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1. Instrumenting the City: Background and Introduction 
 
Government transparency and associated open data initiatives over the past several years have 
opened new opportunities for greater scientific understanding of cities and for the use of 
scientific tools to inform policy in areas ranging from efficient operations to resilience and 
sustainability, to urban design and public safety.  Yet there are many research or policy 
questions related to urban systems—cities—for which today’s data is inadequate. 
Understanding the variations of public health, air quality, storm intensity, vehicle or pedestrian 
flow, across an urban area requires data whose temporal and spatial resolution are 
commensurate with the dynamics of these variations. In some cases, such as air quality or 
weather, existing sensors are typically spaced miles apart, each capturing 10-100 square miles, 
thus lacking the spatial resolution to investigate respiratory illnesses that vary from one 
neighborhood to the next. 
  
In addition to sparse collections of government supported sensor stations for weather or air 
quality, most cities have commercial sensor systems for various measures such as bridge road 
surface temperature, vehicle or pedestrian flow in certain areas, or light sensors controlling 
street lighting.  Additionally, do-it-yourself “crowdsourced” sensor networks measuring 
environmental factors such as light, noise, air quality, or weather are growing rapidly, as are 
opportunities to leverage, through crowdsourcing and innovative applications, the increasingly 
sophisticated sensing capabilities of mobile devices. 
  
In all of these cases collaboration between citizens and government bodies (including between 
and within those bodies) is necessary to effectively use these data sources.  Additionally, 
because the crowdsourced sensing systems typically use low-cost sensors, these sources lack 
the calibration and context information necessary to contribute to scientifically rigorous 
investigations or assessments.  Finally, placement of fixed sensors in non-residential areas 
such as city centers or major highways cannot be readily accomplished through crowdsourced 
solutions due to the legal, regulatory, and practical requirements for attachment to public 
infrastructure.  Simply put, today’s scientific sensor systems require physical security (from 
vandalism or theft), power, and Internet access. 
  
Beyond sensing, future cities will have new capabilities, services, and applications involving 
interactions with (and between) urban infrastructure.  Current “smart city” work ranges from 
connected autonomous vehicles to severe stormwater flow control systems to novel hyper-local 
information applications and services.  In order to support the research, development, and 
prototyping of these new systems—as well as related educational and workforce training—there 
is also need for embedding computation and communication systems, ideally involving 
infrastructure that enables rapid experimental deployment of new technologies. 
  
A growing number of cities, universities, and companies are pursuing (a) use of data and 
scientific methods to inform and optimize science and policy, (b) deployment of various mixes of 



sensing, information, and communications technologies in urban settings, and (c) integrating 
data from many sources, public and private.  In short, cities are being “instrumented” and the 
experience and diversity of these projects suggests that collaborative examination of current 
approaches and technologies is likely to yield opportunities to accelerate and improve through 
collaboration in developing and sharing technologies. Further, such collaboration and sharing 
will be essential if instrumented cities are to support investigations and policies that can be 
readily replicated across the cities with diversity of geography, built form, climate, size and age. 
 

Focus of This Workshop 
 
This workshop focused on embedded sensing in urban spaces, with an emphasis on fixed 
deployments.  The use of similar sensors in mobile deployments (e.g. on city vehicles), or the 
use of “crowdsourcing” via sensors on mobile devices, were not explored here.  We note that 
there are at least three sensor strategies that are equally essential and highly complementary.   
 
The first are traditional fixed sensor deployments typically by government agencies.  These use 
high-reliability, high-quality scientific sensors that are regularly calibrated and maintained.  They 
are deployed in sparse networks because of the cost of the sensors, the real estate used to 
support the sensors, and the maintenance costs.   
 
The second, and the focus of this workshop, are sensor networks that are exploring the use of 
new sensor technologies that are much lower cost, providing scientific-quality data and with 
some sensors known to be highly reliable, and others using new measurement techniques, and 
whose longevity in field deployments is not yet known.  In this area we include sensors mounted 
on city vehicles, which have capacity to power and host relatively large multi-sensor devices. 
 
The third type of sensor network involves harnessing the collective data from many independent 
devices, whether fixed (home weather station networks) or mobile (mobile phones, 
automobiles).  This area is the focus of many research projects, though the measurements 
available for mobile deployment in consumer products require low cost, small size, and low 
power, limiting the available measurements in comparison with fixed deployments such as in the 
first two cases. 
 
These three strategies, ultimately, can and must be integrated.  This workshop focused on the 
second type. 

2. Why Instrument Cities?  Science and Policy Case Studies 
 
Although many cities have sensors of various kinds, from weather to traffic, this workshop 
focused on the need for instrumenting cities with greater spatial and temporal resolution, as 
necessary to pursue insight into questions that cannot be answered with current low-resolution 
sensor deployments.  We outline three examples of such questions, highlighting instrumentation 
needs for (a) understanding the public and ecological health, (b) understanding the relationship 



between air quality and other urban factors (transportation, weather, urban form and green 
spaces, etc.), and (c) documenting the use of the built environment. 

Water: Instrumentation for Public Health/Ecological Health  
  
Water-based sensing of municipal sewage and greywater conduits can provide data useful to 
public health policy-makers and healthcare providers. Using instruments deployed directly into 
sewer lines, chemical indicators can show the presence of pharmaceuticals and illegal drugs 
which, depending on the geographical granularity of the sensor grid, can lead to inferences 
about human behavior, chronic illness, community pathogenicity, and supply chains of narcotic 
usage. Though remote sensing does not yet exist for disease-causing or benign organisms, 
pharmaceuticals-as-proxies may allow for inferences on certain communicable diseases. The 
primary question we hope to answer is whether jurisdictions can be more efficient in marshalling 
public health resources or more proactive in public health policy creation by analyzing chemical 
indicators of illness or behavior in sewage and greywater. Determining optimal sensor density 
and spacing (taking into account valves, filters, and intersections with storm water pipes) is an 
important secondary research question. A related question is whether these chemicals or 
compounds exist in a density sufficient to warrant the expense of removing them for new uses. 
 
With respect to new sensor technology, the University of Bath is using bacteria to detect toxins 
in water. They produce a small electric current as they grow but this is disturbed and drops in 
the presence of toxins. A sensor detects this drop in current and and alerts the sensor user. The 
European Commission initiated SEWPROF, a research project providing an integrated 
approach towards community level monitoring of sewage for public health. Urinary biomarkers 
are measured to determine trends in illicit drug use.   
Additional example research programs pursuing these questions: 
 

● “What does Cambridge sewage say about residents?” 
● Determination of cholesterol-lowering statin drugs in aqueous samples using liquid 

chromatography–electrospray ionization tandem mass spectrometry 
● Leading experts to review global developments in detecting illicit drugs in wastewater 
● Wet Wipes Box Says Flush. New York’s Sewer System Says Don’t 

 
Urban Air Quality Drivers and Influences 
 
Air quality in cities is influenced by traffic patterns, the form of the built and natural environment, 
prevailing weather patterns, industry activity, and other factors.  While computational models 
exist to explore the patterns of distribution of pollutants, as necessary to diagnose the cause of 
highly localized air quality challenges within cities, the data needed to calibrate and validate 
those models is not available. Cities like Paris and Beijing have implemented traffic policies that 
have had positive impact on overall air quality for their metropolitan areas, but planning and 
optimizing such policies is largely trial and error, thus policies that work in Paris may not work in 
Vienna, and those that work in Los Angeles may not work in New York City.  To address hyper-
local air quality issues within cities, however, will require data of spatial and temporal at a 



resolution commensurate with the resolution of the air quality variations -- block by block and 
minute by minute. 
 
Argonne National Laboratory and the University of Chicago are building a general purpose open 
source sensing and embedded processing (e.g. for image or multi-sensor data integration in 
situ) platform, Waggle.  The platform emphasizes high-resiliency, low cost, remote 
programmability, and extensibility using standard sensor interfaces.  Waggle will be used in 
partnership with the City of Chicago and a scientific community spanning several dozen 
universities to create the Array of Things, with a plan to deploy 500 units by mid-2017.  Four 
science teams are driving the project in terms of Waggle sensing and processing capabilities 
and specific placement of devices in Chicago: Environment and Climate; Engineering, Energy, 
and Transportation; Social, Health, and Economic Sciences; and Information, Communications, 
and Computing Sciences.    
 
Array of Things will provide measurements of air quality (multiple relevant gasses), environment 
(weather, noise, light, surface temperature, vibration, flooding and surface water flows), and 
activity (pedestrian and vehicle flows).  To understand air quality with respect to traffic and 
urban form, initial deployments in Chicago will examine air quality, transportation flows, weather, 
and airflow (influenced by urban form) with dense (every 2-3 blocks) deployments in the 
Chicago Loop (an urban canyon) and in a similarly sized area of primarily residential and retail 
activity on the West Side of Chicago. 
 
Aimed at understanding air pollution throughout urban areas, York University’s York 
Environmental Sustainability Institute (YESI) is deploying commercial air quality sensors as part 
of the CAPACITE project. 
 
Documenting Use of the Built Environment 
 
How the public way is used by city-dwellers and how the environment of buildings and 
infrastructure conditions its own use has been an area of inquiry for decades. Currently the state 
of the art of this type of investigation is labor-intensive ethnographic observation (often assisted 
with video recording). Environmental and motion sensors can supplement the observational 
techniques and permit finer-grained analysis over longer periods of time.  
 
At one scale of sensing, an instrumented public way could count pedestrians and vehicles, 
measure dwell times, clustering, and collisions and near-collisions. Patterns of human use of the 
space of a city can help planners, architects and city managers design and operate more 
vibrant, safer and compelling public spaces. For example, evaluation and optimization of major 
infrastructure investments ideally must account for impact on (a) resilience with respect to 
natural effects such as severe weather or earthquakes, (b) environmental improvement in terms 
of air quality and urban heat islands, (c) economic and social improvements such as increased 
economic activity and stability, walkability, and social cohesion.  Some of these factors can be 
directly measured, but social factors are traditionally measured through surveys.  The high cost 
of surveys, however, has incentivized social scientists to look at the potential for indirect 



measurements using sensors.  Walkability can be indirectly measured by examining trends in 
pedestrian flow.  Social cohesion, a measure of public sentiment related to factors such as trust 
of neighbors and safety in neighborhoods, may be indirectly measured by dwell-times in public 
spaces.  
 
At a different resolution of sensing, an instrumented built environment could over long periods of 
time analyze shading topologies, building emissions, energy use and thermal signatures, air 
quality and pollution, and even difficult-to-quantify phenomenon like ice melt from roofs and 
facades. The research question to be answered at this scale is whether we can create more 
sustainable, efficient buildings by studying their environmental impact in concert with all the 
structures around them. While there are often energy studies done on individual buildings rarely 
are they done with a holistic view of the interplay between buildings and infrastructure. 
 
Examples Include: 
 

● Smart Santander 
● Array of Things (essential for programs such as the Chicago Decarbonization Plan) 
● A Survey- Remote Sensing and Urban Planning – A Common Future? 

3. Instrumentation Technologies and Approaches 
 
Research initiatives such as outlined in the previous section are driving the technology and 
approach to urban instrumentation, in some cases using commercial offerings, in other cases 
collaborating with one of the many commercial Internet of Things industry groups.  These 
industry alliances range from contemplating entire ecosystem of “Internet of Things,” to specific 
vertical industries (e.g. manufacturing or healthcare), within which urban sensing and 
instrumentation is a subset of capabilities.  While the industry at large sorts out, many academic 
projects are focused on developing platforms to support specific sets of sensors for research 
and pilot projects. 
 
These projects have a range of requirements in support of their science communities, with a 
variety of goals that range from platforms for exploring and validating new sensor technologies 
(emphasis on the ability to extend/modify for unique science inquiries, including new and 
experimental capabilities) to engaging communities (emphasis on low cost, ease-of-
deployment).  In other cases, the goal is teaching and training, emphasizing modular, 
reasonably low cost, and extensive documentation. 
 
This workshop brought together groups with this variety of objectives, attempting to find 
opportunities to avoid unnecessary duplication, exchange lessons learned, and potentially share 
technology in three areas:  hardware, software, and data integration.   Sharing data analytics 
capabilities and the ability to use sensor data to calibrate and validate computational models are 
high level goals for the science community, and these will require compatible data formats with 
key metadata (e.g. sensor device information as well as sampled values).  These topics were 
not pursued at the workshop. 



 
Examples of platforms being developed and/or adopted by urban sensing research projects 
include: 

● Intel Collaborative Research Institute’s Instrumenting Cities; Engaging Citizens project, 
supporting urban sensing platform research through initiatives in London, in partnership 
with UCL and Imperial College. 

● Argonne’s open source Waggle platform (used by Array of Things) 
● Crowdsourced Platforms such as: 

○ Smart Citizen (FabLab Barcelona) 
○ Dustduino 

 
Examples of commercial platforms include: 

● Libelium WaspMote 
● MSR .NET Gadgateer 
● PerkinElmer Elm 

 
This workshop discussion centered around the needs of scientific research projects, where in 
some cases the science community is investigating phenomena for which commercial products 
(e.g. WaspMote or Elm) already provide the necessary sensors, and in other cases the research 
requires capabilities and sensors that do not exist in commercial projects, and thus the platform 
must support development and modification.  In this latter case, the research community 
typically eschews development platforms that require adoption to a particular vendor’s 
framework, or a particular industry consortium’s proposed standard (given the rapid change in 
Internet of Things and the multiple, competing frameworks). 
 
The discussion also outlined a number of considerations research teams should factor into 
choice of platform, including: 

● ability to add/modify components such as sensors, communication technologies 
● ability to export data in forms that can be combined with data from other (different) 

platforms 
● whether there is need for local processing at the node 
● communications approach (and costs), e.g. use of private (wifi, Ethernet, mesh) or public 

(cellular) communications 
● security, including risks of penetration as well as unauthorized code or data modification 
● ability to interface with local actuation 
● open protocols to support third party developers and applications 
● power requirements and limitations (e.g. battery life or solar efficiency for non-wired 

power) 
 

Data Integration and Management for the Instrumented City 
 
With respect to instrumenting the city, it will be necessary to contemplate a number of factors, 
including the integration of instrument data with other urban data and the protection of any 



sensitive or private data.  For this particular discussion, we focus on the challenges related to 
(a) a rapidly growing number of data sources with various forms and data rates, and (b) the 
need to represent and manage such data sources to support scientific inquiry. 

Scope 
This discussion examines three specific use types that imply classes of data query types and 
thus drive the data structure, organization, and technologies: 
 

● Data analysis such as for predictive analytics, e.g. temporal and spatial clustering, 
machine learning, etc.   

● Computation—use of data to calibrate and validate computational models ranging from 
real-time control to long-term forecasts.  Across this spectrum is the need to integrate 
data from instruments as well as from other urban sources (e.g. census, crimes, building 
stock, or other data).  

● Communication about the data—e.g. through visual methods (maps, graphics, etc.).   
 
We also note that the data analytics use type is also fundamental to both computation (use of 
data to determine and quantify the mechanisms to be modeled) and communication 
(visualization methods are in fact based on analysis). 
 
The workshop discussion included issues such as data ownership and storage, where for 
example some countries have restrictions on where data may be stored (offshore or not).  A 
common approach used by projects represented in the discussion was to develop using 
increasingly common portable methods so that it would be straightforward to migrate data 
systems between commercial cloud providers, or from a commercial cloud provider to locally 
operated servers.   It is particularly important for these data systems, if they are to support 
multiple communities and projects, to include supported reference implementations. 
 

Example Projects 
 
Newcastle’s Urban Observatory is a collaboration between Newcastle University and the Local 
Authority to provide a multi-sectoral long term baseline of sensed data at various scales.  The 
innovative aspect of the Observatory is the opportunity to sense a brownfield 20 acre site in the 
heart of the city from initial groundworks and infrastructure (drainage, power etc) through the 
construction phases and into the operational phase.  As well as sensing the Science Central site 
further sensors are being deployed across the city and the Urban Sciences Building on the site 
will be constructed as a fully sensored Building as a Lab (BaaL).  Thus we hope to look at 
interactions across sectors and scales from building - neighbourhood - city, providing an 
evidential baseline and accessible research and public data streams to stimulate urban 
research and economic development. 
 
The Argonne/UChicago Array of Things project uses a Cassandra database for initial data 
integration from sensor nodes and automatic data validation, supporting and encouraging 



multiple groups to support mirrors offering APIs and analysis services to a variety of end user 
communities.  For instance, the Cassandra database at Argonne will be integrated with scientific 
workflows to support use of data for calibration and validation of computational science models.  
Concurrently, the City of Chicago's open data portal will pull data every 5-15 minutes to offer 
data sets to the general public through APIs and tools provided by the Socrata commercial 
platform.  Similarly, the Urban Center for Computation and Data (UrbanCCD) will pull data into 
its Plenario data discovery and exploration platform, integrating sensor data with other urban 
data sets.  In this regard, the workshop resulted in a collaboration between UrbanCCD and 
Newcastle University to explore the use of the sensor data schemas from Newcastle’s Urban 
Observatory within Plenario (both systems use Postgres databases). 
 
While the projects above are aimed at a combination of scientific project support and public 
dissemination of data, there are other systems that are designed for different use types. For 
instance, many commercial systems are built to provide consumers and individual projects with 
sensor data capture and access.  In these cases (pachube, thingspeak, etc.) a query across a 
broad swath of the data is not necessary or supported (each project/user may be private).  In 
these cases the data can be laid out quite differently, and scaled more easily, than would be 
necessary to support queries across large cross sections of the data store. 
 
Many government agencies, from cities to countries, use open data portal technology such as 
the commercial Socrata platform or the open source CKAN, neither of which are designed to 
support the volume or typical analysis and visualization tasks associated with sensor networks. 
 

Research Questions 
The workshop participants identified a number of important research questions that motivate 
collaboration in areas related to instrumented cities. 
  

● How do we maintain the diversity of deployed instrumentation/sensing systems (both in 
terms of hardware and people in the broadest sense) whilst allowing for data sharing 
within and among projects (and associated cities), and comparisons between and 
integration of data sets, and lesson-learning from evidence based urban sensing data 
management and modeling? 

● How do we include non-quantitative data and experience within the context of urban 
data, as well as meta-data such as placement and environment (e.g. a temperature 
value tagged with “full sunlight” context).  How can this context be captured, referenced, 
exposed via APIs, etc.  

● What data structures do we create for effective query (across space and time), how do 
we fill the gaps (temporally and spatially), how do we constrain and acknowledge 
uncertainty in these processes, what tools do we need to build within a sensing system.  
As an example if we are trying to compare Newcastle and Chicago air quality across a 
2km x 2km block then we may well interpolate the values spatially to produce a grid.  To 
make effective comparisons we would need to know how these data were interpolated 
(or use some sort of algorithmic best-fit approach based on data density etc.) 



● How do we integrate qualitative data and experience with an urban sensing 
environment?  Cities are more than just a series of measurements but are also what the 
people living there feel.  How can this aspect be integrated to ensure that policy 
decisions take these aspects into account. 

● What tools and processes are required to ensure that urban sensed data is made 
available to stakeholders in a timely and understandable manner such that it can be 
used as part of the decision making process?  

● What data structures do we create for effective query to facilitate data reuse and 
recombination (across space and time), how do we fill the gaps in data (temporally and 
spatially), how do we constrain and acknowledge uncertainty in these processes. 

● How do we handle data from different sensor types that may not have been calibrated? 
A robust approach to accuracy estimation from past data is required. Under what 
circumstances do we flag clusters of unusual data values as potential real world 
problems? 

 

Potential Collaborations 
 
Workshop participants proposed a conceptual collaborative project, Urban PLatform for Open 
Analytics and Sensor Data (UPLOADS), as a thought experiment to explore concrete 
collaborations between the many projects and efforts represented at the workshop.   
 
The specific objective to the conceptual project was defined as developing a deeper scientific 
understanding of the spatial and temporal dynamics of 6 different pollutants in relation to traffic 
flow/weather in 3 different cities 
 
To pursue this collaboration, it will be useful to provide a platform that enables cross disciplinary 
research centred around open data and analytics. For example, transport modellers working 
with traffic data would engage with atmospheric scientists and meteorologists in understanding 
how pollutants propagate through our urban environment. Extreme weather events, air quality 
episodes and transport disruption, like the bus and tube strikes in London, all generate valuable 
data which needs to be made available to researchers through an open data platform. 
 
The collaboration will also underscore the need to integrate and analyze data from different 
sensor platforms.  For instance, integrating data from York (using Elm), London (using Intel 
devices), Newcastle (using multiple vendors), and Chicago (using Waggle) will require common 
data and metadata representation for sensor data from at least four independent sensor 
network designs. 
 
This thought experiment was identified as a potential topic for a future workshop or a 
collaborative research project. 
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Appendix: Agenda  
DAY 1 – WEDNESDAY 25 MARCH 2015 

  
Welcome, Purpose, and Introductions 
Charlie Catlett (Urban Center for Computation and Data, ANL and UChicago) 
Scott Cain (Future Cities Catapult) 
  
Session 1:  Why instrument the city? How does it relate to open data initiatives? 
What new science, policy, applications, services, or other capabilities can be achieved? 
  
Array of Things and Chicago Open Data—Charlie Catlett (ANL and UChicago) 
FCC Urban Sensing Projects—John Lynch (Future Cities Catapult) 
Sensing London—Duncan Wilson (Intel) 
Urban Observatory—Philip James (Newcastle) 
  
Session 2:  How we are instrumenting cities—pilot projects and technologies 
What technology has been developed and is being used (distinct from future plans) 
  
Argonne Waggle Project—Peter Beckman (ANL and Northwestern) 
Crowdsourcing Civic Sensors—Myriam Neaimeh (Newcastle) 
Sensing Infrastructure Architecture and Experience—Usman Haque (Umbrellium) 
  
Session 3: Engineering Challenges (open discussion) 
Moderated by Peter Beckman—ANL and Northwestern 
  

DAY 2 - THURSDAY 26 MARCH 2015 
  
Session 4: Data Systems and Analysis Needs 
What approaches are being used to manage data, quality control and analysis tools, etc. 
  
Waggle Cloud & HPC Approach—Rajesh Sankaran (ANL) 
CAPACITIE: Scientific Goals and Approach—Alistair Boxall (University of York) 
  
Session 5: Open Discussion—Opportunities for Collaboration (Open Discussion) 
Moderated by Charlie Catlett—ANL and University of Chicago 
  
Session 6: Breakout Groups 
Multiple breakout groups to explore potential collaborations, shared science objectives, and 
potential for shared technology and joint development 
  
Session 7: Breakout Groups Report Out and Next Steps 
Moderated by Charlie Catlett—Argonne National Laboratory and University of Chicago 


