical, but we’re not thinking far enough through. (P11)
Some aspects of smart city projects frustrated efforts towards traditional project evaluation.
One challenge came from the scope and diversity of actors within a single project. Cities have
limited leverage and are involved in projects largely due to their jurisdiction over public streets,
land use, and zoning within their geographic boundaries. Due to the end-to-end complexity of
sensor networks, smart city projects often involved a constellation of actors spanning sectors who
might come together due to mutual interest, rather than around a government-defined goal:
Yeah, so that’s another complexity of smart city solutions is that if you look at everything
it takes to put one together, you have a lot of parties that need to be involved. So just as an
example, this project... So you have, starting at the end...you have sensors that measure
water quality.... Cisco provides the network and the gateways that those sensors will talk
on. And then there needs to be some sort of platform that makes sense of all the data that’s
coming from the sensors through the network to a user. And generally that is a different
company developing the dashboard user interface and the IoT integration of all the data
to make sense of it.... So there’s potentially four companies involved here—at least. (P12)
Traditional government processes of collecting community feedback were also more challenging
in the case of smart city projects, due to the invisibility of infrastructure [57]. Examining this thread
in the transcripts revealed the challenges involved with evaluating smart city projects and how the
gradual roll-out and evaluation of such projects happened simultaneously with their operation.
4.6

Smart cities

As part of our interviews, we asked participants to reflect on the specific term “smart city” and how it
did or did not relate to their work. Most participants considered their work to be related to this term
and did not protest our focus on urban sensor networks as opposed to other urban ICTs. However,
participants most frequently talked about smart cities through the lens of collaboration, rather
than through the lens of specific technologies. Some discussed the Denver Smart City initiative
as removing “silos” (P1, P8) between departments. Others focused on public–private partnerships
with technology vendors. Participants also mentioned learning from other cities, participating in
smart city industry events, and the importance of regional collaborations.
Some participants expressed frustration with the smart city term, characterizing it as ambiguous,
a “buzzword” (P11), or part of an industry “hype machine” (P10). Multiple participants discussed
the term as a form of branding which had come into vogue in response to funding opportunities.
Despite this frustration, participants saw promise in enabling new approaches to data-driven
problem solving. Even those who were frustrated with the ambiguity or trendiness of the term
acknowledged the opportunity to use new technologies to gather “better data” (P5).
5

DISCUSSION

A sociotechnical perspective helped us discuss with participants how human decision-making and
actions influence and enabled the flow of data within urban sensor networks, as well as the ways
that organizational structures constrained and were built in parallel to these technical structures.
In our emergent analytical framework extending Naphade et al. [38], urban sensor networks can
be broken down into the phases of data collection, analysis, management, and impacts. Each of
these phases can display variability in immediacy, automation, geographic scope, and ownership.
Differences in how these constructs are realized across phases or projects can often times give rise
to sociotechnical frictions—or even lead to fundamental technical incompatibilities across systems.
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Each urban sensor network can also be conceptualized as a project, which is a boundary object [58]
facilitating collaborations between various organizational entities and people.
This lens helps us form a grounded critique of the smart city concept. In particular, our work suggests that one-size-fits-all urban sensor network solutions will need to confront the particularities
of each city’s geographic features and constellation of public, private, and academic stakeholders.
Inflexible, generalized solutions will face challenges and may fail due to each city’s unique nature.
Additionally, based on our participants’ perspectives, constructing a fully-integrated “system of
systems” may not always be the best investment for solving problems in cities. Any large-scale
projects that aim to deploy sensors at scale or merge various sensor networks will need to respond
to the specific sociotechnical context surrounding their implementation and evaluate various
cost–benefit trade offs in light of local policy priorities. They will also need to consider potential
public concern around data surveillance [20, 32, 67] and whether the motivations of public, private,
and academic entities involved are aligned in such a way that will allow the project to meet its
goals. In some cases, smaller-scale, targeted sensor deployments, or even decisions to rely on less
immediate or less automated solutions, may be preferable to archetypal “smart city” efforts—not
only for those living in the cities, but also for those civil servants and contractors charged with the
design, implementation, and maintenance of its infrastructure.
In the following sections, we discuss how each of the cross-cutting constructs in our analytical
framework emerges via a sociotechnical lens and contributes to this grounded critique.
5.1

Immediacy

The concept of “real-time” is core to smart city rhetoric [26], and immediacy can be explored
in the duration of and between phases in the smart city process. In systems that are closer to
“real-time,” data is captured from sensors nearly instantaneously at regular, short intervals of
time, automatically uploaded to databases, and integrated with other data streams. Impacts, too,
can be extremely immediate—for example, when data thresholds cause automatic actuation or
informational alerts that call for immediate human action. In some cases, technical constraints
or the need for human decision-making and interpretation cause stages to be less immediate—for
example, collecting E. coli data requires a sample to be processed in a lab, thereby increasing the
time between sample collection, analysis, and impact.
Immediacy is also influenced by the time scales of phenomena of interest. Flood warning systems
are oriented around weather events and must operate extremely quickly, whereas data-driven
systems supporting transportation planning or water quality analysis operate over longer time
scales. In the latter two cases, participants were interested in responding to phenomena such as
population growth, which happen over the course of years or decades. Impacts, too, can vary
in immediacy, with changes to policy or development of city infrastructure taking a long time
and requiring the input of many stakeholders. In many cases, city governments partnered with
academic researchers, for example, to better understand the relationship between air quality and
health. Scientific findings are produced over the course of months or years, and may have little to
no immediate impact on policy.
Longer-duration analyses and resultant non-immediate impacts were common across the projects
that we discussed with participants, even in cases where systems did support near–real-time access
to data. This leads us to think about how the longer arc of such systems might interact with other
long-term processes such as natural and social change, political terms, and grant opportunities,
as well as the gradual roll-out of smart city projects, themselves. Real-time systems are enabled
by technologies such as sensors, fixed and wireless networks, and algorithms for analyzing large
datasets on the fly [23]. However, immediacy may not be an essential element of a data system used
to inform policy reacting to longer-term processes such as climate change or urbanization [55].
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Further, mis-matches in immediacy between sensor network implementations and policy-making
lead to the kinds of questions raised previously by P3 when critiquing the role of real-time data in
the traditionally retrospective domain of water quality monitoring: “I need to be able to kind of look
backwards to understand what’s going on....”
5.2

Automation

Related to the concept of “real-time” is that of automation, or whether human activities in each
phase have been replaced with those of machines. The extent to which automated actions or
decisions require human oversight has been core in critiques and re-imaginings of smart cities [20].
While automated data collection can and does utilize installed sensors continuously sending data,
we also talked with participants about instances in which humans manually collected data—for
example, performing in situ traffic counts. In other cases, human effort was required to process
raw data—for example, interns performing traffic counts manually (and, at times, asynchronously)
by watching video streams. This activity, of counting cars and pedestrians, is in the process of
being automated via computer vision software, and many instances of human effort in closed-loop
systems were seen as temporary workarounds while participants waited for funding and technology
to become available for automating these processes.
However, we also found that human oversight was necessary across all phases, even in mostly
automated systems. Familiarity with particular sensors (e.g., knowing the quality/consistency of the
data provided by the sensor, understanding the degree to which the data provided by the sensor was
pre-processed or aggregated, for example, when passing through the sensor provider’s commercial
data platform) and hyper-local geography (“at intersection 𝑥,” “near the stadium,” etc.) was needed
for error detection, data analysis, and for determining appropriate interventions. Human expertise
was required for performing complex analyses, such as combining data across natural and social subsystems, and for interpreting the output of prediction models, such as those anticipating the effects
of weather events. Complex analyses and interventions also required supporting organizational
structures—ongoing inter-departmental working groups or regular calls with academic experts.
Further, the dominant mode of achieving “data impacts” via information dissemination and its
secondary effects relied on human sensemaking over data. This final process of sense-making in
and of itself is a complex and rich area for design [50].
Finally, the gradual roll-out and evaluation of sensing systems required human decision-making
throughout—in choosing industry partners and pursuing funding sources, in strategically placing
sensors, in developing data models, in choosing if and when to use which data standards, in choosing
alerting thresholds, and in designing data dashboards. Trust in automation was built up gradually
over time, as systems rolled out and became operational. Given the safety-critical nature of many
applications, human-in-the-loop configurations, in which humans provided some oversight over
automated processes, were common (see [31]) and may be necessary.
5.3

Geography

Different phases within a project may also operate at different geographic scales. Data collection
may be constrained to city boundaries, or it may be done regionally or nationally. Databases, and
associated analyses or interventions, operate at different or across multiple “scales of influence and
accountability,” as discussed in a human services context by Le Dantec et al. [30]. Broadly, natural
boundaries and political boundaries do not align—many participants discussed how you need a
regional view to understand flooding risks, air quality, or water quality within a city.
The importance of “social–ecological alignment,” in which human collaborative structures
mirror ecological connectivity, has been stressed within the environmental studies literature [4].
Environmental sensing projects may have greater success if they span a large enough geographic
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area to support this alignment, or if they are easily combined between neighboring territorial units
that are connected ecologically. Cities have jurisdictional responsibilities over streets and zoning
laws, suggesting that coalitions need to be built among neighboring cities. In our research context,
this was observed in the Colorado Smart City Alliance [13]. Creating these necessary regional
partnerships in conjunction with technology deployment increases the organizational challenges
associated with developing and rolling out smart city infrastructure.
Natural and political geography also influence the extent to which smart city projects must be
individualized for specific cities. Our participants brought up multiple instances in which local
quirks such as a dry climate, tendency for winter hail storms, or dam controls decreased the efficacy
of smart city technology solutions that worked elsewhere. Lack of standardization in the realm of
urban IoT data models [48] also means that many cities have developed their own ad hoc technical
infrastructures. Those working in cities and interested in innovation spend time trying to learn
what has worked in other places, but must constantly try to adapt such solutions for their local
natural environment, legacy technology systems, and city policy priorities. This introduces tensions
in public–private partnerships, as private companies are interested in solutions that can be redeployed in multiple cities rather than in creating custom solutions so as to leverage economies of
scale [26]. This tension also leads to cities going through the process of deploying new technologies
simply to try them out, confusing motivations between trying to create an operational system and
evaluating new technologies via pilot projects.
5.4

Ownership

We also observed that varied institutional ownership occurred within and across phases in the
smart city process. Within projects, there might be multiple public, private, and/or academic entities
involved in various aspects of data collection, storage, analysis, and impacts. Public ownership
often breaks down along departmental lines within cities, and then at different geographic scales.
Different industry partners are brought in for different parts of an end-to-end system based on their
specialization (sensing, communication infrastructure, cloud storage, etc.). Academic partnerships
are typically pursued in order to apply for research grants to support technology development
that underfunded cities wouldn’t otherwise be able to support financially, and multiple academic
partnerships might be associated with the same sensor network. Finding common ground across
multiple entities with different core motivations (public service, profit and R&D, scientific research)
can at times lead to power asymmetries [32] or sub-optimal configurations—for example, the city
committing to develop transportation infrastructure at a smart development despite its low initial
population density.
Private entities also create sensing systems without actually conferring with the city, leading
city governments to adopt reactive strategies—for example, mandating data reporting from scooter
companies. Tensions can also arise when private companies want to maintain ownership over data.
Cities don’t have the funding and human resources to build and run entire end-to-end systems,
but are also concerned that they might lose oversight over these systems without suitable data
ownership agreements. Private companies have a huge financial incentive to maintain ownership
over data from urban sensor networks [52, 67]. Ownership over data, especially that coming from
video streams, can also introduce questions around privacy and secondary uses of data, with our
participants noting potential public concern over both public or private ownership of such data.
Different domains (air quality, water quality, transportation, etc.) are understood by different
constellations of departments, regional coalitions, experts, and private companies. Thus, when
centralization is attempted across sensing projects (in the “system of systems” vein [23, 38]), the
overall number of actors involved increases. Large projects supporting multiple purposes also run
into the need for evaluation across different metrics; many of our participants pointed out the
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necessity and challenge of articulating, from the city’s perspective, why a particular smart project
is pursued as it morphs over time due to the inclusion of different funding sources and partners.
The desire to evaluate or justify smart systems leads to additional work to build in telemetry and
reporting systems. This finding also highlights how policy goals related to public well-being of a
smart city project can become muddled over time.
5.5

Tension between cross-domain integration and fragmentation

The phrase “system of systems” captures the idealization of cross-domain data integration: that
combining data from different domains (i.e., air quality and transportation) can lead to insights into
the relations among sub-systems, which can improve models of the city and promote data-driven
policy making. [23, 26, 38].
In the city that we studied, we did not find an entirely integrated “system of systems” [23, 38],
nor did we find many issue-oriented “small worlds” of data, to borrow from Taylor et al. [60], nor
domain-fragmented “big little data” projects, to borrow from McMillan et al. [33]. Our sociotechnical investigation allowed us to unpack various factors pulling both towards cross-domain data
integration and in the opposite direction, towards fragmentation. We discussed this tension briefly
in reviewing our participants’ discussion of data management. Although data management is core
to this discussion, it is not the only potentially integrated or fragmented phase in the smart city
process, and issues related to cross-domain data management arise due to sociotechnical factors
operating in other phases.
Cross-domain fragmentation has been investigated in the urban space from a technical perspective—
heterogeneity in IoT architectures makes it challenging to integrate data from different data systems
[48]. Fragmentation has also been described within urban studies in the sense of segmentation
and specialization of public space due to market forces, which can be reflected in targeted smart
city projects [34]. City governments are themselves fragmented into domain-focused “silos,” and
regional projects span multiple jurisdictional boundaries, each with their own unique “silo-ed”
structure [27]. It is not surprising, then, that fragmentation by domain occurs in technical and
organizational structures associated with smart city projects.
However, our investigation also uncovered other factors pushing towards cross-domain fragmentation, including the gradual process of rolling out and evaluating new technology, supported by
opportunistic funding and public–private partnerships. Piloting new technology is an essential step
in order to understand if it can operate in a city’s climate, but this can also lead to a number of small,
pilot deployments, in contrast to top-down deployment of an integrated system. Projects require
large teams with different companies or external experts providing input within different domains.
Data integration projects, such as the EDM, require significant human effort and organization to
build from scratch.
These findings suggest that if cross-domain data integration is a goal, a multi-pronged approach
is necessary—and that some areas may be more tractable for city governments than others. Cities
can capitalize upon forces pushing towards data integration. Smart city rhetoric itself, along with
associated funding sources and industry trends, can be strategically adopted by cities that want
to organize in a way that supports cross-domain data systems. There is also interest from the
scientific community in understanding the relationship between natural and social subsystems
of urban environments, opening the doors for mutually beneficial partnerships between cities
and university researchers. Cities can also become involved in the collaborative development of
technical standards that reduce the human effort required to set up integrated data systems.
While participants were excited about combining data across domains, it is also worth reflecting
on when data integration is ideal. Sensing projects with a clearly defined scope and set of success
metrics might be more resilient and less unwieldy than general-purpose infrastructures. They
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might then be more tractably evaluated against public policy goals or better resist drift as new
partners are involved. Our work also raises the question of whether cross-domain data integration
affords sufficient public benefit to warrant the significant logistical and financial effort involved
and potential risks such as public concerns over surveillance. Of course, there is no ideal strategy,
and one of our findings is that there is no one-size-fits-all approach to smart city projects that
will work across different political and geographic environments. Instead, the optimal degree of
cross-domain data integration should be considered within a specific city context and in light of
particular policy goals.
6

CONCLUSION AND IMPLICATIONS

Cities around the world are using sensing technologies to address challenges and try to improve
quality of life for residents. We interviewed those working on urban sensor networks to understand
how sociotechnical factors influence the flow of data in such systems. We used participants’ words
to flesh out a realistic description of how a smart city vision is partially realized in a specific
city. By contrasting these professionals’ descriptions with canonical understandings of a smart
city from the research literature, we suggest generalizable sociotechnical tensions, challenges,
and opportunities in the urban sensing space. While this work aims to expand on our collective
understanding of smart cities, we also hope that the pragmatic examples offered provide some
clarity within a space plagued by ambiguities, idealizations, and dystopian visions. In particular,
our participants’ fundamental understanding of their smart cities-related work as being about
collaboration draws attention to this domain as being a rich site of study for CSCW researchers.
6.1

Implications for CSCW research

Our work suggests that urban sensor networks can and should be thought of as sociotechnical
systems, and that empirical work investigating human–data interactions should not be confined to
public-facing interfaces. Rather, we call for further investigation into how humans and organizations
are involved throughout entire end-to-end urban sensor networks. This research highlights the
importance of considering alternate units of analysis in the study of smart cities than have been used
in previous inquiries—for example, demonstrating the utility of exploring the experiences of those
individuals responsible for designing, implementing, and maintaining smart city infrastructure,
rather than focusing more exclusively on study of urban policymakers, community members, or the
resulting configurations of implicated technological artifacts and data networks. Such investigations
can provide more concrete explanations for how data that is produced by such systems is influenced
by human decision-making through time and across political, organizational, and geographic
boundaries. Our emergent framework provides a lens complementing the existing, technically
focused ways of examining smart city infrastructure that can be appropriated to form investigative
protocols for future work.
Further understanding of these mechanisms is essential, as such systems continue to be taken
up in safety-critical areas, and due to concerns over the introduction of human biases into big data
systems [5, 43]. Our research is in conversation with work showing that data-intensive commercial
systems can inadvertently reproduce societal biases (e.g., racial and gender inequalities [41]).
Although our data is not appropriate for diagnosing whether such biases exist in the information
produced from sensor networks in our study city, we provide a sociotechnical framework for future
investigation into the flow of data in urban sensor networks. Future investigations might be able to
leverage this framework to uncover, correct if apparent, or prevent biases in city policy that might
be introduced or exacerbated by the uptake of city-scale sensing systems.
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Design-focused research in CSCW (and human–computer interaction, more broadly) has largely
been concerned with connecting the public to governmental decision-making processes and improving the process of human sensemaking over civic data (e.g., [3, 14–16, 22, 24, 42, 50]). Our work
suggests that human–data interactions should be explored and supported in other parts of systems
as well—for example, in decision support for placing sensors, in the design of city-scale sensor data
models, and in the design of effective strategies for human oversight over smart city automation.
6.2

Implications for the design of smart city data platforms

Designers focused on human–data interaction probably won’t be directly involved in the creation
of new sensors or communication protocols. But there is increasing practical need for design of
both domain-focused and general-purpose data platforms for smart cities. Based on our framework,
designers should carefully consider the level of immediacy, degree of automation, geographic scope,
and institutional ownership across the phases of urban sensing systems that feed into the analytic
decision-support dashboards and alerting systems that constitute the “front-end” of smart city
platforms. Designers should not consider the steps before data enters front-end systems as a
mysterious black box or the data itself as essentially objective. Rather, designers should think about
how to reveal potential sources of error or subjectivity involved in the sensing, aggregation, and
processing of data [18].
Similarly, designers should consider the context in which data is consumed and the subjectivity
involved in interpreting (often visually-presented) data, providing explicit support to help people
translate data into action (bad air quality means make 𝑥 decision about recess, for example), or
to perform long-term or before/after analyses (e.g., What happened last year at this time? What
happened before and after x?). Additionally, designers should consider the broader context of
ownership in which a data platform is embedded and the various motivations of actors involved in
producing and using the data from such a platform.
6.3

Implications for city policy

Our work also revealed and suggested some municipal-level policy strategies that can act to decrease
ambiguity and improve outcomes associated with smart city projects. First, it is essential to decide
what the goals of such projects are. Is the goal to create an operational system that improves health
or safety for city residents? Or is the goal to test some new technology? Even if projects are pursued
opportunistically based on funding sources or available partnerships, having a clear articulation of
goals and what success looks like decreases ambiguity associated with a project.
Other useful strategies include pursuing regional collaborations, as well as following or collaboratively developing data standards. Cities can also develop clearer policy around data ownership
and protections and hire staff in a way that increases their technical capacity. Broadly, cities should
consider when pursuing cross-domain data integration projects provides value, and in what cases
fighting the forces pushing towards domain fragmentation is not worthwhile.
With further development, the framework developed in this article could help city staff address a
variety of urban planning and system design problems. For example, several U.S. cities are developing
indicator and data collection systems to measure benefits of green infrastructure investments across
multiple environmental systems and jurisdictions. The approach in this article should help planners
and policymakers conceptualize data design and support decision-making in this heterogeneous
physical and institutional context.
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