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ABSTRACT

Road network data can provide rich information about cities and thus become the
base for various urban research. However, processing large-volume world-wide
road network data requires intensive computing resources and the processed results
might be different to be unified for benchmark downstream tasks. Therefore, in
this paper, we process the OpenStreetMap data and release a structured world-wide
1-billion-node road network graph database with high accessibility and usability.
We have presented three illustrative use cases, traffic prediction task, city boundary
detection task and traffic policy control task. Moreover, for the well-investigated
traffic prediction task, we release a new benchmark with 31 datasets, which is much
more comprehensive than the previously frequently-used datasets. While for the
relatively novel traffic policy control task, we release a new 6 city datasets with
much larger scale than the previous datasets. Along with the OSM+ dataset, the
release of data converters facilitates the integration of multimodal spatial-temporal
data based on map information for large model training, thereby expediting the
process of uncovering compelling scientific insights.

1 INTRODUCTION

Road network has formed the skeleton of cities, as it connect between regions within city and between
different cities. For long time, urban regions and road networks stretch along each other. Therefore,
road networks can essentially reflect the landscape and function zones in cities, and thus affect human
mobility. For instance, sky-scrappers, restaurants, and shopping centers tend to locate at places
with dense in-city road networks. Hence, investigating road network structures is the base for urban
research, e.g., urban planning, urban traffic prediction.

However, obtaining accurate road network data for open public research is difficult for the following
two reasons. (1) Accurate road network data is collected at extremely high expense by map providers
like Google (Google Maps), Bing (Bing Maps), Baidu (Baidu Maps)) and Gaode (Gaode Maps)). Thus,
these products are mainly designed for commercial use with only very limited specific high-level
API open to the public, e.g., POI searching, origin-destination route planning. This can not satisfy
the need of academic researchers and start-up companies to conduct flexible low-level computing
operations on open road network data to quickly iterate ideas or products. (2) Open-source map
services, e.g., OpenStreetMap (Haklay & Weber, [2008a)), built from crowdsourcing mechanisms by
world-wide users, seems to be the cure. However, due to the massive amount of the road network data
and the complex data format in map object storage, processing the road network data from scratch to
obtain desired format for experiments are always challenging and time-consuming. Hence, it is highly
desirable that an intermediate format of processed road network data can support diverse downstream
applications so as to speed up the scientific discovery.

Following this path, some studies (Grinberger et al.l 2022} Bartzokas-Tsiompras, [2022; Ding et al.|
2022)) have been conducted utilizing open road network data like OpenStreetMap, while several issues
remain. First, the cleaning of OpenStreetMap contains a complex pipeline, including converting,
reducing, transforming and aggregating. This pipeline may take about 10 hours even only for
processing a region with 1,000km? size, when running on a computer with 32 CPU cores and 128GB
memory. Second, the computing of world-wide map data requires memory far more than that of a
single machine. The world-wide raw OSM data is roughly 1.1 TB before processing, and finally
processed structured OSM data can be a graph with more than 1 billion nodes. Although segmenting
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the regions and process each region separately may make it possible to process the data locally, this
requires hand-crafted distributed computing strategies and further aggregating the processed data
may introduce extra errors to the data. Because of the aforementioned two issues, researchers created
different ways to process the road networks and thus obtained various versions of same raw data. In
this large model era, this has become the barrier for comparison among different studies and creation
of multi-modal spatial temporal data for large model training. Hence, these issues can be solved
with building a pre-computed structured version of OpenStreetMap for public use with a powerful
computer.

In this paper, we propose to make public a structured road network computing engine, OSM+. OSM+
is composed of three components: (1) a road network graph database with world-wide intersections
(nodes) and road segments (links), and side information contained in map, e.g., POI; (2) a series of
auto-parallel fundamental computing APIs to allow efficient node query and distance query, on which
researchers may build more comprehensive road network analysis; (3) a series of data converters to
tailor the road network data for three typical urban research problems. The contributions of this paper
can be summarized as follows.

» Data-wise. We provide an easy-to-use world-wide road network database and make it open-
source. This makes the dataset a benchmark for related research. The OSM+ dataset can be
accessed and the related code can be found at https://anonymous.4open.science/r/
OSM-dataset—-3034,

* System-wise. We provide cloud-computing based APIs to enable efficient billion-scale graph query
and processing, allowing various subsequent data processing for extended applications.

* Application-wise. We provide three example application scenarios, traffic prediction task, traffic
signal control task and city boundary detection task. The data converters are released, which will
make it possible to use map data as the base to fuse multi-modal spatial temporal data for large
model training and accelerate interesting scientific discovery.

* Benchmark and standardization. For these three tasks with different investigation levels by
the community, we provide different benchmark and standardization achievements. For the well-
investigated traffic prediction task, we construct a new large-scale benchmark. with 31 cities. This
contains much more comprehensive data than the 6 previously commonly-used datasets (from
PEMS and METR-LA) and further covers more challenging in-city scenarios. For traffic policy
control task, we release 6 city datasets with each city containing at most 18,948 intersections. This
scale is much larger than the datasets used by most of the previous studies. While for the city
boundary detection task, we clearly define this novel problem which may attract more people to
develop new methods in this field. These data will largely push the three fields forward on city-scale
modeling and generalizability to various cities.

2 RELATED WORKS

Map databases and services. Map databases and services are the base for various research. The
major map databases include two types, commercial services and open-source maps. The commercial
services include Google (Google Maps)), Bing (Bing Maps), Apple (Apple Maps), Baidu (Baidu
Maps)), and Gaode (Gaode Maps). Though varying in serving regions, these map providers usually
only provide high-level APIs (e.g., plotting, routing) for users to develop their own applications.
This kind of APIs can not support research need for querying external elements on the map, e.g.,
population count. To facilitate faster research progress and small business, some open-source
map providers release their products, including OpenStreetMap (Haklay & Weber, [2008b; Bennett,
2010; Mooney et al.,2017), Mapbox (Eriksson & Rydkvist, 2015)), Leaflet (Edler & Vetter, |2019),
GeoServer (Kshetri et al.l2021). These products store the map in various formats, which are difficult
to be processed into a uniform format and need to be further cleaned in order to research use. Hence,
in this paper, we propose to solve this problem by mapping the open-source map information into a
well-structured graph database, with road network as the bone, and other information as the attributes.
This intermediate format will accelerate numerous downstream applications.

Map computing engine. To better utilize map data, many map computing engines have been invented.
These tools can be categorized into two types: commercial map tools and open-source map tools. For
commercial map engines,|Hu & Dai|(2013) developed an online map application based on the Google
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Figure 1: The overall framework of OSM+.

Maps API, using commercial databases to provide users with complex data manipulation functions.
Amani et al.|(2020) processed remote sensing map data of Canadian agriculture on the Google Earth
Engine (GEE) and obtained the annual crop list of Canada. Nguyen et al.[(2019) combined GEE with
the automatic water extraction index (AWEI) to address the long processing times in monitoring water
surface dynamics. For open-source map engines, Elleuch et al.| (2014) accomplished the process
of converting large-scale databases collected by cars into road tracks. |Boeing| (2017ab) developed
OSMnx, which simplifies data collection and road network analysis from the perspectives of graph
theory, transportation, and urban design. Although these tools succeed to help process the map data
efficiently, they still have two deficiencies. First, the processed data are not well-defined uniform
structured data and are usually only used for one-time use. Thus, repetitive computation are needed
when the map data is needed for another similar use. Second, the data processing program is running
on local machines, which limits the capability to extend to large-scale analysis, e.g., world-wide.

3 OSM+: READY-TO-USE WORLD-WIDE ROAD NETWORK DATABASE

To solve the aforementioned problems, we propose OSM+ (OpenStreetMap Plus), a structured
road network computing engine. It is composed of three components: (1) a road network graph
database that includes world-wide intersections (nodes) and road segments (links), and supplementary
information from maps, e.g., POI; (2) a series of auto-parallel fundamental computing APIs to allow
efficient node query and distance query; (3) a series of data converters designed to customize the road
network data for typical urban research problems.

3.1 GRAPH DATABASE
We generalize the road network as a graph with 1.9 billion nodes under the following definition.

* Node: Each node represents a road intersection in the OpenStreetMap road network or POI point.

 Link: Each link represents a road segment in OpenStreetMap with a starting intersection and ending
intersection. Since each road segment may have multiple parts segmented by minor intersections or
direction turning point in geometry, each link may contain multiple line segments.
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Figure 2: Graph database with worldwide edges and points by OSM+.

Based on these definitions, we may project urban concepts into graph concepts. Note that, a lot of
downstream machine learning tasks in the transportation domain, such as traffic prediction, rely on
road network graph structures. Our OSM+ dataset, which is a graph-structured database based on
ODPS, can thus offer significant advantages for researchers. It facilitates quick queries and seamless
table joining, thereby enhancing the efficiency of traffic prediction tasks and other studies when you
need to directly use the world map data as a graph, or need to join the map data with another dataset.

Overall numbers. The overall statistics are shown in Table([I] Since in the original OpenStreetMap,
road is represented by a linestrings, we divide linestrings into several "split edges" with only one start
point and one end point. The "split edges" representing the road are called "split edges on roadnet”. It
is easy to observe that the worldwide road network is a huge graph with billions of nodes and edges.
In addition, the density of points may suggest the different population and civilization levels.

Spatial distribution & categories. It is obvious that the spatial distribution of road data is imbalanced.
Thus, the number of road network nodes and the number of road network edges in terms of each
continent are further shown in Figure (a). Europe has the most, Asia is the second, and Oceania
has the least. Further, we calculate the total total length of the road network in the five countries or
regions, and we find the International Road Federation statistics for the total road length in the five
countries or regions in 2019. These statistics are presented in Table 2] Comparing these data, we can
find that the data of OSM in the United States, the Russian Federation and Canada are more detailed,
while the data in China and India are relatively incomplete. The category statistics is shown as in
Figure[3(b). It is observed that the number of roads increases exponentially as the road level drops.

Table 1: Some basic statistics of our OSM+ database.

Roads and POI Roadnet Only Total
Nodes Split Edges Linestrings Nodes Split Edges | Linestrings | Length(km)
7,475,535,808 | 1,964,857,157 | 8,039,543,656 | 2,180,447,343 | 833,401,275 | 197,775,476 | 84,662,999

Table 2: Total length of road (km) in different countries from OSM+ and IRF data sources.

Data Source China America Russia India Canada
OSM+ 3,805,919 | 13,731,271 | 9,956,729 | 2,878,553 | 1,592,642
IRF Statistics | 5,012,496 | 6,638,329 1,542,196 | 6,371,847 | 1,126,600
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Figure 3: Basic continent and category statistics of OSM database.
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Figure 4: OSM+ (on cloud) provides efficient and easy-to-use Query APIs. If global data is processed
on a local device (w/o OSM+), out of memory may be caused by the join operation due to the large
data table (top left). In addition to this, it is cumbersome to process all the data in the region when
constructing a specific region map data (top right).

3.2 EFFICIENT QUERY APIs

We introduce how to use cloud computing resources to enable efficient parallel query of the OSM+
data. In comparison to directly downloading data from the OpenStreetMap API, using the OSM+
dataset can save approximately 4 days of preprocessing and cleaning time for global data. Meanwhile,
we implement several simple optimization techniques, "window check" and "k-d tree" as examples.
Researchers are welcome to implement their own optimization tricks.

Point Query Operation Point query operation is one of the most basic query operations. Given a
point and a radius, select all points within a given radius around the given point in osm_node. A
simple method is to traverse all other points in the dataset and filter the points that meet the conditions.
However, doing so will result in a huge amount of calculations. "window check" technique first
divides the geographic space evenly into several grids according to a certain accuracy, and then
only needs to retrieve data points in adjacent grids during retrieval. We conduct 1,000 point queries
with/without "window check" on cloud computing infrastructure. The results in Table [3]show that
"window check" can significantly improve the efficiency of point query.

Nearest pair query and k-Nearest pair query Given a point and a latitude and longitude range, the
aim is to find the nearest point or points in this latitude and longitude range. We apply k-d tree, a binary
tree that represents a division of k-dimensional space to reduce the time complexity. Constructing
a k-d tree from OSM+ dataset is equivalent to continuously dividing the k-dimensional space with
hyperplanes perpendicular to the coordinate axis to form a series of k-dimensional hyperrectangular
regions. Since OSM+ dataset has huge amounts of records but low dimension (which means n >> d),
the optimal time complexity of k-d tree to find the nearest neighbor is O(log, ). As shown in
Table 3] the k-d tree technique can significantly reduce the running time needed for this query.

Table 3: Effectiveness of adding "window check" and "k-d tree" optimization technique.

Point Query Nearest Pair Query
Method
Runtime(s) | Core X min | Runtime(s) | Core X min
With Optimization 79 1.33 1.49 0.01
W/O Optimization 310 2.06 41.14 0.05

An Example on Using Optimized Query Based on these basic APIs, we build an example compre-
hensive calculation task to conduct the KDE kernel density estimate of each intersection node on the
global road network data, to illustrate why it is necessary to run experiments on cloud computing.
We use three different sampling rates to sample the original global road network data and compare
the runtime and memory cost by different platforms. The experimental results are shown in Table
M] It is observed that by utilizing the ODPS computing engine, we could employ optimized query
algorithm which significantly outperforms that of other computing platforms in terms of both runtime
and memory utilization. Moreover, its judicious use of memory resources minimizes the memory
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Table 4: Efficiency of global KDE estimation on different computing cluster.

Sample Rate 1/1,000 1/10,000 1/100,000
Platform Runtime(s) | Core x min | Runtime(s) | Core x min | Runtime(s) | Core X min
ECS OOM OOM 841.62 14.02 6.04 0.10
Spark 29,014.66 17,408.49 197.02 118.21 7.21 4.32
ODPS 72.13 1.02 34.26 0.30 33.06 0.22

cost, enabling query tasks on large-scale datasets. Note that, continuing to increase the sample rate
(e.g., 1/100, 1/10) will make the other two platforms fail to finish, hence, these results are not reported.
Consequently, ODPS not only enhances computational speed but also mitigates memory resources
cost, making it a good choice for applications on OSM+ dataset.

4  TYPICAL APPLICATION SCENARIOS

In this section, we introduce three typical applications of OSM+ database. To establish a benchmark
at the city scale, one needs a comprehensive roadnet graph, and compile their dataset with the roadnet
data. This initiative could be easily built upon our provided OSM+ dataset and enables researchers to
curate a dataset specifically for these benchmarks.

4.1 CITY-SCALE TRAFFIC PREDICTION AND TRAFFIC GENERATION

Traffic prediction has been investigated a lot by researchers due to its important applications. Studies
usually use the famous PEMS datasets and METR-LA dataset for experiments. However, in recent
years, it has been noticed that newly proposed methods can hardly exhibit significant improvements
over existing ones. Thus, we are here to propose 31 new city-level datasets associated with traffic
flow data, to provide a more comprehensive benchmark for this problem. In addition to the many more
cities compared with previous datasets, the newly proposed datasets are different from previously
used datasets for several reasons as shown in Figure [5]

* Dynamic in-city Scenario: Unlike previous datasets, which may have focused on more uniform
highway conditions, these datasets capture a broader spectrum of in-city scenarios. This introduces
greater variability in the data, reflecting the diverse and dynamic nature of urban environments.
Such variability is crucial for developing models that can effectively handle the complexities and
unpredictability inherent in city traffic patterns and infrastructure.

 Sparsity Challenge: The number of sensors is relatively low compared to the road intersections
of segments. Modeling sparsity is critical as it mirrors real-world conditions where data points
can be irregular or missing. Addressing sparsity effectively can significantly improve the accuracy
and reliability of the model, ensuring it performs well even in less-than-ideal data conditions.
This aspect of the dataset pushes the boundaries of current modeling techniques, encouraging the
development of more sophisticated and resilient algorithms.

To evaluate the performance of OSM+ datasets, we test 7 frequently-cited baseline methods on these
31 cities. We test these algorithms on three different prediction horizons (3,6,12) following the widely
used setting. Due to the limited space, the average results (over different prediction horizons) are
shown in Table[3] It is easy to observe that these methods perform completely differently on these
datasets. Compared with the benchmark results in previous papers (Shao et al.,[2023), we can have
the following conclusions. (1) New datasets induce more variance and bring a more challenging
problem for these methods to work on. (2) Currently, there is no single dominating method that
can outperform other methods on most of the datasets. Therefore, these datasets will bring great
stimulation for the development of this field.
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Table 5: Experiment results of traffic prediction task on 31 cities in OSM+(UTD19) with 7 baseline
methods. Two metrics MAE and MAPE(%) are reported. Best results in each row are in bold.

AGCRN Crossformer DCRNN DLinear FEDformer GWNet MTGNN

MAE | MAPE | MAE | MAPE | MAE | MAPE | MAE | MAPE | MAE | MAPE | MAE | MAPE | MAE | MAPE
AA 4792 | 44.03 | 4440 | 3534 | OOM | OOM | 4780 | 37.84 | 51.94 | 4519 | 47.06 | 37.14 | 4697 | 4047
BSL 64.51 5538 | 62.82 | 65.68 | 119.15 | 18445 | 61.50 | 51.74 | 59.37 | 61.78 | 81.07 | 106.88 | 78.41 93.81
BRN 51.00 | 231.93 | 49.84 | 201.84 | OOM | OOM | 52.18 | 253.27 | 55.58 | 248.00 | 50.59 | 319.09 | 70.90 | 405.07
BHX | 112.08 | 70.94 | 84.13 | 48.08 | 303.46 | 195.15 | 11122 | 6691 | 119.52 | 65.15 | 107.09 | 66.83 | 91.68 | 49.44
BOL 31.27 | 21.07 | 32.74 | 2098 | 38.00 | 26.82 | 37.27 | 34.12 | 3787 | 29.83 | 3503 | 2567 | 3231 | 21.12
BOD 71.65 | 39.69 | 67.13 | 36.19 | 232.07 | 276.51 | 67.13 | 44.54 | 70.14 | 4629 | 7418 | 57.18 | 89.14 | 56.70
BRE 56.31 | 36.52 | 58.08 | 3422 | OOM | OOM | 6327 | 4247 | 6142 | 4198 | 5701 | 3698 | 56.69 | 35.50
KN OOM | OOM | 4478 | 48.85 | 117.40 | 292.38 | 38.69 | 61.19 | 4098 | 67.71 | 43.85 | 55.18 | 47.89 | 75.01
DA 5722 | 5176 | 5328 | 50.75 | OOM | OOM | 54.76 | 5399 | 5741 61.16 | 54.69 | 51.74 | 57.20 | 50.30
ESS 41.95 | 34.65 | 4047 | 41.68 | 174.64 | 294.77 | 5035 | 43.85 | 4470 | 4195 | 3899 | 3487 | 3841 | 36.46
FRA | 163.16 | 54.95 | 14588 | 47.61 | 179.03 | 51.37 | 99.62 | 30.19 | 107.78 | 31.76 | 190.85 | 62.23 | 284.10 | 92.89
GRZ 61.15 | 113.62 | 52.78 | 66.74 | 183.88 | 464.62 | 60.83 | 72.86 | 56.16 | 73.15 | 58.03 | 6832 | 56.60 | 74.38
GRQ 69.64 | 3557 | 68.02 | 32.53 | 158.26 | 114.53 | 66.03 | 37.54 | 79.09 | 4220 | 67.99 | 3495 | 7499 | 39.00
HAM | 4650 | 4489 | 4449 | 4487 | 97.85 | 108.12 | 46.69 | 49.81 | 47.85 | 50.69 | 4425 | 43.83 | 4502 | 44.18
INN 72.80 | 31.56 | 69.28 | 37.40 | 342.05 | 31450 | 89.95 | 39.55 | 74.44 | 3232 | 67.03 | 2853 | OOM | OOM
KS 81.26 | 106.06 | 86.38 | 118.43 | 233.90 | 427.98 | 7529 | 107.43 | 89.83 | 127.22 | 71.23 | 94.88 | 191.45 | 316.68
MAN | 106.16 | 42.54 | 97.48 | 41.10 | 336.42 | 280.35 | 101.38 | 46.21 | 110.81 | 52.15 | 9591 | 38.95 | 97.30 | 40.74
MEL 50.24 | 4588 | 45.36 | 4273 | OOM | OOM | 63.72 | 66.55 | 5325 | 5625 | 5191 | 3610 | 4548 | 40.26
RTM 5248 | 4029 | 53.83 | 50.52 | 179.76 | 347.68 | 68.83 | 53.19 | 68.43 | 65.17 | 67.03 | 5091 | 57.34 | 41.07
SDR | 103.63 | 59.74 | 102.25 | 65.34 | 262.60 | 271.61 | 97.97 | 54.70 | 125.51 | 9571 | 89.36 | 47.38 | 97.54 | 44.61
SP 49.08 | 39.57 | 4793 | 37.74 | 119.56 | 119.22 | 5295 | 4539 | 5342 | 4488 | 4834 | 3834 | 48.05| 3748
SXB 7834 | 3940 | 76.17 | 3872 | 261.11 | 223.11 85.62 | 46.72 | 84.71 | 46.10 | 76.86 | 39.46 | 76.01 | 37.36
STR 5893 | 2037 | 56.60 19.52 | 68.19 | 2330 | 65.80 | 2452 | 6838 | 2348 | 5580 | 19.05 | OOM | OOM
TPE | 136.50 | 48.04 | 134.51 | 48.18 | 502.95 | 274.25 | 142.61 | 46.21 | 149.12 | 53.31 | 129.13 | 40.14 | 130.36 | 41.42
TO 89.48 | 57.66 | 81.70 | 44.44 | 314.62 | 390.29 | 85.13 | 48.01 | 87.85 | 56.18 | 102.69 | 60.64 | 104.28 | 68.82
YTO 51.73 | 3935 | 51.54 | 40.18 | 161.46 | 14572 | 90.53 | 71.76 | 62.92 | 59.10 | 58.04 | 38.73 | 5224 | 37.42
TLS | 257.82 | 751.49 | 25529 | 756.09 | 268.70 | 847.32 | 263.95 | 870.21 | 296.55 | 836.03 | 255.26 | 751.62 | 258.62 | 730.09
UTC OOM | OOM | 5035 | 62.80 | OOM | OOM | 50.78 | 54.42 | 66.80 | 8825 | 7498 | 8833 | 39.92 36.74
VNO 88.95 | 54.81 84.09 | 4934 | OOM | OOM | 76.03 | 43.69 | 88.84 | 49.53 | 73.80 | 39.27 | 9647 | 64.87
WOB 5448 | 4134 | 5221 | 39.71 0.44 | 47.61 | 6224 | 5094 | 57.60 | 50.15 | 5432 | 4230 | 5324 | 40.17
ZRH OOM | OOM | 5473 | 3693 | OOM | OOM | 60.36 | 4384 | 60.12 | 43.74 | 66.51 | 5331 | 53.52 | 35.16
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Figure 5: Comparison between OSM+(UTD19) dataset and PEMS dataset in three aspects.
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Figure 6: Map of Toronto, Los Angeles and Tokyo. The green points on the graph represent road
nodes in OSM+, the blue lines represent road segments in OSM+, and the red points represent loop
sensors. It can be seen that the road network information of OSM+ is very consistent with the actual
ground truth. The loop sensors cover almost all the nodes in the central area of the city, which can
better reflect the traffic flow information of the city.
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Table 6: Basic statistics of traffic signal control experiments.

Former datasets OSM+ dataset
Indicator N L
Hangzhou | Manhattan v o8 Beijing | Shanghai | London Paris
York | Angeles
Intersections 16 2,510 5,971 6,663 18,948 14,750 5,895 1,721
Vehicles 2,983 48,079 90,059 | 112,291 | 130,851 85,480 107,105 | 101,929

4.2 TRAFFIC PoLICY CONTROL

Based on data from OpenStreetMap, we can further build simulation environments for traffic policy
control experiments (e.g., traffic signal control). The typical procedure of building the traffic policy
experiments is in Figure|[T]

Compared with previously-used datasets for traffic signal control experiments 2019), we
can now easily provide benchmark scenarios with a much larger scale. Here, we show six example
city scenarios that we have cleaned up. Basic statistics are shown in Table[6] These datasets will
allow researchers to work on close-to-reality city-scale traffic policy experiments, which bring both
new challenges and opportunities for continuous model improvement.

We have successfully applied this pipeline in the scenario of a real-world city and help tested
hundreds of traffic signal control algorithms in this scenario. The best algorithm can improve over
30% compared with the baseline algorithm.

4.3 CITY BOUNDARY DETECTION

Modern cities come into being and evolved in the last 200 years. By 2050, more than half of the
world population will live in cities (Ritchie & Roser}[2018). This is because the city, as a unit for
urban service providing, can boost the efficiency and convenience of the daily life of people, e.g.,
retailing, delivery, ride-hailing. Meanwhile, the planning of city development is usually supported by
local government funding. Hence, it is essential to identify the city boundary so as to improve urban
service providing. It is notable that, areas of cities are connected via thousands of roads. Therefore,
a straightforward intuition is to detect city boundaries by road network density. Different from the
registration boundary, this definition can better illustrate the local economic connection between
different areas naturally formed by human activities.

Here, we showcase how to use the OSM+ database to define city boundaries and compare the detected
boundary with the actual administrative boundary of the city in Database of Global Administrative
Areas 2015). By overlapping the two kinds of boundary data, we aim to find out the
consistent and contradictory parts between them. If we find that the cluster boundary is not consistent
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Figure 7: The city boundary map obtained from the clustering results of central Europe, the east coast
of the United States and the Yangtze River Delta in China is overlaid with the road maps of the three
regions on OpenStreetMap, and latitude and longitude are added to distinguish them.
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Figure 8: Comparing the road, population and night lighting data map in the same area, the road
density is positively correlated with the population and night lighting data density.

with the actual administrative boundary, it may indicate that the city is developing rapidly, showing a
trend of gradually expanding its scale.

We overlay the cluster boundary and the actual administrative boundary of the Yangtze River Delta in
China, and the result is shown in Figure m The different color blocks stand for the obtained clusters
while the lines represent the registration boundary. It is easy to observe that some administrative
boundaries are made up of several colors, which shows that the areas within a single administrative
boundary might be composed of several relatively separated urban areas. The clustering results of
many cities match the actual administrative boundaries well, such as Shanghai and Jiaxing in China.
The detected borderlines and ground truth of these cities almost coincide. In contrast, there are also
some mismatches. This is mostly because there are many roads near the registration boundary of
two cities (indicating close economic interactions) and this leads to these two cities being clustered
together. This shows the trend of urban agglomeration, and proves the rationality of clustering.

In addition to the direct research on road networks, scholars can also combine road network with other
economical data to investigate how road network contribute to the city development and civilization.
The 3D scatter plots of the road network, population and night light data of the city are shown in
Figure[8] The density of points around a point is represented by different colors in the last two maps.
The darker red place in the population data map represents the denser population, and the brighter
place in the city night lighting data map represents the more lights at night.

Comparing these three figures, we can easily observe that the dense road network usually indicates
dense population and and intensive night lights, i.e., there is a positive correlation among them. In
fact, the closer to the city center, the more people and buildings there are, so come more lights at
night. In addition, looking at the latter two figures separately, for the population data figure, we can
filter out those points whose R value is higher than a certain threshold according to the RGB values
of the colors of the points, which are the point sets of the city center, and the range they form is the
city center. Similarly, for the night lighting data, we can filter according to the brightness and also get
the range of the city center.
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5 DATA PROCESSING
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Figure 9: The flow chart of data processing.

The overall procedure of the OpenStreetMap data processing is shown in Figure[9] It can be described
as the following steps:

1. Download continental osm files data from http://download.geofabrik.de/l
2. Decompose continental osm files (larger than 100G) into several small osm files.

3. Convert osm files into csv files which can be divided into nodes.csv files and edges.csv files.
In node files, each record represents a node on OpenStreetMap with about 30 attributes. In
edge files, similarly, each record represents an edge on OpenStreetMap.

4. Split linestrings on OpenStreetMap and transform edges.csv files into start-end pair. Each
edge file will be transformed into a fulltag.csv file and a split.csv file. The schema of
fulltag.csv is the same as edges.csv except for removing the “nodes” tag. Each record in
split.csv represents a link on OpenStreetMap. The split operation is shown in Figure[9]

5. Upload these files to ODPS.

6. Select nodes and edges on the roadnet from tables on ODPS. Finally, we generate three tables
on ODPS: osm_node_roadnet, osm_split_edge_roadnet and osm_fulltag_edge_roadnet. The
detailed schemas of these three tables are introduced in Section[A]in Appendix.

6 CONCLUSION

In this paper, we introduce a structured road network computing engine called OSM+. OSM+
comprises three main components: (1) a road network graph database featuring global intersections
(nodes) and road segments (links), along with supplementary map information such as points of
interest (POIs); (2) a series of auto-parallel fundamental computing APIs designed for efficient node
and distance queries, providing a foundation for more comprehensive road network analysis; and
(3) a collection of data converters to adapt the road network data for three typical urban research
problems. We present three example application scenarios: traffic prediction task, and traffic policy
control task and city boundary detection. The released data converters allow map data to be used
as a foundation for integrating multi-modal spatial-temporal data, supporting large model training
and accelerating scientific discovery. Especially, for traffic prediction task and traffic signal control
task, we release a new benchmark covering 31 cities and 6 cities respectively. These datasets will
significantly advance city-scale modeling and improve the generalizability of research across various
urban environments.

10


http://download.geofabrik.de/

Under review as a conference paper at ICLR 2025

REFERENCES

Meisam Amani, Mohammad Kakooei, Armin Moghimi, Arsalan Ghorbanian, Babak Ranjgar, Sahel
Mahdavi, Andrew Davidson, Thierry Fisette, Patrick Rollin, Brian Brisco, and Ali Moham-
madzadeh. Application of google earth engine cloud computing platform, sentinel imagery, and
neural networks for crop mapping in canada. Remote Sensing, 12(21), 2020. ISSN 2072-4292.
doi: 10.3390/rs12213561. URL https://www.mdpi.com/2072-4292/12/21/3561.

Apple Maps. Apple maps. https://www.apple.com/maps. 2024.

Lei Bai, Lina Yao, Can Li, Xianzhi Wang, and Can Wang. Adaptive graph convolutional recurrent
network for traffic forecasting. Advances in neural information processing systems, 33:17804—
17815, 2020.

Baidu Maps. Baidu maps. https://maps.baidu.com. 2024.

Alexandros Bartzokas-Tsiompras. Utilizing openstreetmap data to measure and compare pedestrian
street lengths in 992 cities around the world. European Journal of Geography, 13(2):127-141,
2022.

Jonathan Bennett. OpenStreetMap. Packt Publishing Ltd, 2010.
Bing Maps. Bing maps. https://www.bing.com/maps. 2024.

Geoff Boeing. Osmnx: New methods for acquiring, constructing, analyzing, and visualizing
complex street networks. Computers, Environment and Urban Systems, 65:126-139, 2017a.
ISSN 0198-9715. doi: https://doi.org/10.1016/j.compenvurbsys.2017.05.004. URL https:
//www.sciencedirect.com/science/article/pi11/50198971516303970.

Geoff Boeing. Osmnx: A python package to work with graph-theoretic openstreetmap street networks.
Journal of Open Source Software, 2(12), 2017b.

NISCHAY DHANKHAR, RAINEESH TIWARI, TANUL SINGH, and AYUSHMAN BURAGO-
HAIN. Gwnet: Hierarchical and residual learning based 1d convolutional networks for gravitational
wave detection.

Ababacar Diagne, Georges Bastin, and Jean-Michel Coron. Lyapunov exponential stability of 1-d
linear hyperbolic systems of balance laws. Automatica, 48(1):109-114, 2012.

Qing Ding, Zhenfeng Shao, Xiao Huang, Orhan Altan, and Bin Hu. Time-series land cover mapping
and urban expansion analysis using openstreetmap data and remote sensing big data: A case study
of guangdong-hong kong-macao greater bay area, china. International Journal of Applied Earth
Observation and Geoinformation, 113:103001, 2022.

Dennis Edler and Mark Vetter. The simplicity of modern audiovisual web cartography: An example
with the open-source javascript library leaflet. js. KN-Journal of Cartography and Geographic
Information, 69:51-62, 2019.

Wiam Elleuch, Ali Wali, and Adel M. Alimi. Mining road map from big database of gps data.
In 2014 14th International Conference on Hybrid Intelligent Systems, pp. 193-198, 2014. doi:
10.1109/HIS.2014.7086197.

Oskar Eriksson and Emil Rydkvist. An in-depth analysis of dynamically rendered vector-based maps
with webgl using mapbox gl js, 2015.

A GADM. Database of global administrative areas, 2015.
Gaode Maps. Gaode maps. https://www.amap.com. 2024.
Google Maps. Google maps. https://maps.google.com. 2024.

A Yair Grinberger, Marco Minghini, Levente Juhdsz, Godwin Yeboah, and Peter Mooney. Osm
science—the academic study of the openstreetmap project, data, contributors, community, and
applications, 2022.

11


https://www.mdpi.com/2072-4292/12/21/3561
https://www.apple.com/maps
https://maps.baidu.com
https://www.bing.com/maps
https://www.sciencedirect.com/science/article/pii/S0198971516303970
https://www.sciencedirect.com/science/article/pii/S0198971516303970
https://www.amap.com
https://maps.google.com

Under review as a conference paper at ICLR 2025

Mordechai Haklay and Patrick Weber. Openstreetmap: User-generated street maps. I[EEE Pervasive
computing, 7(4):12-18, 2008a.

Mordechai Haklay and Patrick Weber. Openstreetmap: User-generated street maps. IEEE Pervasive
Computing, 7(4):12-18, 2008b. doi: 10.1109/MPRV.2008.80.

Shunfu Hu and Ting Dai. Online map application development using google maps api, sql database,
and asp.net. International Journal of Information and Communication Technology Research, 2013.

Tek Bahadur Kshetri, Angsana Chaksan, and Shraddha Sharma. The role of open-source python
package geoserver-rest in web-gis development. The International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences, 46:91-96, 2021.

Yaguang Li, Rose Yu, Cyrus Shahabi, and Yan Liu. Diffusion convolutional recurrent neural network:
Data-driven traffic forecasting. arXiv preprint arXiv:1707.01926, 2017.

Chumeng Liang, Zherui Huang, Yicheng Liu, Zhanyu Liu, Guanjie Zheng, Hanyuan Shi, Kan Wu,
Yuhao Du, Fuliang Li, and Zhenhui Jessie Li. Cblab: Supporting the training of large-scale
traffic control policies with scalable traffic simulation. In Proceedings of the 29th ACM SIGKDD
Conference on Knowledge Discovery and Data Mining, pp. 4449-4460, 2023.

ALMM Loder, K Axhausen, et al. Utd19: Urban traffic data from 40 cities. Institute for Transport
Planning and Systems (IVT), 2020.

Peter Mooney, Marco Minghini, et al. A review of openstreetmap data. Mapping and the citizen
sensor, pp. 37-59, 2017.

Uyen N. T. Nguyen, Lien T. H. Pham, and Thanh Duc Dang. An automatic water detection approach
using landsat 8 oli and google earth engine cloud computing to map lakes and reservoirs in new
zealand. Environmental Monitoring and Assessment, 2019.

Hannah Ritchie and Max Roser. Urbanization. Our world in data, 2018.

Zezhi Shao, Fei Wang, Yongjun Xu, Wei Wei, Chengqing Yu, Zhao Zhang, Di Yao, Guangyin Jin, Xin
Cao, Gao Cong, et al. Exploring progress in multivariate time series forecasting: Comprehensive
benchmarking and heterogeneity analysis. arXiv preprint arXiv:2310.06119, 2023.

Kelly Sims, Andrew Reith, Edward Bright, Jason Kaufman, Joe Pyle, Justin Epting, Jack Gonzales,
Daniel Adams, Eric Powell, Marie Urban, and Amy Rose. LandScan global 2022, 2023.

David Alexander Tedjopurnomo, Zhifeng Bao, Baihua Zheng, Farhana Murtaza Choudhury, and
Alex Kai Qin. A survey on modern deep neural network for traffic prediction: Trends, methods
and challenges. IEEE Transactions on Knowledge and Data Engineering, 34(4):1544-1561, 2020.

Hua Wei, Guanjie Zheng, Vikash Gayah, and Zhenhui Li. A survey on traffic signal control methods.
arXiv preprint arXiv:1904.08117, 2019.

John Weier. Nasa earth observatory. 2003.

Yunhao Zhang and Junchi Yan. Crossformer: Transformer utilizing cross-dimension dependency
for multivariate time series forecasting. In The eleventh international conference on learning
representations, 2022.

Tian Zhou, Ziqing Ma, Qingsong Wen, Xue Wang, Liang Sun, and Rong Jin. Fedformer: Frequency
enhanced decomposed transformer for long-term series forecasting. In International conference on
machine learning, pp. 27268-27286. PMLR, 2022.

12



Under review as a conference paper at ICLR 2025

A DATA FIELDS

There are three tables in our dataset, which are: osm_node_roadnet, osm_split_edge_roadnet and
osm_fulltag_edge_roadnet. The meanings of the data fields in each table are as follows. Note that, the
released data fully describe the road network structure over the world. Meanwhile, OpenStreetMap
also contains billions of records for the other types of nodes (including buildings, POIs, etc.) and
related edges, 7,475,535,808 nodes and 8,039,543,656 edges in total. Nodes and edges also contain
tag information. We have selected 32 node features and 60 edge features which appear the most. We
are cleaning these data and processing it to avoid interest conflicts and ethical issues. The release
plan for these data and attributes will be determined later.

TABLE osm_node_roadnet: (1,964,857,157 rows and 3 columns)

* osmid A unique identifier for each node; different nodes or edges have different osmid.
* x The longitude of a node.
¢ y The latitude of a node.

TABLE osm_split_edge_roadnet: (2,180,447,343 rows and 7 columns)

* Isid The identifier of a road segment in the osm_split_edge_roadnet table.
* osmid_start The osmid of the starting node of a road segment in the osm_split_edge_roadnet table.

* osmid_start_x The longitude of the starting node of a road segment in the osm_split_edge_roadnet
table.

» osmid_start_y The latitude of the starting node of a road segment in the osm_split_edge_roadnet
table.

» osmid_end The osmid of the ending node of a road segment in the osm_split_edge_roadnet table.

» osmid_end_x The longitude of the ending node of a road segment in the osm_split_edge_roadnet
table.

» osmid_end_y The latitude of the ending node of a road segment in the osm_split_edge_roadnet
table.

TABLE osm_fulltag_edge_roadnet: (197,775,476 rows and 2 columns)

» osmid A unique identifier for each edge; different nodes or edges have different osmid.

* highway The road hierarchy for different roads, starting from the highest level: motorway, trunk,
primary, secondary, etc.

If a split edge A in osm_split_edge_roadnet belongs to a fulltag edge B in osm_fulltag_edge_roadnet,
then the Isid of A is equal to the osmid of B. Thus, in table osm_fulltag_edge_roadnet, each edge’s
osmid is unique, with each osmid value appearing only once in the table. Conversely, in table
osm_split_edge_roadnet, the Isid values may be repeated; they are the same if and only if two split
edges belong to the same full tag edge.

B DATA ACCESS

Our OSM+ dataset is distributed under the CC-BY-SA 4.0 license. Researchers can easily access
OSM+ dataset through interfaces provided in https://anonymous.4open.science/r/
OSM-dataset—-3034. Please note that, we only process the dataset from the original OSM dataset
rather than create the data. Since OpenStreetMap is a crowdsourcing project, we are not responsible
for any potential interest conflicts in the data.

C DETAILED EXPERIMENT SETTINGS

C.1 BASIC QUERY OPERATION

This section describes the details of optimizing basic query operations. For point query, we divide the
entire map into grids of 0.2° by 0.2° in latitude and longitude, and determine which grid the point to

13


https://anonymous.4open.science/r/OSM-dataset-3034
https://anonymous.4open.science/r/OSM-dataset-3034

Under review as a conference paper at ICLR 2025

be queried is located in. Then, we only need to retrieve data points in adjacent grids during retrieval.
For the nearest neighbor query, we also used the "window check" method. In addition, we utilized the
k-d tree, a binary tree that represents a division of k-dimensional space to reduce the time complexity.

C.2 CIiTY BOUNDARY DETECTION

This section mainly describes the process of using OSM+ data for city boundary detection. First, we se-
lect several representative areas for experiment, including China Yangtze River Delta (115°E~122°E,
29°N~32°N), New York in USA (84°W~70.5°W, 37.8°N~45.6°N), Central Europe (2°W~11.5°E,
45.5°N~53°N), Nigeria in Africa (0.5°E~14°E, 4.2°N~11.7°N). We integrate the roadnet data,
raster image population data, and raster image nightlight data of these areas, by converting them into
point-wise data. Next, we perform clustering on the road net data, nightlight data, and population data
respectively, and then weigh and sum the results of clusterings to obtain a new clustering result. After
that, we divide the entire map into a grid structure with a size of 0.05° in latitude and longitude. We
then count the number of points of each type within each grid and assign the grid to the category with
the most points, obtaining a rough boundary. Finally, we examine the empty grids by considering
a grid nine times its size centered on it and reclassifying it to make the boundary smoother. This
process allows us to discover a more reasonable city boundary.

C.3 CITY-SCALE TRAFFIC PREDICTION

We conduct all the experiments on machines with two NVIDIA 3090 GPUs and 128 GB memory on
Ubuntu 20.04. All models are implemented in Python 3. For the problem setting, we set the input
sequence length and output sequence length both to 12. The traffic flow data is extracted from |[Loder
et al.| (2020). The ratio of training set, validation set, and test set is 6:2:2 for all 31 city datasets. The
evaluation metrics we choose include mean absolute error (MAE), root mean squared error (RMSE),
and mean absolute percentage error (MAPE). Here we list some details of our implemented baseline
methods. For the hyper-parameters that are not mentioned, we adopt the default hyper-parameters
from |Shao et al.| (2023)):
AGCRN (Bai et al.,|2020) We use two layers of AGCRN to capture the node-specific spatial and
temporal dynamics. For the hyper-parameters, we set the hidden unit to 64 for all the AGCRN cells
and the batch size also to 64. We set the learning rate to 0.003 and the embedding dimension to 64 for
all 31 city datasets extracted from OSM+ dataset. Besides, we choose L, Loss as the loss function.
Crossformer (Zhang & Yan, 2022) When implementing Crossformer, we set segment length L.,
to 24, as it is related to both the model performance and computation efficiency. Besides, we set the
window size to 2. We use Adam optimizer with a 0.0002 learning rate and 0.0005 weight decay rate.
DCRNN (Li et al.}2017)) Both encoder and decoder contain two recurrent layers. In each recurrent
layer, there are 64 units and the initial learning rate is set to 0.003. Besides, the maximum step of
random walks, i.e., K, is set to 2. For scheduled sampling, the thresholded inverse sigmoid function
is used as the probability decay:

’
T+ exp(i/T) M
where ¢ is the number of iterations while 7 is the parameter to control the speed of convergence,
which is set to 2,000 in the experiments.
DLinear (Diagne et al|[2012) For implementation details about DLinear, we adopt the default
hyper-parameters from |Shao et al.|(2023) to train the models. The training epoch is set to 100.
FEDformer (Zhou et al.,[2022)) The FEDformer is trained using Adam optimizer with a learning
rate of 0.0005. The batch size is set to 64. An early stopping counter is employed to stop the training
process after three epochs if no loss degradation on the valid set is observed.
GWNet (DHANKHAR et al.) We use two layers of Graph WaveNet with a sequence of dilation
factors {1, 2}. We randomly initialize node embeddings by a uniform distribution with a size of
10. We train our model using Adam optimizer with an initial learning rate of 0.0005. Dropout with
p = 0.3 is applied to the outputs of the graph convolution layer.

€; =

C.4 TRAFFIC PoLICY EXPERIMENT

We use the script provided by CBData (Liang et al., [2023)) to convert the roadnet file to the corre-
sponding format required by CBEngine (Liang et al.,|2023). Then, we conduct traffic flow simulation
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experiments of 100,000 vehicles in six cities (Beijing, London, Los Angeles, New York, Paris and
Shanghai). The simulation runs for a total of 3600 steps, with traffic flow data being introduced into
the road at a uniform rate during the first 300 steps.

D EXTENDED EXPERIMENT RESULTS

To further illustrate supporting performance of the OSM+ dataset over traffic flow prediction task, we
repeat each set of experiments five times and report their means and standard deviations on horizon 3,
6 and 12, following the common setting in this problem (Tedjopurnomo et al., | 2020). Comprehensive
results are shown in Table[7] Table[8]and Table 9]

Table 7: The performance comparison for seven baseline methods over 31 real-world city datasets
with horizon=3. The best results in each row are in bold. All experiments are repeated five times, and
the mean and standard deviation are reported.

City | Metric AGCRN Crossformer DCRNN DLinear FEDformer GWNet MTGNN
MAE 4253 +0.22 | 39.89 £ 0.11 OOM 40.56 £ 0.00 | 46.15 £ 0.03 | 40.65+0.19 | 40.76 4 0.38
AA | RMSE | 87.82+0.22 | 8521 £092 OOM 82.00 £ 0.00 | 99.68 +0.34 | 81.14 £ 1.17 | 83.04 +0.33
MAPE(%)| 38.97 £0.18 | 31.21 &+ 1.72 OOM 3243 4+0.02 | 39.76 £0.10 | 32.09 =095 | 33.27 £2.39

MAE 55.00 £0.15 | 49.76 £ 0.96 | 116.48 & 1.50 | 49.12 + 0.00 | 52.55 £+ 0.18 | 68.47 +0.15 | 65.86 + 0.60
BSL | RMSE | 82.77 £ 0.08 | 74.24 £ 2.83 | 155.13 4 0.43 | 79.39 + 0.03 | 76.74 & 0.37 | 93.83 £+ 1.64 | 90.52 £ 1.20
MAPE(%)| 45.85 £0.35 | 43.38 +2.60 | 171.29 4= 7.33 | 42.93 £0.01 | 52.67 £ 1.15 | 91.08 £3.34 | 7548 +2.24
MAE 46.82 + 1.30 | 45.65 £ 0.17 OOM 48.76 £ 0.02 | 51.16 = 0.10 | 47.49 £ 0.56 | 59.36 £ 0.86
BRN| RMSE | 468.78 4 9.95 | 454.56 + 1.64 OOM 454.98 £ 0.18| 431.93 £ 0.45 | 440.49 + 7.76 [477.32 + 13.68
MAPE(%)|222.50 £ 13.23|233.32 4 18.35 OOM 229.36 £ 2.05|232.49 4 17.64|278.14 £ 19.92|347.74 4 20.37
MAE 88.84 £0.35 | 84.86 & 7.57 [289.70 £ 11.26| 92.86 £ 0.80 | 104.66 £ 0.44 | 90.95 £ 0.18 | 84.13 &+ 0.64
BHX| RMSE | 137.05 £ 0.61 | 134.05 & 8.50 |425.16 & 37.43(144.99 + 0.88| 158.84 + 0.19 | 144.59 £ 1.12 | 130.56 + 0.88
MAPE(%)| 43.38 £0.35 | 40.51 4 2.58 [191.60 £ 57.29| 48.95 £ 0.11 | 52.14 £0.90 | 51.86 & 1.83 | 45.67 + 3.76
MAE 29.63 +£0.27 | 32.03 £ 1.73 | 32.74 £0.38 | 33.31 £0.02 | 34.19 £0.04 | 32.69 +1.92 | 29.68 £ 0.23
BOL| RMSE | 84.46 +0.07 | 84.23 +0.25 | 87.89 £0.04 | 83.81 £0.06 | 87.51 £0.13 | 84.37 +0.56 | 81.28 + 0.13
MAPE(%)| 18.44 £1.09 | 19.69 4+ 0.44 | 22.48 £ 0.69 | 30.71 £0.10 | 26.86 £ 1.25 | 22.51 £ 0.53 | 18.63 + 0.50
MAE 62.34 £0.22 | 60.21 +0.60 [244.58 &£ 20.30| 58.23 £ 0.00 | 58.51 £ 0.30 | 59.78 £0.05 | 71.17 £ 1.11
BOD| RMSE | 100.52 £ 0.47 | 95.41 & 0.16 |324.45 4 24.77( 92.86 & 0.01 | 92.09 & 0.27 | 93.00 £ 0.09 | 109.95 & 2.32
MAPE(%)| 37.45 £ 1.21 | 33.47 4+ 0.43 [280.19 &+ 14.03| 37.59 £ 0.05 | 38.28 £ 0.84 | 43.06 + 0.33 | 45.75 +0.42

MAE 5540 £0.02 | 56.33 4 1.40 OOM 58.99 £ 0.03 | 58.80 £ 0.04 | 55.45+0.09 | 55.18 £ 0.17

BRE| RMSE | 92.18 +0.08 | 93.06 4+ 1.74 OOM 97.06 £0.11 | 9533 £0.02 | 91.31 £ 0.11 | 91.72 £ 0.48
MAPE(%)| 36.08 £ 0.26 | 33.69 + 1.66 OOM 40.12 £ 0.12 | 40.41 =049 | 36.10 £ 0.27 | 34.93 £0.22
MAE OOM 39.17 £ 1.36 | 119.00 £ 0.09 | 35.47 & 0.00 | 38.35 +0.37 | 37.55 £ 0.55 | 40.06 4= 0.38

KN | RMSE OOM 62.75 £2.15 | 152.84 £ 0.67 | 54.99 +0.00 | 58.78 +0.32 | 58.21 £0.67 | 61.15 +0.86
MAPE(%) OOM 47.64 £ 0.56 | 293.93 +0.88 | 54.02 £ 0.17 | 61.77 £ 1.36 | 47.54 £0.59 | 58.71 + 1.08
MAE 56.32 £0.04 | 51.12+0.79 OOM 50.77 £ 0.00 | 54.26 £ 0.08 | 51.80 = 0.11 | 54.58 £0.23

DA | RMSE | 88.65+0.20 | 77.01 £ 1.12 OOM 75.41 £0.00 | 79.78 £0.25 | 78.39 +0.16 | 86.54 £ 1.08
MAPE(%)| 50.79 £ 0.00 | 45.51 £ 0.49 OOM 51.38 £0.02 | 58.16 £0.89 | 48.27 £ 0.64 | 48.10 £ 0.11

MAE 40.66 4+ 0.28 | 36.95 £ 0.10 | 172.66 = 0.19 | 41.06 £ 0.00 | 40.51 £ 0.07 | 36.86 = 0.08 | 35.94 £ 0.07
ESS | RMSE | 59.07 +0.76 | 53.29 4 0.27 | 224.47 +3.72 | 59.39 £ 0.01 | 58.41 +0.03 | 53.72 +0.22 | 52.57 & 0.03
MAPE(%)| 35.54 £ 1.10 | 34.79 4+ 1.28 [302.81 £ 15.18| 34.62 £ 0.40 | 36.01 £0.71 | 32.85+0.28 | 31.51 + 2.29
MAE 124.69 £ 0.05 | 140.18 £ 14.57| 185.87 £ 2.29 | 71.58 + 0.30 | 84.83 &+ 1.13 | 139.06 4 1.84 |170.44 £+ 12.29
FRA| RMSE | 157.09 & 0.09 [166.53 #+ 16.07| 237.20 £ 2.82 | 90.90 & 1.09 | 108.23 & 2.00 | 163.25 £ 2.09 [190.32 + 12.38
MAPE(%)| 39.40 £0.02 | 41.18 +3.19 | 47.65 £0.59 |20.21 £ 0.07 | 23.41 £0.15 | 42.48 £0.68 | 51.70 & 3.62
MAE 59.06 £0.02 | 50.55 4+ 1.02 | 174.96 4 0.00 | 52.27 £ 0.00 | 50.95 £+ 0.24 | 55.07 £ 0.74 | 53.48 + 0.62
GRZ| RMSE | 89.07 £0.02 | 74.28 + 0.84 | 220.49 £ 0.00 | 75.95 £ 0.01 | 74.23 £0.17 | 81.10 + 1.00 | 82.35 + 1.49
MAPE(%)| 116.57 4+ 0.80 | 68.30 4= 4.29 | 467.17 = 0.00 | 63.68 £ 0.15 | 66.96 £2.12 | 68.11 = 1.24 | 71.41 &+ 0.40
MAE 6324 £0.01 | 62.25 £ 1.53 | 162.87 £ 0.00 | 60.08 £ 0.41 | 72.11 £ 1.47 | 64.33 £0.16 | 63.21 & 1.50
GRQ| RMSE | 87.0240.08 | 86.03 & 0.07 | 218.69 & 0.00 | 82.72 £+ 0.56 | 99.96 & 1.73 | 88.41 4 0.03 | 86.27 & 1.51
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MAPE(%)| 30.46 £0.19 | 28.82 1+ 0.24 | 112.24 +0.00 | 31.41 £0.29 | 36.83 £0.57 | 31.79 £0.19 | 30.87 &+ 1.08
MAE 45.68 +0.09 | 43.50 £ 0.10 | 97.51 £0.56 |44.82 £ 0.00 | 46.34 = 0.05 | 43.28 £ 0.01 | 44.05 + 0.09
HAM| RMSE | 7536 +0.60 | 70.76 & 0.19 | 150.67 &= 2.84 | 73.13 £ 0.01 | 74.96 +0.18 | 70.69 & 0.07 | 73.02 & 0.19
MAPE(%)| 44.67 £0.36 | 42.79 +0.51 | 111.42 +5.09 | 47.93 £0.10 | 48.93 £0.17 | 43.48 £0.16 | 43.30 £ 0.13
MAE 70.05 £ 0.15 | 67.34 &= 1.24 | 333.14 231 | 76.43 £ 0.01 | 70.66 £ 0.65 | 65.65 £ 0.12 OOM
INN | RMSE | 101.84 4+ 0.05 | 97.03 & 0.57 | 443.91 4 2.79 |113.93 & 0.09| 102.62 & 0.80 | 95.28 + 0.17 OOM
MAPE(%)| 31.38 £0.83 | 35.24 4+ 5.44 | 304.36 + 0.76 | 33.84 £ 0.45 | 30.70 £ 0.10 | 28.00 £ 0.42 OOM
MAE 69.88 £ 0.37 | 73.22 +1.27 | 244.28 £0.00 | 63.22 £ 2.52 | 80.77 £0.65 | 63.34 £ 1.06 | 154.46 £ 1.90
KS | RMSE |203.93 £ 0.33 | 204.17 & 2.19 | 342.80 & 0.00 [158.72 + 4.21| 177.02 £ 0.31 | 155.08 £ 0.53 | 233.89 & 3.73
MAPE(%)| 80.45 £+ 1.04 | 87.42 4+ 3.53 | 440.12 4+ 0.00 | 81.40 £ 4.85 | 105.62 4= 1.65 | 81.47 +2.36 | 23591 £ 0.42
MAE 97.96 £0.71 | 87.80 £ 0.65 | 336.72 £ 0.00 | 92.36 £ 5.65 | 99.05 £ 1.29 | 84.26 = 0.20 | 85.24 + 0.93
MAN| RMSE | 169.67 £ 0.73 | 160.48 & 1.62 | 448.89 & 0.00 [156.98 + 7.85| 167.30 + 2.46 | 151.48 £ 0.49 | 154.15 & 2.57
MAPE(%)| 39.66 £ 1.35 | 37.73 +0.54 | 283.06 4= 0.00 | 42.24 + 2.20 | 46.21 £+ 1.60 | 32.83 +0.26 | 36.21 + 1.39
MAE 37.39 £0.00 | 36.21 +0.95 OOM 42.57 +0.85 | 40.80 +0.58 | 36.26 £ 0.01 | 35.86 £ 0.95
MEL| RMSE | 56.63 +0.01 | 54.30 4+ 2.21 OOM 64.49 £1.03 | 60.80 £ 1.36 | 54.35+0.06 | 54.78 £ 1.68
MAPE(%)| 37.60 £ 0.03 | 35.63 4+ 0.72 OOM 37.82 £0.99 | 43.56 £0.04 | 27.22+0.07 | 31.77 £ 0.80
MAE 49.08 £ 0.16 | 50.46 £ 0.06 | 170.03 = 0.00 | 55.93 £ 0.01 | 58.45 £ 0.73 | 54.45+0.28 | 51.45 £ 0.08
RTM| RMSE | 87.20 +0.12 | 87.80 4 0.13 | 232.29 - 0.00 | 95.05 £ 0.02 | 96.26 +0.90 | 92.68 4+ 0.52 | 88.92 4 0.36
MAPE(%)| 36.76 £ 0.05 | 41.26 +0.01 | 320.02 £ 0.00 | 44.61 £0.19 | 57.44 £ 1.81 | 43.72 £ 1.04 | 38.46 £ 1.26
MAE 88.07 £0.25 | 86.61 = 1.76 | 259.05 £ 0.00 | 80.68 £ 0.02 | 107.62 = 1.33 | 77.84 = 0.41 | 78.50 & 2.26
SDR | RMSE |230.51 +0.94 | 231.19 + 0.49 | 434.97 + 0.00 |187.89 & 0.01| 216.83 + 2.05 | 202.47 + 1.86 | 211.89 + 0.85
MAPE(%)| 54.00 £ 1.15 | 53.10 £ 6.85 | 257.82 £ 0.00 | 43.89 £ 0.16 | 81.61 £0.53 | 44.22 +3.89 | 36.34 + 0.17
MAE 48.92 +0.05 | 47.51 £0.03 | 121.12 +2.04 | 50.74 £ 0.01 | 52.37 £ 0.11 | 47.84 = 0.05 | 47.75 £ 0.11
Sp RMSE | 70.45 +0.06 | 68.34 £ 0.07 | 172.55 +9.56 | 72.60 & 0.06 | 74.68 £ 0.06 | 68.91 & 0.17 | 68.90 £ 0.02
MAPE(%)| 39.84 £0.53 | 36.77 & 0.11 |102.07 &£ 25.06| 43.49 £ 0.00 | 43.79 £0.59 | 37.92 +£0.33 | 37.04 £0.13
MAE 76.69 4+ 0.07 | 73.93 £ 0.14 | 259.67 + 0.00 | 78.84 £ 0.05 | 80.54 +0.24 | 74.23 +0.03 | 73.87 £ 0.41
SXB | RMSE | 134.85+0.14 | 130.71 = 0.32 | 360.44 & 0.00 |138.48 & 0.03| 141.88 £ 0.15 | 131.69 £ 0.05 | 131.14 + 0.23
MAPE(%)| 40.04 £1.09 | 40.73 +2.09 | 223.03 4 0.00 | 43.50 £ 0.18 | 43.51 £0.74 | 37.64 £0.26 | 36.53 + 0.63
MAE 5740 £0.43 | 57.84 £3.60 | 59.86 £ 1.67 | 60.07 £ 0.08 | 68.33 £ 1.18 | 55.70 £ 0.02 OOM
STR| RMSE | 74.79 £0.28 | 75.55+4.24 | 7825+3.02 | 78.53 £ 0.16 | 89.06 + 1.27 | 72.13 + 0.07 OOM
MAPE(%)| 18.44 £0.08 | 19.11 +2.18 | 19.07 £0.70 | 20.01 £0.01 | 22.32 £ 0.45 | 18.10 £ 0.06 OOM
MAE 126.81 £ 0.07 | 126.02 4= 3.81 | 490.25 £ 8.98 |125.41 4 0.01| 134.61 £ 0.09 | 117.30 £ 0.40 | 121.00 = 0.90
TPE | RMSE | 555.59 & 1.23 [561.67 & 10.18|988.24 + 11.03 [482.59 + 0.38| 540.48 4 5.15 | 493.02 £ 0.48 | 512.90 £ 1.36
MAPE(%)| 42.20 £0.35 | 45.74 +5.09 | 266.56 =4.39 | 41.80 £ 0.12 | 47.72 £ 0.55 | 38.30 = 1.75 | 40.01 &+ 1.54
MAE 77.75 £0.14 | 71.06 & 0.96 | 313.88 £ 0.21 | 68.52 £ 0.01 | 74.48 £0.07 | 7491 £ 1.05 | 80.07 £ 1.05
TO | RMSE | 131.86 & 0.13 | 114.97 £ 2.10 | 415.51 £ 1.03 {111.00 & 0.07| 118.37 & 0.35 | 116.63 £ 0.82 | 124.72 £ 1.31
MAPE(%)| 50.86 £ 0.32 | 39.42 4 0.29 | 400.19 &= 7.19 | 40.27 £ 0.47 | 48.37 £0.98 | 46.33 £2.97 | 52.21 +2.04
MAE 4581 £0.12 | 4525+ 0.40 |129.55 £ 18.89| 59.49 £ 0.01 | 52.16 £ 0.04 | 46.68 £ 0.25 | 44.65 £ 0.07
YTO| RMSE | 77.29 +0.30 | 74.48 £ 0.06 |192.41 & 21.36| 95.84 & 0.09 | 81.85 & 0.04 | 77.47 + 0.47 | 75.03 £ 0.00
MAPE(%)| 33.49 £0.02 | 32.72 4+ 1.55 |[114.20 £ 27.77| 42.70 £ 0.66 | 46.45 £+ 1.69 | 35.18 4 0.38 | 33.36 &+ 2.07
MAE | 257.32 +0.36 | 255.21 £ 0.28 | 264.24 £ 6.15 |263.84 £ 0.00| 296.07 £ 0.02 | 255.32 % 0.00 | 259.00 £ 0.03
TLS | RMSE | 349.78 & 0.86 | 342.51 £ 0.43 | 352.70 & 9.62 |348.15 & 0.03| 410.70 & 0.70 | 341.22 + 0.34 | 349.09 £ 0.86
MAPE(%) | 754.88 4+ 3.75 | 746.38 £ 4.66 [791.79 + 77.77|872.83 4 0.91| 836.22 4 1.06 | 747.55 + 5.53 | 726.09 £ 9.80
MAE OOM 51.67 £ 0.80 OOM 4440 £ 1.21 | 61.74 = 1.37 | 75.85£0.25 | 39.61 £ 0.20
UTC| RMSE OOM 83.26 £+ 3.39 OOM 75.24 £ 1.49 | 91.06 £ 0.40 | 120.97 £ 0.66 | 68.41 £ 0.37
MAPE(%) OOM 57.21 £ 15.30 OOM 4537+ 144 | 7781 £4.77 | 91.81 £5.44 | 37.55 £+ 2.65
MAE 82.75£0.08 | 77.98 +0.27 OOM 69.08 = 1.53 | 81.57 £0.28 | 69.25 +0.23 | 89.80 £ 1.00
VNO| RMSE | 112.24 4+ 0.29 | 106.39 + 0.56 OOM 94.18 £ 2.13 | 110.65 £ 0.82 | 94.42 +0.06 | 118.34 £ 1.00
MAPE(%)| 47.89 £0.26 | 42.38 £ 0.14 OOM 3559+£0.75 | 4238 £0.60 | 3532 +£0.81 | 57.14 £ 1.75
MAE 52.66 £0.05 | 51.73 £ 1.69 | 54.51 £0.05 | 56.05 £ 0.02 | 54.89 £0.01 | 51.27 £0.18 | 51.12 %+ 0.01
WOB| RMSE | 81.81 +£0.31 | 79.60 & 3.58 | 84.03 4 0.30 |85.654 0.02 | 82.31 +0.02 | 78.15 + 0.24 | 78.27 4 0.04
MAPE(%)| 40.76 £ 0.38 | 37.38 £ 0.17 | 42.23 £0.24 | 46.71 £0.06 | 46.64 £0.10 | 39.56 £ 0.58 | 39.41 &+ 0.80
MAE OOM 53.23 £ 0.05 OOM 56.33 £0.00 | 56.72 £ 0.08 | 59.24 +7.75 | 52.34 £ 0.18
ZRH
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RMSE
MAPE(%)

OOM
OOM

75.13 £ 0.05
35.77 £ 1.18

OOM
OOM

79.32 £0.01
40.87 + 0.04

79.36 £ 0.01
4131 +£0.53

83.96 £ 11.26
4488 = 11.14

74.05 £ 0.34
34.95 £ 0.46

Table 8: The performance comparison for seven baseline methods over 31 real-world city datasets
with horizon=6. The best results in each row are in bold. All experiments are repeated five times, and
the mean and standard deviation are reported.

City | Metric AGCRN Crossformer DCRNN DLinear FEDformer GWNet MTGNN
MAE 47271+ 041 | 43.29 £ 0.11 OOM 46.25 £0.00 | 50.21 +0.02 | 46.22 £0.59 | 45.61 +0.55
AA | RMSE | 100.54 +0.22 | 95.50 & 1.21 OOM 97.90 £0.03 | 112.57 £0.37 | 97.17 £2.27 | 97.30 = 0.43
MAPE(%)| 43.35£0.73 | 33.68 + 0.45 OOM 3633 £0.15 | 42.69 £0.09 | 3693 £ 1.56 | 37.46 £ 3.09

MAE 63.95+0.02 | 61.81 =3.57 | 118.10£0.84 | 59.01 +0.01 | 59.94 + 1.42 | 81.55+£1.76 | 78.88 & 1.13
BSL | RMSE | 94.86 £0.09 | 91.78 £4.55 | 157.37 & 1.12 | 99.52 4+ 0.04 | 87.06 & 2.86 | 114.99 = 4.41 | 110.81 & 2.49
MAPE(%)| 54.81 £0.20 | 68.11 +2.43 | 175.12£9.70 | 49.76 = 0.16 | 59.65 + 0.08 | 109.78 = 3.98 | 91.64 £ 2.08

MAE 49.20 4+ 1.52 | 48.47 £ 0.32 OOM 51.65 £ 0.01 | 54.01 £0.18 | 50.27 £ 0.10 | 69.27 &+ 0.82
BRN| RMSE |481.50 & 16.19| 465.00 & 1.10 OOM 464.66 £ 0.33 | 450.70 £ 0.37 | 468.88 £ 0.39 |508.09 £ 12.22
MAPE(%)| 216.94 £ 6.34 |186.02 + 20.85 OOM 244.39 £ 5.93 |242.43 £ 19.54|293.55 4 20.22|411.51 £ 30.03

MAE 101.87 £ 0.00 | 86.82 £ 7.11 | 299.18 + 30.69 | 103.14 £2.28 | 113.03 £ 0.16 | 99.17 +0.39 | 89.68 £ 0.34
BHX| RMSE | 148.33 4 0.23 | 133.22 4 9.67 | 426.46 & 61.57 | 156.29 + 2.41 | 175.26 + 0.51 | 150.67 + 0.76 | 137.11 &+ 1.22
MAPE(%)| 59.01 £0.56 | 45.71 + 1.30 | 229.60 4= 44.64 | 57.28 = 1.81 | 57.12+0.60 | 56.87 =5.04 | 49.85 + 1.96

MAE 30.99 + 0.09 | 32.53 + 1.31 37.09 £ 0.61 35.99 £0.07 | 3571 £0.38 | 33.47 +£0.60 | 31.57 £ 0.32
BOL| RMSE | 87.74 +0.14 | 87.00 £ 0.68 | 93.43 & 0.01 88.23 £0.03 | 87.93 +0.81 | 8240+ 0.12 | 82.26 & 0.01
MAPE(%)| 19.58 £1.26 | 20.30 = 0.26 | 26.38 £0.99 | 33.56 £0.24 | 29.66 4+ 1.49 | 28.79 £0.72 | 21.63 £ 0.37

MAE 69.25 +£0.17 | 6532 £0.92 | 242.05 £ 12.05 | 64.43 £0.01 | 64.68 +0.20 | 70.55 £ 0.22 | 86.45 £ 0.91
BOD| RMSE | 11227 +0.50 | 103.95 4 0.50 | 321.50 & 16.12 | 102.17 £ 0.01 | 101.21 = 0.16 | 108.43 + 0.09 | 135.49 &+ 2.53
MAPE(%)| 39.52 £ 1.05 | 35.61 4 0.49 | 280.80 = 1.26 | 42.14 £0.23 | 42.19 £ 0.72 | 52.86 £ 0.88 | 55.08 £ 1.37

MAE 56.30 £ 0.01 | 56.94 +0.75 OOM 62.32 £0.01 | 60.38 +0.08 | 56.86 £ 0.01 | 56.26 &+ 0.27

BRE| RMSE | 93.86 & 0.02 | 94.36 & 0.99 OOM 101.83 £0.07 | 97.83 £0.11 | 93.62 £ 0.02 | 93.58 & 0.67
MAPE(%)| 36.30 £ 0.14 | 34.78 + 0.07 OOM 41954028 | 41.36 £0.48 | 37.02+0.02 | 35.45+0.29
MAE OOM 4336 £ 1.67 | 118.57 £2.65 | 37.85 £ 0.00 | 40.09 0.24 | 43.01 £ 1.18 | 45.06 £ 0.30

KN | RMSE OOM 69.19 +£2.16 | 151.98 £2.99 | 61.54 £0.01 | 61.47 £0.14 | 68.27 + 1.68 | 68.58 £ 0.14
MAPE(%) OOM 47.64 +0.45 | 294.00 £8.92 | 59.41 £0.17 | 64.05 £ 1.65 | 53.57 & 1.58 | 68.56 & 3.07
MAE 58.34 £0.14 | 53.03 &+ 0.05 OOM 5393 £0.01 | 56.35+0.07 | 55.08£0.19 | 59.16 + 0.15

DA | RMSE | 92.054 044 | 80.86 + 0.21 OOM 81.10 £ 0.07 | 83.79 £0.23 | 84.75£0.59 | 96.79 £ 0.57
MAPE(%)| 51.28 £0.03 | 47.58 £ 0.26 OOM 53.46 +£0.08 | 59.83 £0.81 | 5041 & 1.14 | 50.52 £ 0.23

MAE 41.58 = 0.11 | 39.69 £0.44 | 173.69 £ 0.75 | 47.27 £ 0.00 | 43.48 £0.01 | 38.23 +0.14 | 37.59 £ 0.06
ESS | RMSE | 61.02 4033 | 57.734+0.93 | 226.42 +2.28 | 68.86 + 0.02 | 63.05+ 0.26 | 56.05 &+ 0.23 | 55.76 + 0.09
MAPE(%)| 34.29 £0.34 | 40.50 £4.51 |299.82 £ 15.01 | 40.99 £0.15 | 39.62 £ 0.40 | 34.16 £0.17 | 34.01 £ 2.44
MAE 158.46 £ 0.09 |141.89 £ 33.64| 187.73 £7.77 | 93.49 + 1.42 | 107.62 +2.29 | 173.62 £ 3.08 {258.38 £ 13.05
FRA| RMSE | 192.87 £ 0.02 [172.02 4 35.30| 236.87 £ 10.11 | 115.65 & 1.17 | 136.75 £ 3.69 | 202.44 + 2.63 |279.20 + 13.65
MAPE(%)| 52.05£0.01 | 43.28 + 8.91 5230 £1.53 | 27.45+£0.40 | 3092 £0.64 | 54.62+1.16 | 81.61 £3.79
MAE 60.79 £ 0.01 | 52.70 + 0.96 | 185.12 £ 0.00 | 58.29 +0.01 | 54.03 +0.24 | 58.32 £ 0.87 | 56.03 &+ 0.20
GRZ| RMSE | 91.77 £0.08 | 77.53 £0.71 | 233.72 +0.00 | 84.30 +0.04 | 78.69 £ 0.12 | 86.47 & 1.17 | 87.69 £ 0.61
MAPE(%)| 110.69 + 1.77 | 65.44 + 6.48 | 465.95 £ 0.00 | 72.50 £ 1.27 | 69.79 £3.62 | 71.75 £ 1.36 | 72.35 +£0.12
MAE 68.43 £0.01 | 65.61 +1.26 | 161.01 £0.00 | 64.78 +0.91 | 79.46 + 0.32 | 66.49 £ 0.22 | 71.04 & 3.46
GRQ| RMSE | 93.2540.24 | 90.55 4+ 0.25 | 217.62+0.00 | 89.18 + 1.54 | 110.72 £ 0.49 | 91.41 +0.15 | 95.64 4+ 4.02
MAPE(%)| 33.78 £0.31 | 30.45 +1.73 | 114.12+0.00 | 35.59 £0.64 | 41.81 046 | 33.33 £0.42 | 36.21 £ 1.79
MAE 46.44 +0.12 | 4426 £0.07 | 97.38 £0.48 | 46.26 +0.01 | 47.54 £0.10 | 44.16 +0.01 | 45.04 £ 0.01
HAM| RMSE | 77.824+0.73 | 74.06 +0.10 | 150.66 +2.47 | 77.55 £ 0.01 | 79.25+0.22 | 74.06 + 0.10 | 79.08 & 1.23
MAPE(%)| 45.57 £0.70 | 4425 +2.04 | 111.18 £3.96 | 49.44 £ 0.06 | 50.07 & 0.06 | 43.68 £+ 0.20 | 44.06 & 0.07
MAE 71.83 +£0.48 | 67.78 £0.30 | 337.43 £6.70 | 86.47 £0.02 | 73.73 £ 0.55 | 66.95 + 0.28 OOM
INN | RMSE | 104.72 +0.59 | 98.77 + 1.04 | 452.25 4+ 0.27 | 133.76 & 0.11 | 107.19 + 0.71 | 97.41 £ 0.45 OOM
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MAPE(%)| 29.79 4 1.13 | 34.04 +3.08 | 294.18 & 24.63 | 37.854+0.91 | 32.08 £ 0.02 | 28.82 & 1.09 OOM
MAE | 77.06 £ 0.53 | 83.40 £5.34 | 229.47 £0.00 | 72.68 £ 1.41 | 85.40 & 0.05 | 70.79 & 0.35 | 190.66 & 2.64
KS | RMSE |216.34 £ 0.41 | 218.00 & 4.66 | 332.48 4 0.00 | 177.06 & 2.66 | 187.31 & 0.67 | 174.04 £ 0.28 | 277.37 & 5.51
MAPE(%)| 97.13 & 1.41 [111.00 £ 17.20| 410.19 £0.00 | 99.24 £ 1.87 | 116.48 £ 0.61 | 93.42 4 0.13 | 308.03 & 0.63
MAE | 10644 £ 1.13 | 94.31 £0.83 | 335.71 £ 0.00 |103.64 £ 10.23| 110.65 & 0.92 | 93.95 4+ 1.00 | 94.68 £ 2.13
MAN| RMSE | 180.81 % 1.54 | 169.06 & 0.26 | 448.79 4 0.00 [172.31 4 13.89| 184.62 & 2.27 | 163.00 £ 3.21 | 168.90 &+ 4.47
MAPE(%)| 43.13 £1.40 | 4334 4245 | 279.02 £0.00 | 47.57 443 | 51.474+0.57 | 37.68 = 0.64 | 42.02 £ 1.16
MAE | 48.56 +0.00 | 43.98 + 1.73 OOM 58.89 4 0.02 | 50.66 £ 0.49 | 49.02 4 0.20 | 46.12 4+ 1.29
MEL| RMSE | 7534+ 001 | 66.14 & 3.55 OOM 89.81 +0.46 | 76.23 +£0.70 | 74.99 £ 0.31 | 72.62 £ 2.27
MAPE(%)| 44.66 & 0.05 | 40.38 £ 0.06 OOM 54.2240.50 | 53.21 £0.56 | 33.97 £0.06 | 39.97 &+ 1.00
MAE | 51.36 +0.14 | 52.84 £ 1.05 | 179.34 +0.00 | 64.94 £ 0.05 | 65.13 +0.38 | 63.44 +0.77 | 55.79 £ 0.08
RTM| RMSE | 92.19 £0.07 | 91.97 4 0.65 | 240.67 £ 0.00 | 110.95 4 0.04 | 106.66 % 0.68 | 106.73 £ 1.16 | 97.29 & 0.25
MAPE(%)| 39.55 4 0.86 | 48.88 3.29 | 349.98 £0.00 | 50.56 £ 0.21 | 63.69 +0.70 | 49.48 +0.75 | 40.87 £ 1.70
MAE | 101.26 4 0.42 | 98.18 £2.76 | 256.61 +0.00 | 93.27 £ 0.06 | 119.78 & 2.36 | 86.47 +0.70 | 91.34 +2.73
SDR| RMSE |252.60 & 0.01 | 249.70 & 1.91 | 433.47 £ 0.00 | 214.37 4 0.03 | 239.59 4 2.95 | 220.15 + 1.88 | 235.42 4 0.34
MAPE(%)| 58.36 & 1.09 | 52.17 4 547 | 25529 £0.00 | 51.78 & 0.42 | 89.07 2.29 | 49.86 £5.91 | 41.60 & 0.36
MAE | 49.1940.05 | 47.78 £ 0.02 | 12239 +4.19 | 52.40 £ 0.01 | 53.30 4 0.09 | 48.28 +0.09 | 48.06 + 0.17
SP | RMSE | 70.8340.02 | 68.35+0.03 | 175.09 & 12.25 | 75.17 £ 0.04 | 7591 £0.14 | 69.62 +0.23 | 69.28 +0.15
MAPE(%)| 39.89 & 0.29 | 39.42 4 0.10 | 102.80 £ 22.32 | 44.96 4 0.02 | 44.63 +0.37 | 37.82 £ 0.32 | 37.33 £+ 0.28
MAE | 78.07 +0.07 | 75.86 £ 0.22 | 261.26 +0.00 | 83.83 £ 0.05 | 83.48 4 0.26 | 76.43 +0.07 | 76.10 £ 0.20
SXB| RMSE | 137.7540.13 | 134.97 4 1.08 | 361.96 + 0.00 | 146.93 4- 0.03 | 147.22 4 0.28 | 135.84 + 0.06 | 136.00 & 0.61
MAPE(%)| 39.38 & 0.52 | 36.88 4 0.64 | 223.02 £ 0.00 | 46.07 4 0.29 | 44.95 +0.49 | 38.86 + 0.28 | 36.87 & 0.37
MAE | 58.314£0.07 | 5590 £0.33 | 6543 +£3.82 | 63.524+0.53 | 67.70 029 | 55.29 & 0.12 OOM
STR | RMSE | 7553 4£0.02 | 72.34 £0.67 | 86.654 508 | 82.43+0.47 | 86.71 +£0.16 | 71.79 4 0.33 OOM
MAPE(%)| 20.16 +0.01 | 18.61+0.29 | 21.85+1.88 | 22.9540.11 | 24.03 £ 0.61 | 18.78 & 0.04 OOM
MAE | 134.51 4 0.20 | 130.49 & 1.84 | 509.35 + 13.02 | 138.44 £ 0.00 | 144.56 £ 0.25 | 126.48 4 0.29 | 129.85 4 0.99
TPE | RMSE | 604.37 4 1.42 | 606.52 & 6.88 |1002.98 £ 12.83| 592.89 £ 0.12 | 616.55 4= 3.87 | 567.78 4= 0.27 | 589.03 & 1.28
MAPE(%)| 45.86 4049 | 43.77 4 0.72 | 285.05 4 4.83 | 44.76 +0.06 | 50.48 £ 0.57 | 40.21 & 1.83 | 41.77 + 1.29
MAE | 87264028 | 77.97 £0.72 | 31529 £0.01 | 80.61 £0.02 | 83.0540.09 | 9523 &+ 1.17 | 97.61 £0.70
TO | RMSE | 149.60 & 0.47 | 128.32 + 1.66 | 421.69 £ 3.47 | 134.94 £ 0.10 | 133.55 4 0.26 | 150.90 & 1.60 | 154.19 £ 0.30
MAPE(%)| 55.6240.22 | 43.26 + 0.12 | 390.80 & 15.64 | 46.08 +0.69 | 53.08 & 1.63 | 56.75 +2.22 | 63.98 + 1.64
MAE | 52.3540.07 | 51.04 £ 0.30 | 148.49 + 17.87 | 86.46 £0.04 | 60.73 +£0.19 | 57.26 +0.38 | 51.26 £0.14
YTO| RMSE | 88.15+£0.01 | 83.84 +0.62 | 219.71 £22.22 | 137.24 £0.27 | 95.65 4+ 0.01 | 95.71 £ 0.74 | 86.95 £ 0.04
MAPE(%)| 38.58 £0.02 | 37.69 £ 3.84 | 110.54 £ 44.26 | 65.08 £ 1.92 | 53.94 +2.03 | 37.79 £ 0.83 | 37.62 £ 1.48
MAE | 257.69 + 0.41 | 25512 £ 0.04 | 264.27 & 6.31 | 263.95 £ 0.00 | 294.82 & 0.19 | 255.35 4 0.01 | 259.64 + 0.41
TLS | RMSE | 350.19 4 1.23 | 342.33 £ 0.54 | 352.67 £ 9.87 | 348.26 £ 0.09 | 408.19 £ 0.21 | 340.68 & 0.33 | 351.37 & 2.05
MAPE(%)| 761.22 £ 0.81 | 745.90 & 7.41 | 792.14 4 78.55 | 869.43 4 1.90 | 833.62 4 1.57 | 749.50 & 6.72 | 730.89 + 9.58
MAE OOM 66.56 % 26.30 OOM 48.87 £ 0.11 | 68.00 £0.85 | 74.93 4+ 0.19 | 40.09 & 0.10
UTC | RMSE O0OM 95.10 & 17.24 OOM 83.02 £0.25 | 99.18 £0.36 | 122.75 £ 1.30 | 72.37 & 0.03
MAPE(%) 0O0M 104.15 4 72.84 OOM 51.11 040 | 90.66 & 5.26 | 89.98 £4.19 | 37.86 & 3.07
MAE | 87.69 +0.14 | 83.21 £ 0.40 OOM 74.00 + 1.45 | 86.63 £0.41 | 72.98 4 0.37 | 96.27 % 0.67
VNO| RMSE | 118.99 £ 0.33 | 113.23 4 0.07 OOM 100.58 + 1.74 | 118.15 £ 0.43 | 99.91 & 0.11 | 127.62 +0.73
MAPE(%)| 53.52 4 0.14 | 48.97 £ 1.46 OOM 41.17 £ 0.65 | 46.50 £ 0.59 | 38.67 £ 1.02 | 64.60 & 1.76
MAE | 53.64 4029 | 54.06 £3.31 | 58.0640.03 | 61.11 £0.00 | 56.56 & 0.08 | 53.34 +0.36 | 52.71 £ 0.12
WOB| RMSE | 84.29 £0.58 | 83.78 £6.06 | 91.34 4032 | 9594 +£0.02 | 85204 0.03 | 82.524+0.55 | 81.89 + 0.16
MAPE(%)| 40.44 £ 0.19 | 39.46 & 1.23 | 45.09 £0.29 | 49.9540.02 | 48.87 £ 0.60 | 41.26 £ 0.69 | 40.60 & 1.35
MAE OOM 54.55 +0.39 OOM 59.12 4 0.01 | 58.25 4 0.02 | 62.40 & 10.21 | 53.08 & 0.23
ZRH | RMSE OOM 77.09 4+ 0.55 OOM 83.71 4 0.00 | 81.89 +0.11 | 89.30 + 15.55 | 75.22 4 0.44
MAPE(%) 0O0M 35.78 4 2.65 OOM 43.08 £ 0.12 | 42.26 £ 0.44 |46.00 &= 11.94 | 35.18 4+ 0.34
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Table 9: The performance comparison for seven baseline methods over 31 real-world city datasets
with horizon=12. The best results in each row are in bold. All experiments are repeated five times,
and the mean and standard deviation are reported.

City | Metric AGCRN Crossformer DCRNN DLinear FEDformer GWNet MTGNN
MAE 55.05+£0.93 | 49.30 + 0.79 OOM 56.58 £ 0.01 | 59.64 +0.20 | 55.81 £ 1.34 | 53.30 4 0.80
AA | RMSE | 118.56 4 0.58 | 110.08 + 0.06 OOM 122.58 £0.10 | 132.58 £ 0.19 | 117.78 £ 3.74 | 115.28 £ 0.52
MAPE(%)| 51.73 £ 1.84 | 41.13 £+ 2.19 OOM 4454 +0.12 | 53.19 £0.31 | 46.17 =2.80 | 44.31 £3.53

MAE 74.87 £0.54 | 81.11 £3.35 | 120.92 £ 042 | 76.52 +0.22 | 66.00 £ 0.70 | 97.61 = 4.34 | 89.52 £ 0.36
BSL | RMSE | 110.37 4= 0.82 | 122.17 = 4.15 | 160.46 & 2.57 | 126.12 £ 0.48 | 96.52 + 0.35 | 139.03 + 8.66 | 126.94 + 0.56
MAPE(%)| 65.54 £0.65 | 89.04 +5.12 [183.70 £ 15.83| 62.84 = 0.30 | 69.59 +3.62 | 129.70 + 6.69 | 111.43 £ 0.24
MAE 53.50 £2.10 | 5420+ 1.85 OOM 56.13+£0.01 | 61.14 £0.33 | 54.13 £ 0.47 | 84.36 £ 1.26
BRN| RMSE |500.59 =+ 21.34| 483.08 & 0.25 OOM 495.21 £ 0.17 | 489.57 + 0.68 | 479.82 £ 1.60 |553.53 £+ 12.87
MAPE(%) | 245.52 4 4.25 |202.93 £ 62.89 OOM 290.64 £ 1.52 |307.33 £ 16.91|340.44 4 23.69|513.55 + 31.06
MAE 146.03 £ 0.35 [102.03 & 15.50{282.12 £ 13.73| 131.89 £ 9.65 | 140.17 £ 0.70 | 129.19 £ 2.55 | 101.51 £ 0.10
BHX| RMSE |208.28 £ 0.65 |155.04 £ 22.46|384.96 & 40.10| 193.75 £ 6.56 | 214.60 £ 0.16 | 192.02 & 0.76 | 154.51 + 0.86
MAPE(%)| 109.60 4= 0.28 | 63.90 4= 4.44 [279.89 + 61.60| 90.05 £ 7.98 | 86.17 +0.27 | 80.07 £9.65 | 58.53 4 2.38
MAE 3338 £0.12 | 3532+ 0.68 | 4553 £0.92 | 42.42+0.09 | 44.03 £0.11 | 39.58 £2.22 | 34.94 £ 0.49
BOL| RMSE | 93.57 +0.67 | 93.44 £2.09 | 106.98 & 0.01 | 102.71 + 0.26 | 105.61 £ 0.31 | 97.56 £ 0.15 | 92.74 & 0.59
MAPE(%)| 23.09 £0.63 | 22.13 +0.46 | 33.86 + 1.51 | 38.07 £0.13 | 33.57 £ 0.61 | 27.38 £ 1.10 | 22.27 +0.29
MAE 84.17 £0.76 | 78.48 £ 2.18 | 234.94 £3.51 | 78.76 £0.01 | 87.29 +0.40 | 91.20 £ 1.25 | 109.35 £ 1.40
BOD| RMSE | 138.13 £ 1.65 | 125.87 4 0.23 | 312.43 4+ 6.74 | 122.38 + 0.08 | 131.87 & 0.90 | 139.59 & 1.34 | 173.27 £ 0.92
MAPE(%)| 44.29 £0.82 | 41.19 = 1.49 | 278.32 4 1.47 | 54.23 £0.18 | 59.39 £ 0.18 | 73.00 £ 2.49 | 74.25 +£5.28

MAE 57.33 £0.09 | 59.38 + 0.08 OOM 68.48 £0.01 | 6498 +0.09 | 58.62 £ 0.06 | 58.05 4 0.39

BRE| RMSE | 95.67 +0.22 | 98.02 &+ 0.06 OOM 111.31 £ 0.02 | 103.81 £0.10 | 96.37 £0.06 | 96.10 £ 0.84
MAPE(%)| 36.89 £0.01 | 35.19 £ 0.34 OOM 4577 +£0.22 | 4495 +£0.13 | 3823 £0.29 | 36.70 £ 0.29

MAE OOM 5298 £1.36 | 116.61 £0.23 | 42.78 £ 0.05 | 44.75 £ 0.24 | 49.44 +0.46 | 57.22 £ 1.96

KN | RMSE OOM 83.22£0.84 | 149.74 £0.66 | 67.32 £0.14 | 65.83 +0.35 | 79.03 +0.50 | 86.98 £ 2.16
MAPE(%) OOM 54.05 £+ 3.83 | 297.19 £ 1.49 | 70.57 £0.27 | 77.29 £3.06 | 61.92 £ 1.39 | 89.88 £+ 6.97

MAE 56.88 +0.01 | 56.19 + 0.15 OOM 59.554+0.01 | 61.34 +0.24 | 57.52 £0.40 | 57.85 +0.09

DA | RMSE | 88.16 +0.02 | 86.45 + 0.70 OOM 90.81 £0.06 | 90.98 +0.34 | 87.83 £1.01 | 90.13 £ 0.16
MAPE(%)| 53.29 £0.09 | 54.39 £ 6.00 OOM 57.20 £0.02 | 66.56 +0.19 | 55.03 £0.35 | 52.07 £ 0.04

MAE 44.08 £0.27 | 4491 +£0.32 | 179.03 & 1.10 | 62.74 +0.04 | 49.97 £0.14 | 41.68 £ 0.05 | 41.42 + 0.27
ESS | RMSE | 6543 +£0.68 | 67.98 +0.93 |232.52 +0.26 | 9285+ 0.16 | 73.19 +0.40 | 62.40 & 0.24 | 63.04 & 0.50
MAPE(%)| 35.95 £1.15 | 49.74 £ 5.81 | 308.94 £8.39 | 5533 £ 1.11 | 48.59 + 1.21 | 37.57 £0.39 | 38.41 +2.97
MAE | 205.72 4 0.83 |205.31 4 22.15| 168.51 £ 1.59 |109.03 + 36.74| 132.32 £ 1.38 |250.59 £ 11.89|386.51 4+ 26.96
FRA| RMSE |238.54 £ 0.79 |234.38 & 24.27| 209.58 + 0.03 |132.51 =+ 38.23| 165.66 + 0.15 |282.51 4 11.51|408.51 £ 27.19
MAPE(%)| 73.26 £0.25 | 70.54 £ 5.11 | 55.50 £0.97 | 35.27 £ 11.29 | 41.22 +0.39 | 85.66 £5.06 |132.85 4 10.28
MAE 63.46 £ 0.17 | 57.03 +0.76 | 191.54 +0.00 | 71.93 +0.01 | 63.14 £0.03 | 62.37 £ 0.78 | 59.51 + 0.28
GRZ| RMSE | 95.67 +0.07 | 83.99 +0.61 |241.77 £ 0.00 | 103.75 £ 0.01 | 91.38 +0.00 | 92.58 4= 0.82 | 95.09 & 0.61
MAPE(%)| 109.30 4= 3.51 | 77.93 4+ 5.43 | 460.74 = 0.00 | 81.48 £0.13 | 78.44 +0.27 | 70.16 £ 4.58 | 77.40 4+ 2.29
MAE 77.05 +£0.27 | 72.08 £ 3.04 | 150.91 £ 0.00 | 72.34 = 1.76 | 83.37 £2.14 | 72.33 £0.77 | 82.93 £ 6.04
GRQ| RMSE |104.16 +0.05 | 98.38 & 2.63 | 205.49 & 0.00 | 100.03 &= 0.44 | 115.72 4 2.69 | 100.25 & 0.83 | 110.28 & 7.48
MAPE(%)| 41.63 £0.69 | 35.60 - 1.85 | 117.24 £ 0.00 | 44.18 £2.38 | 46.94 + 1.33 | 38.69 £ 0.88 | 45.80 4 2.96
MAE 47.08 £0.23 | 4588 +£0.41 | 97.51 £0.59 | 48.97 £0.02 | 49.77 £0.01 | 4535 +0.05 | 46.06 £ 0.01
HAM| RMSE | 80.67 +0.53 | 78.49 £ 1.08 | 150.82 &+ 2.57 | 84.20 + 0.08 | 83.90 £ 0.06 | 77.70 & 0.01 | 82.77 +2.08
MAPE(%)| 45.78 £0.83 | 44.31 +3.07 | 111.41 +4.58 | 52.32 £ 0.20 | 53.06 & 0.21 | 44.81 £0.31 | 45.29 4+ 0.06

MAE 75.51 £0.80 | 72.05+0.00 | 347.11 +2.98 | 106.94 £ 0.00 | 80.50 £ 1.00 | 69.08 £ 0.43 OOM
INN | RMSE | 110.87 £ 0.65 | 106.99 £ 0.06 | 464.48 + 8.39 | 173.49 £ 0.15 | 117.77 £ 1.61 | 100.59 + 0.79 OOM
MAPE(%)| 31.27 £1.22 | 36.38 & 0.72 |300.48 £ 37.49| 46.75 £ 0.75 | 34.23 £ 0.15 | 27.74 £ 0.06 OOM

MAE 97.97 £0.72 | 103.19 £ 5.03 | 227.96 4 0.00 | 78.86 £ 14.60 | 104.59 4= 1.19 | 80.04 4= 0.72 | 224.87 £ 1.62
KS | RMSE |244.74 £ 0.48 | 244.15 & 6.33 | 332.77 & 0.00 | 188.64 + 2.13 | 209.20 £ 1.15 | 195.69 & 0.26 | 314.80 + 4.13
MAPE(%) | 143.62 £ 1.84 |156.53 4 13.18| 433.64 4 0.00 [110.39 &= 41.23| 162.29 & 2.84 | 109.72 £ 2.55 | 407.04 £ 1.53
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MAE 117.20 £ 2.55 | 109.56 4 2.55 | 336.84 £ 0.00 | 103.86 + 9.84 | 123.20 = 0.27 | 107.88 £ 1.14 | 107.97 % 2.60

MAN| RMSE | 196.04 £ 4.11 | 190.75 £ 4.72 | 450.82 £ 0.00 |173.23 4+ 12.91| 198.08 + 0.51 | 181.98 & 4.00 | 186.65 & 3.39
MAPE(%)| 47.38 £ 0.86 | 45.64 4=2.89 | 278.97 4 0.00 | 46.64 =3.55 | 60.39 £ 0.14 | 44.84 £ 1.22 | 47.02 + 1.75

MAE 64.79 £ 0.03 | 54.63 + 4.48 OOM 8795 £ 1.60 | 67.32+£0.31 | 69.54 &+ 1.08 | 56.73 £ 0.94

MEL | RMSE |101.09 +0.06 | 81.23 & 6.52 OOM 127.60 + 1.41 | 97.39 + 0.04 | 105.83 £ 1.53 | 87.59 +0.91
MAPE(%)| 55.34 £0.02 | 49.10 £ 5.14 OOM 103.87 £4.79 | 70.74 £ 1.14 | 47.17 £0.20 | 50.21 £ 0.12

MAE 57.11 £ 0.15 | 58.08 & 1.24 | 189.90 - 0.00 | 85.30 +0.50 | 82.23 £0.36 | 85.20 & 1.78 | 65.01 £ 0.31
RTM| RMSE | 99.90 4 0.34 | 98.98 & 0.53 | 250.70 & 0.00 | 141.23 4= 0.46 | 128.17 4 0.09 | 136.93 & 2.26 | 110.64 & 0.98
MAPE(%)| 43.47 £0.63 | 55.83 £ 11.21 | 373.03 £ 0.00 | 65.00 £ 0.87 | 76.28 £ 0.17 | 62.30 £2.15 | 46.88 4+ 1.28

MAE 121.60 £ 0.24 | 129.77 4+ 6.53 | 272.16 £ 0.00 | 120.00 £ 0.03 | 152.27 + 0.77 | 104.78 £ 0.34 | 119.57 &+ 0.47
SDR | RMSE |278.70 + 0.41 | 279.99 + 1.64 | 440.08 & 0.00 | 262.91 & 0.01 | 284.60 £ 0.05 | 249.10 £ 0.76 | 274.87 + 3.75
MAPE(%)| 67.07 £2.54 | 92.03 £ 14.14 | 301.72 £ 0.00 | 68.81 £0.28 | 119.83 £ 1.98 | 58.89 £5.49 | 55.51 £ 0.36

MAE 49.26 £ 0.11 | 48.39 +0.19 | 122.84 +4.61 | 55.70 = 0.01 | 54.59 £0.03 | 49.12 +0.17 | 48.70 £ 0.25
Sp RMSE | 7097 £0.13 | 69.48 + 0.62 |175.83 £ 13.31| 79.94 +0.01 | 77.28 £0.03 | 70.95 4+ 0.34 | 70.28 £ 0.31
MAPE(%)| 39.90 £ 0.46 | 38.25 4+ 1.95 [102.22 + 24.13| 47.80 £0.10 | 46.68 +0.32 | 38.51 £0.41 | 37.52 4+ 0.37

MAE 80.33 £ 0.24 | 78.32 £ 0.23 | 262.40 £ 0.00 | 94.09 £ 0.05 | 89.88 +0.17 | 80.19 £ 0.36 | 78.71 £ 0.29
SXB | RMSE | 142.42 +0.73 | 139.91 & 0.95 | 363.49 & 0.00 | 162.33 4= 0.05 | 156.75 4= 0.32 | 141.91 & 0.63 | 141.32 £ 0.36
MAPE(%)| 40.29 £ 0.54 | 38.22 +0.97 | 223.27 £0.00 | 51.18 £0.37 | 49.09 +0.17 | 40.96 £0.76 | 37.89 &+ 0.11

MAE 61.10 =038 | 57.78 £ 0.84 | 71.86 £5.01 | 73.59 £ 0.94 | 68.30 £ 0.33 | 56.40 + 0.08 OOM
STR| RMSE | 81.0540.55 | 74.94 £ 1.18 | 96.17 £7.97 | 96.18 & 1.48 | 90.50 + 0.70 | 73.46 + 0.06 OOM
MAPE(%)| 22.32 £0.19 | 21.28 +1.87 | 25.56 £2.23 | 30.23 £ 0.66 | 25.02 + 1.17 | 20.36 £ 0.09 OOM

MAE 147.54 £ 0.61 | 140.98 £ 2.89 | 499.95 = 8.83 | 163.96 £ 0.02 | 168.31 £ 0.17 | 142.71 £ 0.55 | 142.86 £ 1.83
TPE | RMSE | 670.14 4 0.45 | 671.29 & 2.58 | 996.04 =+ 7.32 | 726.80 £ 0.40 | 726.73 £ 1.06 | 666.42 + 0.36 | 678.02 + 3.41
MAPE(%)| 54.90 £ 0.81 | 47.50 4= 4.82 [280.63 £ 13.88| 52.22 £ 0.17 | 60.40 +0.77 | 45.94 £2.11 | 44.89 £ 0.61
MAE 104.21 £ 0.69 | 92.97 + 2.72 | 319.07 = 5.97 | 106.30 £ 0.02 | 105.57 £ 0.66 | 139.93 £ 0.61 | 133.21 £ 1.02
TO | RMSE | 178.09 & 1.38 | 154.59 + 2.71 | 424.02 & 8.74 | 182.49 & 0.32 | 167.92 £ 0.92 | 231.65 & 2.32 | 221.49 & 0.33
MAPE(%)| 67.26 £ 0.52 | 51.82 4+ 1.26 | 400.37 £ 6.15 | 59.46 = 1.38 | 69.03 +0.16 | 82.81 £0.41 | 87.58 +0.12
MAE 57.16 £0.24 | 56.66 + 1.67 | 173.86 +9.18 | 125.57 £ 0.08 | 74.96 £ 1.04 | 70.85 £ 0.31 | 60.80 &£ 0.21
YTO | RMSE | 94.09 £+ 0.11 | 90.75 & 1.41 | 253.42 +9.38 | 191.73 £ 0.25 | 114.34 & 1.97 | 115.62 £ 0.60 | 100.24 £ 0.45
MAPE(%)| 44.91 £ 1.53 | 43.39 +4.12 [128.97 +45.99| 110.73 + 1.97 | 73.18 + 1.56 | 44.39 £ 0.43 | 43.66 4+ 0.17
MAE | 257.57 £ 0.47 | 255.17 £ 0.18 | 264.44 £ 6.13 | 264.06 & 0.00 | 298.73 £ 0.16 | 255.11 £ 0.01 | 257.76 £ 0.30
TLS | RMSE |348.95+ 1.83 | 342.20 & 1.02 | 352.99 4 9.76 | 348.31 + 0.02 | 408.17 £ 0.23 | 340.28 & 0.14 | 346.83 + 0.97
MAPE(%) | 746.15 £ 8.05 |758.84 4= 36.31|791.75 £ 78.81| 867.12 £ 0.77 | 842.35 & 8.43 | 745.07 & 5.77 | 746.42 £ 0.82

MAE OOM 55.13 £ 4.47 OOM 5776 £0.72 | 73.45+1.74 | 73.81 £0.57 | 40.36 & 0.11

UTC| RMSE OOM 89.55 £ 1.67 OOM 97.52 £ 1.24 | 109.98 £ 1.82 | 123.95 +2.23 | 75.86 £ 0.31
MAPE(%) OOM 80.70 £ 18.35 OOM 64.93 £0.77 | 105.19 £2.55 | 93.66 £5.16 | 40.85 £ 2.82

MAE 96.16 £ 0.15 | 91.31 £ 0.19 OOM 81.71 £4.58 | 98.47 £0.10 | 80.01 + 0.59 | 105.63 & 1.55

VNO| RMSE | 130.79 4 0.34 | 124.11 + 0.44 OOM 111.45 £2.76 | 131.28 - 0.02 | 109.93 £ 0.18 | 141.02 £ 1.91
MAPE(%)| 63.46 £0.21 | 58.74 £+ 1.31 OOM 4791 +£8.96 | 6049 £0.08 | 46.17 £+ 1.50 | 77.00 &+ 2.31

MAE 56.73 £0.26 | 53.73 £ 0.93 | 65.57 £0.76 | 69.50 & 0.05 | 61.35 £ 0.11 | 57.82 +0.18 | 56.30 £+ 0.43
WOB| RMSE | 90.97 +0.48 | 83.48 +2.09 | 104.61 + 1.31 | 111.82 +0.01 | 92.81 0.13 | 91.64 £ 0.05 | 89.31 £ 0.69
MAPE(%)| 4248 £1.04 | 41.16 == 3.01 | 53.82 £ 1.86 | 5570 £0.59 | 54.53 £0.12 | 4475 £0.61 | 43.14 £ 1.57

MAE OOM 56.73 £ 0.03 OOM 65.62 £ 0.00 | 6529 +0.20 | 61.77 £ 4.83 | 54.71 &+ 0.20
ZRH | RMSE OOM 80.80 £ 0.23 OOM 94.06 £ 0.01 | 91.54 +0.20 | 88.03 £ 6.88 | 77.75 &+ 0.44
MAPE(%) OOM 36.22 £0.43 OOM 4773 £0.13 | 4820 £0.21 | 46.66 = 8.57 | 35.87 £ 0.06

E LIMITATIONS

* Data quality needs more researchers to verify. Due to the fact that OpenStreetMap is a free,
open geographic database updated and maintained by a community of volunteers, the raw data
from OSM has not been thoroughly validated. Thus, we need more researchers from academia and
industries to join us to improve the data quality.
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* Application-unique APIs need more researchers to develop. Although we have released the
basic APIs for querying and processing the data which can be used for massive applications,
each application may require further unique processing steps. Thus, we kindly encourage more
researchers to contribute to the OSM+ dataset, processing tools and downstream applications.
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