gTESPA‘I‘IAl The SIGSPATIAL Special

Newsletter of the Association for Computing Machinery
Special Interest Group on Spatial Information

Volume 11 Number 2  July 2019















O










































ocia



mining techniques and urban computing algorithms, various ITS related topics such as traffic forecast-
ing, incident and disruption detection, and incident impact analysis have been proposed. However, such
transportation-related urban data is mostly generated by government agencies, which leads to unscrupu-
lous concerns such as intruding commuters’ privacy and discriminatory surveillance. We summarize the
state-of-the-art works in urban transportation analysis, point out the ethical issues in the existing works,
and provide potential improvements.

Social Media Analysis for Urban Events. Social media and location-based services with user-posted
content have generated a staggering amount of information that has potential applications in various areas
such as urban event detection and incident analysis. The omnipresence of social media and location data
is capable of representing people’s behavior, attitudes, feelings, and relationships. These features can
be ethically problematic, even where such data exist in the public domain. Unfortunately, such issues
are rarely addressed in the research fields of urban computing and spatial data mining. We summarize
the state-of-the-art works in urban events detection from social media, point out the ethical issues in the
existing works, and provide potential improvements.

2 Ethics of Urban Computing and Urban Safety

With the ubiquitous deployment of the urban sensors and rapid growth of crowdsourcing technologies, urban
computing and spatial data mining techniques begin to thrive in detecting and analyzing urban events. Among
all categories of urban events, safety and security-related events should be treated as one of the most important
ones without a doubt. The urban computing community has addressed important problems such as urban safety
and crime prediction [6} 26, 9], safe route recommendations [33} [12]], and threats detection [21l]. However, the
convenience and accessibility of such abundant urban and spatial data generated by the urban sensors, end-
users, and city administrators put a spotlight on unethical issues such as biased datasets, biased algorithms,
biased results, and compromised privacy. Such problems are rarely addressed by the researchers in the urban
safety analysis fields. In this section, we summarize some of the pioneering research works in the urban safety
analysis field, address the potential ethical issues, and then provide our visions on how to tackle and improve or
mitigate the current research status of the ethical issues in the urban computing and spatial data mining fields.
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Figure 1: Spatial Distributions of Different Categories of Crime

2.1 Current Works for Urban Safety Analysis

Urban Crime Perception with Convolutional Neural Network. Nadai et al. [6] studied the relationship be-
tween a neighborhood’s appearance of safety and its levels of human activity in two main Italian cities. By
combining the recognized safety scores predicted using a convolutional neural network trained on Google Street
View images with mobile phone data, they found that there is a significant positive and negative correlation
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depending on gender and age demographics. Urban recommendations could be given to any specific city if the
data were available. Figure[T|shows the correlation between the crime distribution and the physical appearances
of the city. In another study to explore the connection between urban perception and crime inferences, Liu et
al. [26] present a unified framework to learn to quantify safety attributes of physical urban environments using
crowd-sourced street-view photos without human annotations. A large-scale urban image dataset is collected
in multiple major cities. Safety scores from the government’s criminal records are collected as objective safety
indicators. A deep convolutional neural network is proposed to parameterize the instance-level scoring function.
Figure 2] shows the structure of the proposed model. The method is capable of localizing interesting images and
image regions for each place.
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Figure 2: Representation of the Convolutional Neural Network Structure for Learning Urban Crime

Safe Route Recommendation with Crowdsourcing. Shah et al. [33]] propose a travel route recommenda-
tion system that suggests safe travel routes in real-time by incorporating social media data resources and points
of interest review summarization techniques. The system consists of an efficient route recommendation service
that considers safety and user interest factors, a transportation-related tweets retriever with high accuracy, and a
text summarization module that provides summaries of location-based Twitter data and Yelp reviews to enhance
route recommendation service.

Threats Identification from News and Social Media. Airports are a prime target for terrorist organiza-
tions, drug traffickers, smugglers, and other nefarious groups. Homeland security professionals must rely on
measures of the attractiveness of an airport as a target for attacks. Khandpur et al. [21] present an open-source
indicators approach, using urban data sources such as social media and news articles, to conduct a relative threat
assessment, i.e., estimating if one airport is under greater threat than another.

2.2 Ethics Issues for Urban Safety Analysis

For crime prediction and safety, analysis works in urban computing, predictive policing and similar urban safety
Al models are subjects to problematical algorithms. The problematical algorithms can be generated in several
ways:

1) Biased data sources. Existing works involve safety analysis [6} [12] utilize crime reports from the police
departments. Such reports from the authorities may inevitably be biasedly polluted during recording, for exam-
ple, based on stereotypes towards certain groups of people. The review “Policing Predictive Policing” revealed
that the crime data is not just biased, it is “notoriously incomplete”. There are certain crimes which were under-
reported to authorities such as sexual assault, domestic violence, and fraud. Not only that, some communities,
frustrated with current policing practices, simply decline to report crimes [8]]. The review, also, reported that half
of the crimes with victims go unreported. With such incomplete data, it is not fair to employ PredPol in areas
that do not have enough information or poor data. Another case where data can be biased in a different way
happened when the GPS location data of potholes in Boston was collected by the smartphone app StreetBump
to help patch the potholes in Boston. The idea was great but there was a major problem. Crawford reported that
people in lower-income groups and elder residents groups are less likely to have smartphones, where smartphone
access can be as low as 16%. This indicates that there is a significant amount of the population have not reported
the potholes, therefore there is a crucial part missing from the data [4].
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2) Biased Data produces biased results (garbage in, garbage out): Deep learning algorithms learn from
the existing data, and when bias exists in the data, discrimination will exist in the results. The flaw in the data will
allow these algorithms to “inherit the prejudices of prior decisions makers” [1]. For example, the primary goal
of predictive policing is to inform better personnel deployment, then areas that are “less hot” as per the software
would most definitely see less police deployment and hence less crime intervention by law enforcement in
general. However, this effect would be seen in cases when the police department relied solely on the predictive
policing tool over its network of police informants and other sources of ground-level reconnaissance [8]. The
intuitive solution to mitigate discrimination in Al models is to equally represent everyone. However, it appears
to be another problem. Nordling [30] points out that information from certain population groups usually is not
representative because of missing data. Therefore, this lack of diversity is likely to result in biased algorithms.
Another intuitive solution is “simply to throw more data at the AI” to expose the Al to wrong cases and correct
the errors, another solution is to “change the first network’s inputs” [[15]. However, such solutions are not yet
enough to fix those errors but at least the errors are recognized.

Vision: An effort mentioned by Kamiran when there is bias in data because data is not accessible, missing
or underrepresented is to compensate some of the bias by oversampling underrepresented communities [19].
Further, one of the several solutions for the problem of the discriminatory algorithm that Barocas et al. [1]]
mentioned is to educate the employees (researchers) to rectify the problem if they understand the causes of
the problem, although it is hard to identify the problems sometimes because the resulting discrimination is
unintentional. There has been a lot of research to solve the bias in data and bias outcomes. Yet, the problem still
persists which requires more effort in future work.

3 Transportation Predictions with Urban Data Sources

Detecting and analyzing transportation-related incidents and forecasting transportation status is critical to the
success of the research fields of Intelligent Transportation Systems (ITS) and smart cities. Predicting traffic on
urban traffic networks using spatiotemporal models has become a popular research area in the past decade [34]].
Transportation-related incident detection, analysis of transit systems [17] and road networks [[10] have also
gained increasing attention in recent years. Various previous works on traffic prediction and incident analysis
apply traffic data sources from traffic sensor providers such as INRIXE] and Regional Integrated Transportation
Information Systenﬂ (RITIS). However, most of the existing research works ignore ethical issues while utilizing
the traffic data generated by urban traffic sensors. Ethical issues such as surveillance on urban activities with
such an enormous amount of sensor-generated data and privacy issues on conducting experiments on big data
that is generated based on people’s daily mobility should be brought under the spotlight by the researchers in
the research areas of intelligent transportation systems and smart city.

3.1 Current Works for Transportation Predictions

Transit Service Disruption Detection from Social Media. Transit agencies are seeking to move beyond tradi-
tional customer questionnaires and manual service inspections to leveraging open source indicators like social
media for detecting emerging transit events. Inspired by the multi-task learning framework, Ji et al. [17]] propose
the Metro Disruption Detection Model (MDDM), which captures the semantic similarity between transit lines
in the Twitter space. The MDDM model novel constraints on feature semantic similarity exploiting prior knowl-
edge about the spatial connectivity and shared tracks of the metro network. Figure[3|shows disruption events for
2015 on the Orange, Silver, and Blue lines operated by the Washington Metropolitan Transit Authority. Disrup-
tion 1, disruption 2, and disruption 3 occurred on the Orange line. Disruption 4 and disruption 5 occurred on the

"INRIX: http://inrix.com/
?Regional Integrated Transportation Information System: https://ritis.org/
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Silver line. Disruption 6, disruption 7 and disruption 8 occurred on the Blue line. MDDM model successfully
detects disruptions 1, 4 and 6.
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Figure 3: A timeline of metro disruptions on the Orange, Blue, and Silver metro lines in 2015. Events along
these spatially interconnected lines often co-occur

Traffic Incident Detection Analysis with Social Media Summarization. Fu et al. [11] propose a social
media-based traffic status monitoring system (Steds). The system is initiated by a transportation-related keyword
generation process. Then an association rules based iterative query expansion algorithm is applied to extract
real-time transportation-related tweets for incident management purposes. The feasibility of summarizing the
redundant tweets to generate concise and comprehensible textual contents is confirmed.

Traffic prediction in a bike-sharing system. Li et al. [25] propose a hierarchical prediction model to
predict the number of bikes that will be rented from/returned to each station cluster in a future period so that
reallocation can be executed in advance. A bipartite clustering algorithm is proposed to cluster bike stations
into groups, formulating a two-level hierarchy of stations. The total number of bikes that will be rented in a
city is predicted by a Gradient Boosting Regression Tree (GBRT). A multi-similarity-based inference model is
proposed to predict the rent proportion across clusters, and the inter-cluster transition, based on the number of
bikes rented from/ returned to each cluster, can be easily inferred.

3.2 Ethics Issues for Transportation Predictions

Various types of urban sensors are deployed for recording transportation-related information such as vehicle
travel speed, road occupancy, and volumes. The mobility of the commuters is monitored by multiple types of
techniques such as loops, microwave, acoustic, video, and crowdsourcing such as Twitter and Waze. Collecting
seemingly anonymous data that appear hard to identify an individual may in fact be problematic in many ways.

1) The risk of compromising the privacy of an individual. In the research [23]], the MIT group combined
two anonymized datasets of people in Singapore, one of mobile phone logs and the other of transit trip, each
including “geolocation stamps” with time and place of each point. They succeeded to match up 17% of the users
in one week and 11 weeks to get 95%. if GPS data from smartphones were added, it took less than a week to
reach that number. The group acted as ethical or ‘white hat’ hackers to prove that someone acting in bad faith
could do the same and compromise the privacy of many people.

2) Governments’ surveillance on urban mobility. Surveillance is infringing upon personal privacy. The
times we live in, there’s a necessity for some surveillance in public spaces to maintain order, but as soon as we
set into private spaces, it becomes an issue. The level of government surveillance varies from one government to
another depending on the level of freedom practiced by the system. Most governments justify their unnecessary
surveillance with words such as ”National Threats”, ’Security Stabilization”, or “Fighting Crime”. This will
lead everyone (citizens) to feel that it is their duty to allow governments to collect their data even when it is not
needed. As a result, the collected data from a government surveillance will have different impacts. Data can
be collected from anywhere, GPS locations, car license plate scanners, phone calls, social media, closed-circuit
television CCTYV, and so on. Data can be used in “positive” and “negative” ways. This website presents what
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happens when we are negatively being monitored by the governmenﬂ Surveillance in public spaces must be
done without violating privacy. Some of the previous works in transportation analysis utilize GPS based data
sources such as user check-in records and driver’s travel paths. These works are vulnerable to violating privacy
protection, which should be further addressed in the urban computing and spatial data mining fields.

Vision: The intelligent transportation system community can strengthen its ethics awareness by considering
several additional aspects: 1) differential privacy to protect users’ privacy, 2) users’ awareness to share mobility
data, 3) transparency between urban data collectors and users, and 4) comprehensive legislation. One of the
advanced methods to preserve the privacy of users’ information is implementing Differential privacy which was
introduced by Dwork [7]. The method overlaps two areas: data analytics and statistics. Differential privacy
uses techniques such as noise injection to keep the data of individual users completely private, and guarantees
that the outcome prevents enabling anyone to learn anything about an individual. Meanwhile, it allows the
researcher to query from the data and obtain good research results. By maintaining the balance between the
implemented model and differential privacy, the privacy of an individual can be protected [18]. Users should
have full awareness of the accessibility and availability of the mobility data generated by themselves. Therefore,
the user should realize the potential risks of sharing their mobility data. Furthermore, the transparency between
the data vendors and the users is not balanced: the vendors or institutions which collect and share data about
people know a lot about the users but the users do not know as much about the data collectors. For that, users
have the right to know how their data are used and have the right to withdraw from any experiment if asked.
Finally, in the future developments of the urban computing industry, more comprehensive legislations should
be proposed. Tighter regulations for collecting and sharing data should be established to prevent users’ privacy
from infringed such as General Data Protection Regulation known as GDPR which was applied in Europe.

4 Social Media based Event Detection and Analysis

Location-based service embedded social media sources such as Twitter and Foursquare have become popular
data sources as surrogates for monitoring and detecting events. Targeted domains such as crime, election, and
social unrest require the creation of algorithms capable of detecting events pertinent to these domains. Due to the
unstructured language, short-length messages, dynamics, and heterogeneity typical of social media streams, it
is technically difficult and labor-intensive to develop and maintain supervised learning systems. Recent studies
in the research fields of event detection and analysis have applied both supervised and unsupervised learning
methods to better modeling and forecasting the spatiotemporal events from social media data sources [36) [37,
20]. However, while utilizing the social media-based data sources, some of the ethical issues, such as built-in
biases in dataset and algorithms, have not been paid with enough attention nowadays. In this section, we review
some work on location-based social media analysis, state, and propose solutions to the ethical issues arising in
the research fields of spatial data mining and social media analysis.

4.1 Current Works for Event Detection from Social Media

Spatial Event Forecasting in Social Media. Social media has become a significant surrogate for spatial event
forecasting. The accuracy and discernibility of a spatial event forecasting model are two key concerns, which re-
spectively determine how accurate and how detailed the model’s predictions could be. Zhao et al. [37] propose a
multi-resolution spatial event forecasting (MREF) model that concurrently addresses all the above challenges by
formulating prediction tasks for different locations with different spatial resolutions, allowing the heterogeneous
relationships among the tasks to be characterized.

Cyber Attack Detection using Social Media. Social media can also be viewed as a sensor into various
societal events such as disease outbreaks, protests, and elections. Khandpur et al. [20] describe the use of social

3https://theyarewatching.org/
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Figure 4: Streamgraph showing normalized volume of tweets (September 2015 through October 2016) tagged
with data breach (red), DDoS activity (grey) and account hijacking (blue) types of cyber-security events

media as a crowdsourced sensor to gain insight into ongoing cyber-attacks. The proposed social media-based
approach detects a broad range of cyber-attacks in a weakly supervised manner using just a small set of seed
event triggers and requires no training or labeled samples. A new query expansion strategy based on convolution
kernels and dependency parses helps model semantic structure and aids in identifying key event characteristics.
Figure [4] shows the wide range of events that the proposed system is able to detect. Notice the clear bursts in
Twitter activity that the query expansion algorithm is able to detect.

Real-Time Detection of Traffic Accidents from Twitter. D’Andrea et al. [5] propose a real-time moni-
toring system for traffic event detection from Twitter stream analysis. The system fetches tweets from Twitter
according to several search criteria, processes tweets, by applying text mining techniques, and finally performs
the classification of tweets. The proposed SVM-based system aims to assign the appropriate class label to each
tweet, as related to a traffic event or not. The traffic accident detection system is employed for real-time mon-
itoring of several areas of the road networks, allowing for detection of traffic events almost in real-time, often
before online traffic news sites.

4.2 Ethics Issues for Event Detection from Social Media

For the work on social media based event detection and analysis, several concerns may contribute to the ethical
issues: 1) the built-in biases in social media data. Bias in social media can happen when a sample is collected
in such a way that some members of the intended population are not equally represented in the sample,resulting
in a non-random sample. If such an error occurs in sampling, the results of the research could be mistakenly
attributed to the study phenomenon instead of the sampling method [2]. In addition, due to the way humans
generate their opinions, it is argued that misinformation in social media data can be produced in several ways,
purposefully or accidentally. In a study experimented on Facebook’s News Feed [16| 24], the group demon-
strated how negative or positive posts disseminate by reducing positive or negative expressions. One case is
that emotional contagion can play a massive role in generating biases in the social media platform, and this is
demonstrated by the 2016 US elections when emotional contagion is used to foster negative viewpoints against
specific politicians [35]]. If such biases exist in Social media data of Urban planning projects, discriminatory
results may occur.

2) the consequences of flaws in data being manipulated by the users. Relying on data collected from
users in social media in order to use the model to recommend safer routes or detect threats is vulnerable to
manipulation by malicious users. Recommendation systems, a similar system to the mentioned works, have
been under attack since their appearance. An attack is carried out when fake users or certain legitimate malicious
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users feed content to the system in a certain way that makes the system frequently favors a recommendation over
what would the system should result [29} [13]]. Leveraging human’s tendency to use their peer’s opinions to make
their own decisions, large companies tend to use fake accounts and bots on social media for product promotion,
posting positive comments, and silencing critics [28]].

3) Social media privacy concerns. Social media is a beneficial source for real-time and historical data which
makes it a great candidate to be surveilled positively and negatively. Social media has helped law enforcenemnt
to detect human trafficing acitivies, solve murder cases and other criminal activies [27]. In a negative way,
In some governments where censoring is more strict than others. However, those governments do not censor
many social media sources. social media is where people tend to speak out about their local problems expecting
solutions from the government. Yet, the government has escalated their efforts to monitor and suppress [32].
In a recent report published by the Brennan Center, Social Media Monitoring, there is proof that Department
of Homeland Security DHS is exploiting personal data mined from social media to surveil protestors, religious
and ethnic minorities [31]. The surveillance has expanded from positive (national security) to discriminatory
surveillance.

Vision: While using social media data, researchers do need to be very careful and watchful for these is-
sues, i.e., ensuring that the data’s source and gathering methodologies mitigate bias, the cleaned data did not
incidentally impose bias, and the data is used in a way that does not use or impose any bias. Monitored social
media chatter could be used to inform law enforcement personnel of large potentially violent or non-violent
protest events or other sociopolitical gatherings that might require a police presence to prevent untoward inci-
dents. Such alerts, if provided to police departments with enough lead time, will allow for better planning of
deployment logistics ensuring the safety of the officers and the civilians they are deployed to protect. EMBERS
is once such an anticipatory intelligence system that forecasts population-level events in multiple countries in
Latin America and provides not only the counts of the number of protests but also other details pertaining to the
date, time and location of the potential protest event.

5 Conclusion

The rapid growth of the urban data for urban computing and spatial data mining methods raises new challenges
along with new opportunities for various application fields such as urban safety analysis, intelligent transporta-
tion systems, and event detection. However, unfortunately, the ethical issues while obtaining, utilizing, and
inferring from such enormous urban data are rarely addressed by the current researchers in urban computing
communities. This paper reviews the most popular research branches of urban computing and spatial data
mining, including urban safety analysis, intelligent transportation systems, and event detection. Ethical vulner-
abilities for the existing urban computing and spatial data mining works such as predictive policing, biased data
sources, compromised privacy, surveillance, and discrimination are revealed by this paper. Promising potential
solutions and prospective visions towards such identified ethical vulnerabilities are directed. We offer these
discussions of ethics in urban computing with the hope that they contribute highlight attention from the urban
computing communities.

References

[1] S. Barocas and A. D. Selbst. Big data’s disparate impact. Calif. L. Rev., 104:671, 2016.

[2] C. Cortes, M. Mohri, M. Riley, and A. Rostamizadeh. Sample selection bias correction theory. In Interna-
tional conference on algorithmic learning theory, pages 38-53. Springer, 2008.

[3] J. Cranshaw. Whose city of tomorrow is it?: on urban computing, utopianism, and ethics. In Proceedings
of the 2nd ACM SIGKDD International Workshop on Urban Computing, page 17. ACM, 2013.

23



[4]
[5]

[6]

[7]
[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

K. Crawford. The hidden biases in big data. Harvard Business Review, 1:1, 2013.

E. D’Andrea, P. Ducange, B. Lazzerini, and F. Marcelloni. Real-time detection of traffic from twitter
stream analysis. IEEE transactions on intelligent transportation systems, 16(4):2269-2283, 2015.

M. De Nadai, R. L. Vieriu, G. Zen, S. Dragicevic, N. Naik, M. Caraviello, C. A. Hidalgo, N. Sebe, and
B. Lepri. Are safer looking neighborhoods more lively?: A multimodal investigation into urban life. In
Proceedings of the 24th ACM international conference on Multimedia, pages 1127-1135. ACM, 2016.

C. Dwork. Differential privacy. Encyclopedia of Cryptography and Security, pages 338-340, 2011.
A. G. Ferguson. Policing predictive policing. Wash. UL Rev., 94:1109, 2016.

K. Fu, Z. Chen, and C.-T. Lu. Streetnet: preference learning with convolutional neural network on urban
crime perception. In Proceedings of the 26th ACM SIGSPATIAL International Conference on Advances in
Geographic Information Systems, pages 269-278. ACM, 2018.

K. Fu, T. Ji, L. Zhao, and C.-T. Lu. Titan: A spatiotemporal feature learning framework for traffic incident
duration prediction. In Proceedings of the 27nd ACM SIGSPATIAL International Conference on Advances
in Geographic Information Systems. ACM, 2019.

K. Fu, C.-T. Lu, R. Nune, and J. X. Tao. Steds: Social media based transportation event detection with text
summarization. In 2015 IEEE 18th International Conference on Intelligent Transportation Systems, pages
1952-1957. IEEE, 2015.

K. Fu, Y.-C. Lu, and C.-T. Lu. Treads: A safe route recommender using social media mining and text
summarization. In Proceedings of the 22nd ACM SIGSPATIAL International Conference on Advances in
Geographic Information Systems, pages 557-560. ACM, 2014.

I. Gunes, C. Kaleli, A. Bilge, and H. Polat. Shilling attacks against recommender systems: a comprehensive
survey. Artificial Intelligence Review, 42(4):767-799, 2014.

S. Hajian, F. Bonchi, and C. Castillo. Algorithmic bias: From discrimination discovery to fairness-aware
data mining. In Proceedings of the 22nd ACM SIGKDD international conference on knowledge discovery
and data mining, pages 2125-2126. ACM, 2016.

D. Heaven. Why deep-learning ais are so easy to fool., 2019.
M. Ienca and E. Vayena. Cambridge analytica and online manipulation. Scientific American, 30, 2018.

T. Ji, K. Fu, N. Self, C.-T. Lu, and N. Ramakrishnan. Multi-task learning for transit service disruption
detection. In 2018 IEEE/ACM International Conference on Advances in Social Networks Analysis and
Mining (ASONAM), pages 634-641. IEEE, 2018.

Z.Ji, Z. C. Lipton, and C. Elkan. Differential privacy and machine learning: a survey and review. arXiv
preprint arXiv:1412.7584, 2014.

F. Kamiran and T. Calders. Data preprocessing techniques for classification without discrimination. Knowl-
edge and Information Systems, 33(1):1-33, 2012.

R. P. Khandpur, T. Ji, S. Jan, G. Wang, C.-T. Lu, and N. Ramakrishnan. Crowdsourcing cybersecurity:
Cyber attack detection using social media. In Proceedings of the 2017 ACM on Conference on Information
and Knowledge Management, pages 1049-1057. ACM, 2017.

24



[21] R. P. Khandpur, T. Ji, Y. Ning, L. Zhao, C.-T. Lu, E. R. Smith, C. Adams, and N. Ramakrishnan. Deter-
mining relative airport threats from news and social media. In Twenty-Ninth IAAI Conference, 2017.

[22] J. M. Kleinberg. Challenges in mining social network data: processes, privacy, and paradoxes. In Proceed-
ings of the 13th ACM SIGKDD international conference on Knowledge discovery and data mining, pages
4-5. ACM, 2007.

[23] D. Kondor, B. Hashemian, Y.-A. de Montjoye, and C. Ratti. Towards matching user mobility traces in
large-scale datasets. IEEE Transactions on Big Data, 2018.

[24] A.D. Kramer, J. E. Guillory, and J. T. Hancock. Experimental evidence of massive-scale emotional con-
tagion through social networks. Proceedings of the National Academy of Sciences, 111(24):8788-8790,
2014.

[25] Y. Li, Y. Zheng, H. Zhang, and L. Chen. Traffic prediction in a bike-sharing system. In Proceedings of the
23rd SIGSPATIAL International Conference on Advances in Geographic Information Systems, page 33.
ACM, 2015.

[26] X.Liu, Q. Chen, L. Zhu, Y. Xu, and L. Lin. Place-centric visual urban perception with deep multi-instance
regression. In Proceedings of the 25th ACM international conference on Multimedia, pages 19-27. ACM,
2017.

[27] A. Mateescu, D. Brunton, A. Rosenblat, D. Patton, Z. Gold, and D. Boyd. Social media surveillance and
law enforcement. Data Civ Rights, 27:2015-2027, 2015.

[28] J. McGregor. Reddit is being manipulated by big financial services companies. Forbes Review, 1:2, 2017.

[29] B. Mobasher, R. Burke, R. Bhaumik, and C. Williams. Toward trustworthy recommender systems: An
analysis of attack models and algorithm robustness. ACM Transactions on Internet Technology (TOIT),
7(4):23, 2007.

[30] L. Nordling. Mind the gap, 2019.
[31] F Patel, R. Levinson-Waldman, S. DenUyl, and R. Koreh. Social media monitoring. 2019.

[32] B. Qin, D. Strémberg, and Y. Wu. Why does china allow freer social media? protests versus surveillance
and propaganda. Journal of Economic Perspectives, 31(1):117-40, 2017.

[33] S. Shah, F. Bao, C.-T. Lu, and I.-R. Chen. Crowdsafe: crowd sourcing of crime incidents and safe routing
on mobile devices. In Proceedings of the 19th ACM SIGSPATIAL International Conference on Advances
in Geographic Information Systems, pages 521-524. ACM, 2011.

[34] Y.-J. Wu, E. Chen, C.-T. Lu, and S. Yang. Urban traffic flow prediction using a spatio-temporal random
effects model. Journal of Intelligent Transportation Systems, 20(3):282-293, 2016.

[35] U. Yaqub, S. Chun, V. Atluri, and J. Vaidya. Sentiment based analysis of tweets during the us presidential

elections. In Proceedings of the 18th annual international conference on digital government research,
pages 1-10. ACM, 2017.

[36] L. Zhao, F. Chen, J. Dai, T. Hua, C.-T. Lu, and N. Ramakrishnan. Unsupervised spatial event detection in
targeted domains with applications to civil unrest modeling. PloS one, 9(10):e110206, 2014.

[37] L. Zhao, F. Chen, C.-T. Lu, and N. Ramakrishnan. Multi-resolution spatial event forecasting in social
media. In 2016 IEEE 16th International Conference on Data Mining (ICDM), pages 689—698. IEEE,
2016.

25



Quantum Spatial Computing

Martin Werner
Institute for Applied Computer Science & Research Institute CODE,
Bundeswehr University Munich, Germany
martin.werner@unibw.de

Abstract

Quantum computing is expected to create a major shift across the whole computing industry given that
it can solve a certain set of operations that used to be very hard in comparably short time. In this article,
the author intends to introduce central aspects of quantum algorithms to the GIS community and explores
some probable directions of research related to quantum computing for spatial algorithms. The author
hopes that this paper enables researchers of our community to place an informed decision whether and
when it is worth looking at this exciting new area of algorithm research and computing while staying on
an abstraction level high enough for concise presentation.

1 Introduction

In the last decade, quite a few companies are having success with building first real-world quantum computers.
Among these are D-Wave systems [[6], Google [10], and IBM [12]]. However, these machines are currently very
small and their usage implies lots of noise. Nevertheless, quantum computers are nowadays existing and there
is a race of growing them to a useful size. The interesting aspect of quantum computing is that it can provide
exponential speedups in certain situations. For example, it is possible to factor integer numbers in polynomial
time using Shor’s algorithm on a quantum gate computer or it is possible to solve certain NP-hard problems in
polynomial time.

In this paper, we explore how quantum computing could affect the spatial computing domain in a very broad
sense and as the community might not have been exposed too much with basic concepts of quantum computing,
the paper will first briefly recall the computational models that quantum computers operate in, because these
form a meeting point between the engineers and physicians actually trying to build computers and the computer
scientists looking for algorithms that can exploit quantum computing peculiarities.

2  Quantum Computing

Quantum computing is an idea in which quantum effects are being used to model information. Similarly to dig-
ital computers, the atomic unit of information is a bit, called qubit in the quantum computing domain. Similarly
to the situation of a digital computer, a qubit can typically be set to two different values (e.g., true and false) and
if it is read, it will realize a binary value (true or false). Internally, however, it can be in a superposition state
where it actually takes “both values at the same time”. If a quantum bit is in perfect superposition and you read
it, you will get a zero and a one with equal probability. When introducing quantum gate computers in a later
section, we will understand much more about qubits.
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From an application perspective, the simplest form of quantum computing is adiabatic quantum computing
or quantum annealing. A quantum annealer is a specialized quantum computers that is built to solve a certain
type of optimization problem using qubits that are in superposition and entangled with each other according
to a problem specification. As we want to avoid explaining the physics and engineering of building quantum
annealers, we will describe the computational model only, which is the model of Quadratic Unconstrained Binary
Optimization (QUBO). This model is equivalent to the (physics-inspired) Ising model, you can jump back and
forth with simple algebraic modifications.

A QUBO is given as a quadratic form x' Az where x € B" is a vector of binary values and A is a matrix
of real numbers. The QUBO task is to find the vector x € B" that minimizes this quadratic form given that
x is binary. As a rough idea of how a physical implementation works, let us just say that it is based on the
energy minimization principle of nature. That is, the matrix is somehow encoded into some hardware and then
the hardware is cooled down near to the absolute zero point of temperature and then the bits can be read that
minimize the QUBO because the solution to the QUBO minimizes the energy of the physical construction used.
This is essentially how the D-Wave quantum annealer works. That is, from an application perspective (e.g.,
as a spatial computing researcher), you will have to encode your problem into the QUBO formulation, let the
quantum annealer solve your QUBO and expect the results to be very noisy or, in other words, your algorithm
should be able to deal with good yet suboptimal solutions to the given QUBO. Usually, quantum computers are
used over the Internet, because operating them is a very difficult task (e.g., cooling down as much as possible,
minimizing all sorts of noise influence to the machine, etc.). Hence, even more hands-on, you would prepare
a QUBO matrix, send it to the annealer and get a vector back that might be good in terms of minimizing the
QUBO form.

The second and more advanced form of quantum computing is a quantum gate computer. To (informally)
explain a quantum gate computer, we need to go back to the concept of a qubit. In fact, a qubit is represented
as the tensor product of two one-dimensional complex vector spaces. It is customary to introduce two symbols
|1> and |0> to represent two basis elements of this tensor product. That is, |0> can be identified with the vector
(1,0) and |1> with (0, 1) Then a qubit is given by two complex numbers « and /3 formling a linear combination

a|0> + [B|1> constrained by |a|2 + |5’2 =1

This allows for a geometric interpretation as the topological space of a qubit is homeomorphic to the surface
of a sphere in R? known as the Bloch sphere. As quantum gate computers come with a preferred basis which
provides the link to boolean values (e.g., a quantum |1> represents true, a qubit |0> represents false, all other
qubits represent true and false at the same time with varying probability), quantum gates are given as 2x2 ma-
trices with complex entries. These matrices represent rotations, thus, need to be unitarian. This is an interesting
aspect as this implies that quantum gate computers are reversible computers, e.g., each operation you can do can
be undone as well.

Here are some widely-used gates, namely the NV gate which provides negation, the Hadamard gate 4 which
brings basis elements into “perfect superposition”. The V and Z gate operate only on the |1> part leaving |0>
unchanged, where V; = Z.

0 1 1 (11 10 10
(Vo) ) s ) - (o )

It is customary to look at the Hadamard gate once: Operating H on |0> gives

o= (3 ) ()5 (2) -y

The magnitudes of o and 3 now give the probability that a measurement of the qubit returns true (|cr|?) or false
(|3|%). With this information, it is easy to see that measuring H|0> returns true and false with a probability

27



0> == H —>={Xx x—H —n-—ﬁl\—)—-

11> > H ——) ye}f(")

la> Ib> lc>  ld>
Figure 1: Two-qubit implementation of quantum algorithm of Deutsch.

of 50% each. Given that there are infinitely many unitarian matrices that could be made a quantum gate in a
physical quantum computer implementation, it is worth noting that there are universal sets of gates with which
any unitarian matrix can be produced up to some given error. One such set is given by H, N¢ (the application
of some generic procedure on V), and Vg. For details, the reader is referred to the excellent tutorial [19]].

Now, these quantum gate computers usually bind together a few qubit into a quantum register and the gates
operate on register level. The first non-trivial algorithm is given by the following quantum algorithm which
is able to decide whether two things are equal by only reading once. This is a powerful concept and actually
motivates the Shor algorithm for factorizing large integer numbers.

The basic process of applying a quantum gate computer to a problem is now to first set a certain quantum
register to a known base-state (e.g., combinations of the base states |0> and |1> per qubit). Then, some opera-
tions bring some of the qubits in superposition such that the following operations can operate on them. Finally,
the qubits should have been modified by the algorithm that sampling from them reveals the answer to the given
problem.

One widely-used trick here, valid for any boolean function f, is the construction of Uy, which given a
Boolean function

f:B™—DB"
provides a unitarian map

f:B™ xB" — B™ x B"
by sending (z,y) — (z,y ® (fz))[]

This is, for example, used in the most simple non-trivial quantum algorithm known as the algorithm of
Deutsch [9]. This can be used to decide, whether a given one-dimensional Boolean function f.B — B is
constant, e.g., f(0) = f(1), or balanced, e.g., f(0) # f(1). In classical computing, it is possible to do this by
reading both f(0) and f(1), but not faster. For a quantum computer, however, it is possible to do so faster.

To understand this algorithm, one can just compute it operation by operation following the diagram in Figure
ﬂ While you are doing so, you realize that f is evaluated exactly once but using a qubit in superposition and
that the algorithm returns the needed information about f, which would be classically impossible. Assuming
that the evaluation of f takes, say, one year, this brings runtime from two years in the classical model down to
one year using a quantum computer.

This is possibly the simplest situation in which one can see how and that Quantum algorithms can be signif-
icantly faster for traditional problems formualted in Boolean functions and concludes our short trip of quantum
gate computers.

'In this context, @ is used for addition modulo 2
The image has been taken from Wikipedia, cf. https: //de.wikipedia.org/wiki/Deutsch-Jozsa-Algorithmus
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3 Quantum Computing Examples

This section provides a few examples and resources on existing quantum algorithms with a tie to spatial com-
puting. However, it is not intended to be complete or to introduce any of these solutions, it shall rather provide
a concise starting point for interested readers to explore the field.

3.1 Logical Networks of Light Switches

Adiabatic quantum computing is often introduced with the light switch game. Given a network of n light
switches connected with some logics to a single lamp, find the setting in which the light is turned on without
knowing the connectivity network of the light switches. In fact, this is a hard problem which could practically
only be solved with a brute force approach or additional information. A brute force approach, however, needs to
evaluate 2" possible states of the n switches and becomes intractable even for moderate n.

As a good source for learning this problem, we refer the user to the more general class of cirquit satisfiability
problems [18]] and to the D-Wave introduction to their quantum computer [3]].

3.2 Map Coloring

The map coloring problem is a nice problem for understanding how an adiabatic quantum computer works in
a spatial setting and it is also given a core example in the D-Wave manual, because it is conceptually easy yet
shows the limitations of the D-Wave hardware (namely that there aren’t couplers between all qubits) and how to
circumvent this by “duplicating” qubits constraining them to be equal. The central question when doing spatial
computing with quantum computers will be what a bit represents. Traditionally, spatial computing takes place
a lot in a geometry domain with floating point representations of geometry. This domain is not well-suited for
adiabatic quantum computing, because it is not easy to find what a qubit should represent. Topology in contrast
provides many problems that are of combinatorial nature and, therefore, very well-suited for adiabatic quantum
computing.

The map coloring problem aims to assign colors to a planar map such that no two neighbors have the same
color. In the mathematics, this problem has been widely discussed, because it remained unclear and is considered
the first real mathematical problem of relevance that has been solved using a computer. In 1852, Francis Guthrie
formulated the conjecture that any given planar map can be coloured with four colors while creating a map of
England. After that, a sequence of attempts in proving this conjecture has been established where most solutions
survived a decade, but finally were proven wrong. During this time, however, an upper bound with five colors
was established by Heawood. Heinrich Heesh proposed a computer proof which has never been implemented
due to limited machine power, however, it was refined a few times bringing down the set of solutions which need
manual or computer checking to 1936 (Appel and Haken, 1976) leading to a publication with 400-page appendix
in 1989. Finally, this problem was formally proven in 2005 using the computer-assisted proof environment Coq
by Benjamin Werner (still not closing the debate in mathematics, because hardliners accept proofs only if they
are fully transparaent in the sense that they are accessible to the mind of humans).

How can this be implemented in a quantum computer? As said, the pressing question is how to map the
problem to qubits. And in this case, it can be done as follows: Each country in the map is assigned a color
represented as a one-hot encoding of qubits. That is, we assign a set of k qubits to each country in the map and
constrain them such that exactly one of those qubits is one at a time. Then, the topology of neighbors is encoded
as constraints, essentially, that their vectors must not be the same. This can be done in the QUBO framework
and it can be mapped to the D-WAVE hardware if the number of qubits suffices. There is a D-WAVE white paper
with lots of details on this problem [7]].
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3.3 Dynamic Time Warping

Dynamic Time Warping is another very nice example showing how geometric problems can be supported by
quantum computers. Dynamic time warping is a distance definition which has found many applications. It
has been applied to varying application areas including speech recognition [20], handwriting recognition and
signature verification [4], in computer vision [1]], in shape retrieval [16], in computational biology and medicine
[[L5], in pattern recognition [2f], and recently similarity search for spatial trajectories [21]].

Dynamic Time Warping is based on extending the idea of a point-wise Euclidean distance of time sreies
by allowing the “matching” to change according to dynamic programming rules. In fact, the dynamic time
warping distance of trajectories (and time series) is defined to be the sum of the distances of points of both
trajectories, where the points are matched based on minimizing over all matchings. A matching, in this context,
is an assignment of points of one trajectory with points of the other trajectories. For dynamic time warping, a
matching always starts by matching the first two points of the trajectory. Then, it can either go one step in one
of the trajectories or one step in both. Ulitmately, however, it has to reach the last vertex of both trajectories.
This is a natural dynamic programming problem and can be formulated as follows [22]:

;

0 if @ and b are empty
00 if only one of a and b is empty
dptw(a1..n, b1..m) = dprw(a1..n—1,01..m—1)

d(an, b))+ min ¢ dprw(ai..n—1,b1..m)

dprw(a1..n,b1..m—1)

This distance can be computed in O (mn) time [8]. It is usually composed of first computing the full distance
matrix and, then, searching for the shortest path in this distance matrix going right, up, or both at the same time.

We will now simplify to dynamic time warping problems given with equal-length trajectories of n points
each. As a quadratic optimization problem, DTW can be written using the distance matrix and a set of constraints
only. Concretely, consider the set A, ,, of monotonous alignment matrices. These are binary matrices containing
a path from the upper-left corner (1,1) to the lower-right corner (m-1,n-1) containing only of moves —, \,, and
4. The size of this set is known as the Delannoy number, cp. sequence A0O01850 in the OEIS. With this set in
place, the DTW distance is given as

d z,y) = min < A, A(z,y) >, 1
pTw (7, Y) e (z,y) Sy
where < —, — > is the Frobenius inner product of matrices.

But how can we map this to a quantum computer? One approach is to write the expression using binary
vectors x € B™ obtained by flattening the path matrices exploiting the fact that the Frobenius product is the
sum of the entries of the Hadamard product of the two given matrices.

dprw(z,y) = min z'Da
z=flatten(A) for A€ Ay, n

This is now clearly a quadratic optimization problem, but how can we ged rid of the constraint? It is possible to
represent certain constraints as matrices as well. Such a matrix C' would, for example, take values

O — 0 if mat(z) € A,
1 else,

where mat denotes the operation turning the vector x back into a square path matrix. Assuming such a matrix
C exists, DTW could be solved by solving

min 2’ Dz + A\z'Cx = min (D + \C)x ()
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If X is chosen large enough (e.g., 2n max D), then each time the constraint matrix would fire, the value in Eq.
[2) would be impossible to become smaller than the worst value one could generate with the distance matrix part.
If, however, the constraint is fulfilled, we are left with the situation of DTW in Eq. m

This concludes our meta-algorithm for DTW. The art of programming adiabatic quantum computers is now
the come up with constraints that are good enough to guarantee an optimal solution. Note that for the case of
DTW, a matrix C' with the properties above cannot exist, because z = 0 € B is clearly not a path matrix, yet
xt Ax is zero. Therefore, and this is the heart of QUBO-based quantum computing, we have to relax from the
case of ideal constraints and come up with alternatives that allow for concluding the final result or parts thereof.

3.4 Quantum Gate Computing Strategy

Quantum gate computing allows for solving a larger set of problems as opposed to the adiabatic case, however, it
is not as accessible. However, quantum gate computers can solve many of the NP-hard combinatorial problems
as well and go beyond that. A nice overview of existing algorithms for quantum gate computers is maintained
online in the Quantum Algorithm Zoo [13]].

If you want to exploit the power of a quantum gate computer in spatial computing, you have to design what
each bit will represent and at the same time, you have to prepare an intuition of what a superposition of these
bits can bring to you and how quantum gates will encode the constraints of the solution to your problem at hand.
This domain is still in its infancy as it is not very easy to come up with intuitions like that. Therefore, for spatial
computing, I expect quantum gate computers to be used more often in an indirect way: If you want to apply
a quantum gate computer to spatial computing and don’t have an innovative intuition on how to exploit and
modify bits in superposition, you will still be able to rely on the solution capabilities of quantum computers for
known quantum algorithms.

For a quantum computer, this includes the solution of traveling salesman type problems as well as QUBOs.
That is, one common way of “programming” a quantum gate computer might be by decomposing the spatial
problem into a set or sequence of hard problems for which a quantum algorithm has already been proposed.

There are plenty of examples of how to formulate spatial optimizations in form of traveling salesman type
problems and it is left to the reader to exercise with this philosophy.

3.5 Quantum Machine Learning

As quantum computers are very fast in solving certain types of optimization, they are a candidate for many
algorithms in the machine learning domain that internally rely on optimization. One point in time where this
journeys start might be seen is in the paper [3]. A major milestone in the sequel is Harrow, Hassidim, and
Lloyd’s quantum algorithm for solving linear systems [11]. Lately, Kerenidis and Prakash’s algorithm for rec-
ommender systems provided exponential speedup over any known classical algorithm [14]. Most interestingly,
this algorithm has given the intuition to a classical algorithm with an equivalent asymptotic runtime complexity
[[17]. This is a nice story for finishing this short introduction to quantum computing as it makes clear that under-
standing quantum algorithms can directly feedback to the field of classical algorithms and is tightly related to
a family of algorithms nowadays known as randomized algorithms, which are, as well, underrepresented in the
spatial computing community of these days.

4 Research Need

Spatial computing was mostly inspired by the geometry of the things we discuss. It is quite typical that this
happens in a continuous representation of space using floating point numbers though there are a few approaches
that try to solve spatial computing problems in an integer domain (graph rounding, fixed-precision arithmetics,
binarization). In the last decades, the topology of things is being used more and more in spatial computing
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and methods from topology quite naturally generate combinatorial problems. The map coloring problem is a
typical example where the topology relations of neighboring polygons is representing the spatial aspect and the
resulting optimization problem is combinatorial.

Given that quantum computers will remain small for a certain time, the spatial computing community should
look into how certain problems can be solved in a combinatorial or at least in an integer-rounded fashion in order
to make efficient use of individual qubits.

In addition, the spatial computing community was used to solve their problems on their own by extending
and adopting solutions to similar non-spatial problems. The author is convinced that there are quite a few spatial
computing problems that can be solved by using the quantum computer as an oracle solving a certain set of
hard problems. In this setting, quantum algorithm research takes the form of finding problem transformations
and problem reformulations such that a given problem of interest is expressed as a sequence or low-complexity
algorithm formulating how the problem should be solved under the assumption that a set of hard problems has a
quantum computing algorithm of small time- and space complexity.

5 Conclusion

We are living in a time in which the first commercial quantum computers reach the market. At the same time,
there has been a lot of research in the area of quantum computing which motivated to build a quantum computer.
The community is centered around proving “quantum supremacy’ in many senses, namely, that the expensive
research on quantum computers and the expensive operation of those is needed, because there are problems
intractable for classical computers that become solvable. In consequence, research that uses quantum computers
on problems that are not intractable today is in its infancy and an exciting area for further research. As an
example, the dynamic time warping distance has been heavily researched in the classical computing model but
is typically used in a restricted setting where the amount of warping is limited in order to make it both indexable
and fast. With a quantum computer and certain developments that are beyond the scope of this paper, we might
hope to remove this typical restriction and, thereby, allow dynamic time warping to be used without such warping
restriction in a scale-free manner.

With this paper, the author hopes to have motivated a few spatial computing researchers to consider quantum
computing in future research by looking for instances of hard problems that you are currently avoiding with
tricks but quantum computer could directly solve as well as for problems with a natural structure of binary
optimization.
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Abstract

This article describes the UCR Spatio-temporal Active Repository (UCR-STAR). UCR-STAR is a visual
catalog for big spatial datasets. Rather than a boring tabular listing of datasets, it provides an inter-
active map interface that allows users to explore these datasets to assess their coverage, quality, and
distribution. This article describes both the functionality of UCR-STAR as well as the underlying system
architecture. We believe that this article can help the research community by explaining how to realize
research ideas into a workable product.

1 Introduction

Recently, there has been a tremendous growth in spatial data collection from various sources such as satellites,
IoT sensors, smartphones, autonomous cars, and others. At the same time, there is a move for open data led
by governments, non-profit organizations, and industry which makes hundreds of thousands of datasets publicly
available. For example, Data.gov [4], which is maintained by the US government, hosts more than 140,000
datasets that are tagged as geospatial. Similarly, other governments, non-government organizations (NGOs),
and companies keep releasing data on the web as part of the open data movement [3, 5, 13, 6, 11]. To browse
these datasets, existing data repositories provide a plain listing of the datasets with references on how to access
and download them, e.g., see Figure 1(a). Users will either have to guess what the dataset really contains or
download these datasets, figure out how to import them into their favorite tool, before they can interact with the
data.

To break from this old interface, this article describes UCR-STAR which provides an interactive web-based
interface that allows users to interact with the datasets to assess their coverage, quality, and distribution before
even downloading them. Figure 1(b) shows a screenshot of how UCR-STAR looks like. The majority of the
screen is devoted to the map-based visualization of the dataset while a smaller part is used to list the datasets
and its details. The map portion provides the standard map interactions such as pan and zoom. When a dataset
is selected on the left, the map is updated in a fraction of a second to visualize the selected dataset no matter
how big it is. Users can also search for datasets using a keyword search or advanced search based on the size or
type of the dataset.

UCR-STAR is currently hosting more than 100 datasets with a total size of nearly one terabyte. We welcome
requests to add additional datasets to the archive to further facilitate the access to these datasets and help the
research community. The rest of this article gives more details about the architecture of UCR-STAR and the
research behind it.
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Figure 2: Overview of the system architecture of UCR-STAR

Figure 2 gives an architectural overview of UCR-STAR. The system consists of two major components, an
offline index construction component and an interactive web-based interface. The offline index construction runs
on a Spark cluster. It takes a publicly available dataset as input and produces two indexes, R-Grove and AID. The
R-Grove index [12] is a spatial index for big spatial data that allows efficient retrieval of any rectangular query
range. The AID [8] index is a light-weight adaptive visualization index that enables multilevel visualization of
very large datasets. These two indexes are built on an in-house Spark cluster to scale to very large datasets. For
example, a 100 GB dataset usually takes less than an hour to construct both indexes on a 12-node Spark cluster.

After the two indexes are constructed on Spark, they are then exported from the cluster into a single machine
that hosts the second interactive web server. That single machine hosts three logical servers, a visualization
server, a download server, and an Apache web server. The visualization server uses both indexes, AID and R-
Grove, to serve image tiles; these are small images that are combined together to provide the map visualization.
The download server provides the subset download features which allow users to download a part of the dataset
in any format. The web server handles all requests to static files, e.g., HTML pages and images, and forwards
tile and download requests to the corresponding servers. The next sections provide more details on how these
two components work.

3 Offline Index Construction

The goal of the offline index construction process is to construct the R-Grove spatial index and the AID visual-
ization index. Both are constructed on a Spark cluster to scale to big datasets.
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3.1 Spatial Index Construction (R-Grove)

To be able to quickly access the data for very large

datasets, we build a spatial index which is used & o3 Daaer 710
by both the visualization and the download servers. ;
R-Grove[12] is a novel partitioning and indexing |E s

method for big spatial data. R-Grove is an adaptation
of the R-Tree family to big data. It inherits the qual-
ity index characteristics of R-Trees while balancing
the load for distributed query processing. R-Grove is
mainly a partitioning method that partitions the input
dataset into 128 MB blocks. This is followed by con-
structing traditional local indexes for each partition.
We use the RR*-tree [2] index for the local indexing
step. The constructed index is stored as separate file,
one for each partition, in the distributed file system
accompanied with a small master file that stores the
metadata of the partitions, e.g., the minimum bound-
ing rectangle and the size of each one. Figure 3 shows an example of how the R-Grove global index partitions a
7.1 GB roads dataset into 60 partitions.

Figure 3: R-Grove index plot of a 7.1 GB roads dataset

3.2 Visualization Index Construction (AID)

To provide an interactive map visualization for the dataset, we use the standard tile-based pyramid structures
illustrated in Figure 4. This structure is used by most web maps where the top tile covers the entire world and
each deeper level multiplies the number of tiles by four. A standard pyramid of 20 levels will contain up to
366 billion tiles which is impractical to construct and maintain for hundreds of datasets. However, we make an
observation that not all tiles are equal from the query processing perspective. For example, a tile representing
the heavily populated New York City will have way more records than a tile representing the scarcely populated
Palms Spring. In this case, it makes more sense to materialize the first tile as an image tile while the second one
can be generated on demand.

In UCR-STAR, we use the Adaptive-Image-Data (AID) index [8] which builds on this observation to classify
the tiles into four classes based on a threshold parameter (#). The threshold 6 represents the largest size that can
be visualized on demand. Any tile that contains more # records needs to be pre-generated and materialized to
disk. Based on this threshold, AID defines the following four classes of tiles.

1. Image tile covers a large amount of data (> ) and is very expensive to visualize. This tile is pre-generated
and materialized as an image.

2. Data tile has a small amount of data (< ) while its parent is an image tile. This tile can be retrieved and
processed on-the-fly from the corresponding R-Grove index. If no spatial index is available, the records
contained in this tile are stored in a data file, e.g., a CSV or GeoJSON file.

3. Shallow tile covers a small amount of data (< 6) and its parent tile is not an image tile. This means that it is
covered by an existing data tile and can also be generated on-demand.

4. Empty tile does not contain any records (zero records) and does not need to be stored. A prime example is a
water area in a road network dataset.

The AID index that we use only contains the image tiles while all other tiles are generated upon request using
the corresponding R-Grove index. The index construction process starts by building a histogram of the input
data which is used to classify the tiles based on their sizes as explained above. After that, the image construction
process uses the histogram to locate and generate only the image tiles.
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(b) Threshold: 1500

75 image tiles (materialized)
154 data tiles (not materialized)
725 shallow tiles (not materialized)
411 empty tiles (not materialized)

(a) Threshold: 0 (Image Index)

954 image tiles (materialized)
411 empty tiles (not materialized)

Figure 4: Examples of adaptive indexing with different threshold values

Figure 4 provides an example of the AID index, where (a) has a threshold 0, which means that all non-empty
tiles are pregenerated and materialized as images, whereas in (b), where the threshold is 1500, only tiles having
more than 1500 records are computed as image tiles while the rest are either data or shallow tiles and are not
materialized. This not only reduces index size but also reduces the index construction time.

4 Interactive Web Interface

After the two indexes, R-Grove and AID, are constructed, they are exported from the distributed file system to
a single machine that serves as the back-end server. This single physical machine hosts three server processes,
visualization server, download server, and web server, described below.

4.1 Visualization Server

The visualization server serves a single query called GETTILE. This query requests a tile identified by a dataset
ID, and a tile ID (z, x, y), where the dataset ID identifies which dataset is visualized and the tile ID represents
the zoom level (z) and tile location in that level (x,y). The result is always a PNG image of size 256 x 256
pixels that the browser displays. As the user interacts with the maps, the browser sends a series of GETTILE
queries to retrieve all the tiles that are visible on the screen and stitches them together to display the visible part
of the map. The main challenge in this query is that not all the tiles are readily available as a PNG image on
the server. Rather, some of them need to be generated on demand upon user request and they have to be served
within 500 milliseconds to maintain the interactivity.

To answer the GETTILE query, the visualization server locates the AID index that corresponds to the dataset
ID. First, it searches for a pre-generated PNG image by locating the file ‘tile-z-x-y.png’. If the file is
found, then it is returned immediately. If no such file is available, then a tile needs to be generated on-the-fly.
In this case, the corresponding R-Grove index is located. Then, through simple math, the minimum bounding
rectangle (MBR) of the tile is calculated and a simple range query is executed on the R-Grove index. The
resulting records are then visualized by simply scanning them. AID ensures that when a tile has to be generated
on-demand, it is always small enough to be generated in less than 500 milliseconds.

To further improve the performance, the server caches all generated tiles in case they are requested again by
other users. The server is configured to hold up to 100,000 tiles in the cache in PNG format which consumes an
average of 100 MB of memory. Since its release, UCR-STAR served more than 820,000 tile requests with 27%,
48%, and 25%, static, on-demand, and cached tiles, respectively
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4.2 Download Server

The download server empowers the users by allowing them to download a subset of the data based on an arbitrary
rectangular range. While this feature is not new, UCR-STAR handles it in a unique way that was not done before.
In short, it provides immediate download to any range of arbitrary size. To understand how this is different, we
compare UCR-STAR to existing web sites that provide similar functionality.

e GeoFabrick [7] provides extracts from OpenStreetMap for prespecified ranges, e.g., countries or states.
On the positive side, it provides immediate download to the files, but on the negative side it does not allow
users to select arbitrary ranges and there is an overhead on the server on keeping all these files.

e TAREEG [1] follows a different approach that allows users to choose any arbitrary range and then it
extracts the corresponding data and makes it available for download. However, it has a huge drawback
in that it does not provide immediate access to the downloaded files. It asks the user to enter an email
address and it sends the download link to that email after the file is ready. The extracted files are kept on
the server for a month before they get deleted.

e OpenStreetMap [10] allows users to export an arbitrary rectangular range as an OSM file with immediate
download. However, it only works for extremely small ranges that can be served on-the-fly. All requests
for large regions, e.g., an entire city, are rejected.

UCR-STAR provides the best of all these options. It allows the user to choose any arbitrary range and the
download starts immediately no matter how big the file is; even for hundreds of gigabytes of data. The trick is
to to utilize the HTTP chunking feature which allows the response to be sent in chunks rather than in one piece.
When the user request is received, the download server searches the R-Grove index to locate the partitions that
match the query. As soon as the first partition is found, the server processes it and starts sending the data back to
the client which makes the download start immediately. As the user downloads the data, the server keeps reading
the next partitions and sends the data until the entire request is satisfied. This approach has many advantages
over the traditional approach of serving static files including:

1. The download starts immediately regardless of the size.
2. The server does not need to store any additional files.

3. If the user cancels the download, the server immediately frees up the resources and does not continue the
extraction.

4. The server can handle hundreds of concurrent download requests as each request is very light on resources.
5. The server can provide many file formats for download as the files are generated on-the-fly.

The only drawback is that the browser does not know the total size of the download. This means that there
is no progress bar for the download. It also means that the download has to always restart from the beginning
in case of a network failure. Since the release of this feature, UCR-STAR served 189 download requests with a
total size of 87 GB. Note that the requests to download the full data are redirected to third party servers and are
not tracked by UCR-STAR.

4.3 Web Server

As noted above, UCR-STAR uses two Java servers to host visualization and downloads. These servers could be
running or hosted on one or multiple machines with arbitrary ports. On the other hand, an Apache Web server
is available on the standard HTTP (80) and HTTPS (443) ports. Therefore, the Apache web server received all
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Figure 5: The search feature runs completely on the client side

visualization and download requests and it needs to forward them to the corresponding visualization or download
server. In order to address this problem, we use the virtual host feature on Apache Web Server. In particular,
based on the path after the domain, the request for visualizing a specific dataset is forwarded to the corresponding
Java server. Similarly, a different path on the server is forwarded to the download server. This configuration
allows one public domain to act as a single server for an array of services that can be hosted on single or multiple
machines. This configuration also allows the web server to handle all static resources efficiently while the Java
server can focus on the dynamic part of the application.

4.4 Front-end

This part briefly describes the set of HTML and JavaScript pages that are loaded into the end-user browser.

Map interface: We use OpenLayers [9] for displaying the map. It contains a base layer of either Open-
StreetMap, Google Maps, or Google Satellite Imagery. On top of it, we put a tiled layer (XYZ Layer) that
displays the dataset that is selected by the user. The XYZ layer is customized to send all the requests to the
visualization server which hosts the tiles.

Search feature: The search functionality (Figure 5) is implemented entirely in JavaScript and is executed
locally in the browser. Since the server currently hosts only a few hundred datasets, the browser can efficiently
implement the search feature by scanning all these datasets for each query. This also relieves the server from
addressing these additional search requests. A nice advantage to the users is that it adds some level of privacy as
the server does not track the datasets that users search for.

Index display: One of the interesting features in UCR-STAR is the ability to show the underlying indexes on
the datasets in a short amount of time regardless of the size of the dataset (Figure 3). To accomplish this, the
front-end requests the master file of the selected index in GeoJSON format. The retrieved GeoJSON file is then
used as a source for a vector layer that is added on top of the base and data layers. This layer is typically very
small as it has one entry for each 128 MB partition. OpenLayers can efficiently handle a few thousand features
in GeoJSON which is enough for all the datasets that are currently served by UCR-STAR. Since the client has
the entire GeoJSON file, we allow the user to interact with the displayed index by clicking the partitions to show
more details about them, e.g., total size and number of features in the partition.
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Embed visualizations: Another interesting feature of UCR-STAR is the ability of users to embed a dataset
visualization on another website without the need to install any additional software. Simply, UCR-STAR pro-
vides an HTML code snippet that users can copy/paste into their websites to get a fully interactive map display
of a specific dataset similar to the one on the UCR-STAR website. This is a great option to share the datasets
and provide richer engagement in the community. To implement the embed feature, UCR-STAR hosts a special
JavaScript file that is designed to automatically initialize a map with the configured location and dataset visual-
ization on top of it. The JavaScript file itself is static, but the HTML code snippet contains information about
the geographical location, the zoom level to initialize the map, and the ID of the dataset to display on top of it.
Once the map is loaded, OpenLayers handles all map interactions as usual.
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