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Figure 1 (Color online) New spatiotemporal information infrastructures
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Figure 2 (Color online) Geographic information services
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Figure 3 (Color online) History of geographic information services research
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Figure 5 (Color online) Development timeline of geographic information service standards. Representative standards are listed, with dates indicating

their initial release
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Geographic information systems (GIS) are moving from systems to geographic information services (GIServices). By
leveraging GIS and distributed infrastructures, distributed geospatial resources including sensors, geospatial data,
geoprocessing algorithms and models can be accessed as services on the Web, and coordinated together by workflows to
transform data into information and knowledge. Recent progress of GIServices can be summarized as the following four
stages, Interoperating GIS-Web services-Infrastructure GIS-Geospatial Artificial Intelligence (GeoAl) services. The earlier
focus in GIService is interoperability in that it enables the services to be plugged in and play through standard-compliant
interfaces. The Web technologies enable GIServices to be accessible and chainable in a distributed environment, while
infrastructures like Cyberinfrastructure and cloud computing allow services to manage big geospatial data and support
high-performance geocomputation. Recent advancement in GeoAl significantly improves the automation of services in
fulfilling the demands of end users, thus enabling intelligent GIServices. The paper identifies nine fundamental research
topics: infrastructure, observation services, data services, model and processing services, visualization services, knowledge
services, quality and provenance, service coordination, and intelligent services. The topics have been investigated
intensively in the past decade in GIServices. The paper summarizes the advancements and enabling technologies of each
topic and also highlights future directions. Some latest work is highlighted: the development of new infrastructures such as
Spatial Digital Twin and Data Spaces, the development of geospatial data cubes for analysis ready data, the accommodation
of GeoAl models in geoprocessing services, the leverage of metaverse in visualization services, the management of large-
scale geographic knowledge graphs, the quality assessment of GeoAl systems, and intelligent geospatial service leveraging
large language models (LLM) and Al agents. Recent work on the standardization of geospatial technologies is also
highlighted, using the work from two major international standardization organizations as an illustration, i.e. the
International Organization for Standardization Technical Committee on Geographic Information/Geomatics (ISO/TC211)
and Open Geospatial Consortium (OGC). The standards ensure the interoperability and coordination of GIServices. The
paper summarizes the progress of standards into six categories: fundamental specifications, data models and encodings,
services and APIs, data discovery, data storage, and sensing. It can be observed that GIServices are moving from Service-
oriented Architecture (SOA) to Resource-oriented Architecture (ROA). The significant proof is that the OGC API
(Application Programming Interface) series of standards is being proposed as the next-generation standard family for
GIServices due to their simplicity and lightweight usage. There is another emerging track is on GeoAl services. Recently
OGC published its first GeoAl-related standard on training data sharing, i.e., the Training Data Markup Language for
Artificial Intelligence (TrainingDML-AI). The work on GeoAl model descriptions is moving forward. Finally, by
leveraging related methods, technologies, and standards together, the paper presents the practices of GIServices using the
Open Geospatial Engine (OGE) as an example. OGE is an open service platform building on Cyberinfrastructure. It
couples computing power, data, and algorithms together to support various geospatial services including data acquisition,
processing, analysis, and visualization. It integrates global multi-source geospatial data by following a GeoCube model and
provides large-scale online geospatial analysis in a cloud-native environment. Based on the comprehensive review and
latest technical practices, it can be observed that the emphasis of GIServices will move from data to computing, physical
models to GeoAl models, and humans to machines. This also necessitates the standardization of GIServices will shift from
human-centric to machine-oriented interactions, and focus more on GeoAl, 3D and physical/virtual interactions. The future
GIS is involved from desktop-based siloed GIS applications into an intelligent spatiotemporal infrastructure that relies
heavily on GIServices to support the integration and collaboration of connected humans, machines, and things.
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