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ABSTRACT CCS CONCEPTS

The interdisciplinary field of cyberGIS (geographic information
science and systems (GIS) based on advanced cyberinfrastructure)
has a major focus on data- and computation-intensive geospatial
analytics. The rapidly growing needs across many application and
science domains for such analytics based on disparate geospatial big
data poses significant challenges to conventional GIS approaches.
This paper describes CyberGIS-Jupyter, an innovative cyberGIS
framework for achieving data-intensive, reproducible, and scalable
geospatial analytics using the Jupyter Notebook based on ROGER -
the first cyberGIS supercomputer. The framework adapts the Note-
book with built-in cyberGIS capabilities to accelerate gateway ap-
plication development and sharing while associated data, analytics
and workflow runtime environments are encapsulated into appli-
cation packages that can be elastically reproduced through cloud
computing approaches. As a desirable outcome, data-intensive and
scalable geospatial analytics can be efficiently developed and im-
proved, and seamlessly reproduced among multidisciplinary users
in a novel cyberGIS science gateway environment.
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1 INTRODUCTION

From the late 1990s, cyberinfrastructure has been playing increas-
ingly important roles in mainstream scientific discoveries [5]. Dedi-
cated to reduce its barriers to broad scientific communities, science
gateways have achieved significant impacts on numerous scientific
domains including particle physics [3], molecular chemistry [10],
public health [1] and many others.

In geospatial domains, cyberGIS - geospatial information science
and systems (GIS) based on advanced computing and cyberinfras-
tructure (CI) [22] - has enabled computation- and data-intensive
knowledge discovery by gaining unprecedented insights into the
complex and geospatially connected world from both natural and
social sciences perspectives [12, 23, 28]. Pushing the frontiers of
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science gateway, a suite of cyberGIS gateway applications [6, 7, 11]
have been developed to simplify access to advanced cyberGIS and
cyberinfrastructure by providing interactive, online interfaces to
scalable geospatial analytics. However, as the diversity of cyberGIS
data and applications keeps growing, cyberGIS-enabled geospatial
analytics poses challenges against traditional web-based gateway
approaches.

Due to the high variety and complexity of cyberGIS analytics,
it is difficult to provide a comprehensive solution in a single gate-
way application mimicking traditional desktop GIS. Therefore, it is
typical for each gateway application to focus on a specific type of
analytics (e.g. CyberGIS-BioScope [7] for biomass-to-biofuel supply
chain system optimization; FluMapper [16] for mapping the spread
of influenza-like illnesses from Twitter data; and TopoLens [6] for
accessing high-resolution national topographic datasets).

Given the enormous application space of cyberGIS, agile devel-
opment for new gateway applications is urgently needed. In most
desirable cases, domain researchers should be able to implement
and customize their unique needs for gateway applications, instead
of depending on dedicated developers. However, most traditional
cyberGIS gateways were developed with web GIS, i.e. GIS system
that adopts browser/server architecture, typically with interactive
graphic user interfaces as front end and a set of dedicated services
in the back end. In traditional web GIS development cycles, it is diffi-
cult to achieve agile development, especially for domain researchers.
There are three main reasons are as follows:

(1) Developing a complete web application with interactive
graphical user interfaces (GUIs) from scratch requires pro-
fessional skills that most of geospatial researchers do not
possess;

(2) Handling large-scale computation with middleware orches-
tration behind front-end interfaces requires substantial knowl-
edge of cyberGIS and HPC

(3) Operational maintenance, including deployment, user and
data managements, etc. pose significant overheads for com-
mon researchers.

As a result, the intensive development requirements of web GIS
becomes a major bottleneck to meet the proliferating needs of cy-
berGIS capabilities from domain researchers. Therefore, to fully
leverage the power of cyberGIS, it is necessary not only to reduce
the barrier of accessing cyberGIS via gateway applications, but also
to reduce the barrier of developing gateway applications so that
common researchers could efficiently construct their own applica-
tions from basic building blocks.

One approach to resolving aforementioned issues for gateway
application development is to couple the development and use
of a gateway application as an integrated platform that engages
researchers, developers, and users and couples the computing,
storage, and software resources as project resources for easy ac-
cess from them. It has been recognized by academic computing
communities that “the distinction between users and developers
is actively harmful”[20]. An integrated gateway application plat-
form can effectively fill this gap, and most recent advances in
Jupyter (http://jupyter.org/) provides a promising solution. The
increasing support of interactive extensions enables Jupyter to
serve as a user-friendly application interface as well as an agile
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development environment. Meanwhile, the emergence of Jupyter-
Hub (https://jupyterhub.readthedocs.io) makes it possible to deploy
Jupyter on distributed infrastructure.

This paper describes CyberGIS-Jupyter, an innovative framework
that integrates cloud-based Jupyter notebooks (highly interactive
read-eval-print loop (REPL) environment) [9] with HPC resources
as part of a hybrid computing environment [14, 18]. The frame-
work addresses the development challenge as follows: 1) adopts
Jupyter notebooks instead of web GIS as the front end interface
to provide a consistent and agile playground for both developers
and users; 2) encapsulates advanced cyberGIS capabilities within
a pre-configured and containerized environment; 3) achieves on-
demand provisioning through cloud computing to elastically deploy
and manage multiple instances of gateway applications. Further-
more, the reproducible deployment enables researchers to share
and build on each other’s work to innovate large-scale geospatial
analytics cumulatively in a collaborative fashion. With this frame-
work, community-driven gateway development and deployment
becomes feasible. To the best of our knowledge, our work provides
the first general framework to modularize gateway development
and deployment for domain researchers.

The remainder of this paper is organized as follows. Section 2
examines the related work of CyberGIS-Jupyter; Section 3 presents
the design and architecture of CyberGIS-Jupyter; Section 4 demon-
strates the framework’s agility in transforming complex cyberGIS
computation into interactive gateway applications with a case study
of computing height above nearest drainage (HAND) computation
at 10m resolution for conterminous US (CONUS); and Section 5
concludes the paper and discusses future work.

2 RELATED WORK

To lower the barrier of entry to CI, a series of science gateways have
been developed to enable computation- and data-intensive research
and education [11, 25, 26]. In order to provide easy access, most
science gateways adopt the Software as a Service (SaaS) [21] ap-
proach, i.e. providing applications through interactive web services
with Web 2.0 technology and Service-Oriented Architecture (SOA)
[13]. A similar architecture was adopted for cyberGIS gateways
[11]. On top of the generic science gateway architecture, a typi-
cal geospatial gateway usually adopts web-based GIS capabilities
such as OpenLayers (http://openlayers.org) as frontend interfaces;
uses geospatial middleware (e.g. GISolve [24]) to access HPC capa-
bilities; and imports/exports standard geospatial web services via
OGC standards (http: //opengeospatial.org/). To achieve desirable
friendliness for end users, the development of web GIS based gate-
ways requires specialized web development and design skills and is
time-consuming. As the need for customized cyberGIS capabilities
proliferates, the web GIS gateways become a bottleneck to meeting
the vast and dynamic requirements of cyberGIS applications.
Jupyter, formerly known as IPython [17], is a language agnos-
tic platform designed for interactive data-driven discovery based
on scripting languages. A Jupyter notebook is an interactive ex-
tension of the read-eval-print loop (REPL) environment, where
the evaluation result could be a fully functional interactive HTML
elements including plain text, tables, figures, animations and web-
maps. As an open-source project, Jupyter is highly configurable
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and extensible, which attracts many community empowered en-
hancements, such as generating interactive HTML widgets (https://
github.com/ipython/ipywidgets) and embedding cartographic maps
(https://github.com/pbugnion/gmaps). With Jupyter notebooks, an
interactive, lightweight online interface for geospatial analytics and
visualization becomes feasible. In CyberGIS-Jupyter, we developed a
set of interactive tools for cyberGIS capabilities, including HPC job
management, geospatial visualization and integration with other
cyberGIS components. It is worth noting that the HPC community
has conducted exploratory work on integrating Jupyter, e.g. the
remote spawner initially developed at the San Diego Supercom-
puter Center (SDSC) (https://github.com/zonca/remotespawner)
launches Jupyter servers as standalone HPC jobs; and Wrangler (8]
uses Jupyter as part of the visualization portal. However, these ef-
forts merely connect Jupyter notebooks with HPC environments in
straight-forward fashions, leaving substantial space for innovation.
Meanwhile CyberGIS-Jupyter is designed to serve as a complete
solution for developing and sharing cyberGIS gateway applications,
including front-end interaction, geospatial visualization, hybrid
HPC integration and an framework for application development
and deployment.

As the on-demand resource-provisioning feature of cloud com-
puting becomes increasingly available, the traditional HPC with
high-end computing capability is beneficial to be integrated with
cloud computing resources. Consequently, hybrid HPC, which lever-
ages advanced cyberinfrastructure as a synergistic stack consist-
ing of traditional HPC, scalable databases, cloud environments
as well as big data computation frameworks like Hadoop and
Spark, represents a new frontier of advanced CI [14, 18]. Similar
approaches can also be found in XSEDE resources such as Bridges
(http://psc.edu/bridges) and JetStream (http://jetstream-cloud.org/).
In geospatial domains, exploration of geospatial big data man-
agement and analysis in cloud computing environments has also
been actively discussed [27] and deployed (e.g. ESRI ArcGIS On-
line as a complete cloud-based platform for spatial analysis and
map sharing). However, given the tremendous heterogeneity of
various hybrid HPC components, it is non-trivial to integrate these
capabilities into science gateways without increasing development
complexity significantly. In CyberGIS-Jupyter, we deploy the frame-
work directly on top of a cloud platform to leverage on-demand
provisioning capabilities. With service containerization [15], the
framework is able to encapsulate various hybrid HPC services in a
pre-configured container image, so that domain researchers could
exploit hybrid HPC services via a simple interface to meet their
customized needs. The framework is currently deployed on ROGER,
the first cyberGIS supercomputer dedicated for geospatial problem
solving (http://go.illinois.edu/ROGER). Leveraging the hybrid HPC
design, ROGER provides a desirable environment for developing
technical solutions for geospatial analytics at scale.

3 FRAMEWORK

3.1 Key Characteristics

3.1.1 Agility. Due to the data disparity and computational in-
tensity [22] of cyberGIS-enabled geospatial analytics, it is difficult
to provide a comprehensive graphical user interface (GUI) serving
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all analytical components. The current practice of developing cus-
tomized and web-based GUI interfaces for webGIS-based gateways
is often costly. As an alternative to the two approaches, we propose
to use Jupyter notebook as an agile GUI development platform for
cyberGIS.

Using ipywidgets, Jupyter’s Interactive HTML Widgets library,
we developed a set of widgets-based utilities to cover common
cyberGIS operations. These include a HPC job management inter-
face (Figure 2) and a web-based geospatial visualization solution
supporting the widely-adopted standards of tile mapping services
(TMS) and web mapping services (WMS) (Figure 4).

Similar kinds of interfaces could be adopted for customized cyber-
GIS functions, which would enable agile GUI development. When-
ever a new cyberGIS analytics is built, the developers could come
up with a simple widget interface to support parameter tuning
of the related computational model, followed by invoking builtin
cyberGIS widgets for HPC and geospatial visualization.

3.1.2  Reproducibility. The Jupyter notebook is designed as a
publishing format for reproducible computational workflows [9].
The primary purpose of a notebook file is to maintain a record
of workflow execution. Therefore, Jupyter also supports saving
and loading the status of widgets along with the notebook file.
Additionally, in CyberGIS-Jupyter, we also serialize corresponding
status and parameters of cyberGIS functionalities embedded in the
notebooks (e.g. the configuration file of HPC jobs).

However, notebooks are merely a record of computation pro-
grams. Computational reproducibility requires computational en-
vironments, including the exact versions of all external libraries,
to be recorded and reproducible [4, 19]. To further record and re-
produce computational environments, CyberGIS-Jupyter adopts
the container virtualization technology provided by Docker [15].
A container is a lightweight virtualized environment executing on
a host system, which could be further serialized/snapshot with its
entire computation environments recorded as an image and repro-
duced elsewhere. A container is created from an immutable image
file. An image is created from a configuration file that explicitly lists
the steps required to build the image including specific versions
of all dependent software. These features have attracted consid-
erable attention from the computational reproducibility research
community [2].

In CyberGIS-Jupyter, we deploy Docker inside cloud infrastruc-
ture, and for each user instance, their Jupyter notebooks are hosted
inside one dedicated container. With the combination of Docker
and Jupyter notebook, CyberGIS-Jupyter aims to achieve computa-
tionally reproducible geospatial analytics.

3.2 Application

Instead of serving a single dedicated application, CyberGIS-Jupyter
provides a platform where cyberGIS applications can be agilely
developed and deployed. As shown in Figure 1, each cyberGIS
application is standardized as an application package, which can
be deployed on the cloud as application instances to serve a large
number of users.

Each application consists of a core cyberGIS program, a docker
image and a stack of Jupyter notebooks. The core cyberGIS program
can take input from any available geospatial data services including
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Figure 1: CyberGIS-Jupyter application and deployment

parallel file systems or scalable databases; the program itself can
be any type of HPC computation including MPI/OpenMP, GPU
or hybrid, and its output address can be files or web mapping
services including TMS and WMS. A template application package
encapsulating core cyberGIS functionalities are developed to form
a basis for customized applications. The major functionalities in
the template application package are as follows.

3.2.1 CyberGIS Computation Image. The template image con-
tains various geospatial software (i.e., GDAL, Esri FileGDB exten-
sion, PROJ4, GEOS, NetCDF4/HDF4, SpatialLite/SQLite) and par-
allel computing libraries (i.e., MPI and GNU Parallel), as well as a
functional Jupyter notebook server with fundamental interfaces
to exploit cyberGIS capabilities, and a pre-configured system for
accessing geospatial services (e.g. web mapping service for visu-
alization). Containers could be launched from the template image
for users to perform computation and customization, including
installing/uninstalling libraries, manipulating local data sets and ex-
ecute lightweight computation. A customized container can further
be committed as a flexible image, forming the basis for developing
new cyberGIS applications.

3.2.2  CyberGlIS Interface. The cyberGIS user interfaces contain
a set of widgets that are pre-configured to provide user-friendly
access to HPC resources. These widgets are easy to invoke inside
notebooks, providing automatic job submission/management with
HPC computation in the backend. Results from HPC computation
are made available in near real-time within notebooks using a
Network File System (NFS) protocol from HPC file systems to the
container. At the end of HPC computation, additional visualization
and data analysis could be further performed using the notebooks.

3.2.3 Geospatial Visualization. Geospatial visualization services
such as tile mapping services (TMS) and web mapping services
(WMS) are compatible within Jupyter notebooks. Mapping ser-
vices hosted on external servers can be accessed remotely by the
notebook using IFrame (Figure 4); Intermediate results generated
inside the notebooks can also be visualized with the computational
resources of the container using our innovative Python library
Floret, which provides a user-friendly API to fundamental web-
mapping services for mixed vector/raster geospatial datasets (Fig-
ure 5). Its raster function is seamlessly integrated with the GDAL
tiling tools to enables on-spot web-mapping data processing and
service hosting. Compared with the existing Python geospatial visu-
alization library Folium (https://github.com/python-visualization/
folium) which mostly focuses only on vector data, Floret bridges
the gap of in-notebook raster data visualization along with vector
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In [1]: from jobtool import Job
Joblandler=Job ()

Success fully logged in as dyint
In [2]: jobHandler.submit()
Jobname test
Executable tests!
No. nodes 4
Cores per node 1
GPU needed

Waltime (h) 10

s/jupyter/ch tderr
#PBS -o /projects/jupyter/dyind/ jobs/test.stdout

Job script
d /projects/jupyter/dyind!.

chmod +x test.sh

b 21 19:34119 csz 2017

53427.cg-gpu0l
Job Status.
Job 53427 requires 80 procs for 1:00:00

00:00:00 e Feb 21 19:34:18

1:00100 e Feb 21 20134118

Refresh Status Cancel Job New Job.

Figure 2: Embedded interface for job submission inside
Jupyter notebook.

data, hence enables more comprehensive geospatial analytics to be
done in notebooks.

3.3 Architecture

As is depicted in Figure 3, the system has four layers of structures
ranging from users to HPC clusters. The major services between
end users and HPC computation environments are as follows.

3.3.1 Proxy. The proxy serves as the entry point for all users.
Users are directed to the entry address where their requests get
handled by the proxy. As the first step, the proxy directs users to
the JupyterHub server with authentication and authorization prop-
erly configured. Later in the process, the proxy forwards requests
directly to Jupyter notebooks running in distributed containers.

3.3.2  JupyterHub. JupyterHub is a central management unit for
handling authentication and scheduling standalone Jupyter servers.
In CyberGIS-Jupyter, we customize the authentication module to
provide an identity verification solution in the HPC context. As
users are granted access to actual supercomputer resources, proper
identity management is critical for system security and accounting
purposes. In the current deployment, authentication is delegated to
NCSA’s LDAP directory service. After authentication, authorized
users are associated with a ROGER account with a quota for data
storage and computation resources. In the meantime, a request
for launching users’ dedicated containers are sent to the Docker
swarm.

3.3.3  Docker Swarm. Docker swarm is responsible for spawn-
ing and managing all Docker containers across a specific group
of virtual machines (VMs) (the swarm), which is a group of in-
stances on Openstack cloud services. The cloud environment with
containerization provides fine-grain on-demand provisioning of in-
frastructure as a service. With the two-level (Openstack and Docker)
virtualization, the system achieves:
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Figure 3: CyberGIS-Jupyter service architecture on ROGER

e Dynamical load-balancing: Docker Swarm manages the
number of containers active on a VM. When a user launches
a notebook, the most idle VM will be chosen to spawn a
Docker container with the user’s notebooks.

e On-demand provisioning: The capacity of the system can
be controlled by adjusting the number and size of VMs con-
trolled by Docker Swarm. VMs can be created and added to
the swarm to meet increased demand.

3.3.4  Batch Computation. Batch job system is deployed on ROGER
HPC to handle computationally intensive tasks sent from the con-
tainers. Batch jobs are able to leverage parallel computing resources,
large high-performance storage systems, and a variety of geospatial
and scientific software to greatly expand the capabilities of a typical
Jupyter notebook environment.

3.3.5 Shared Storage. Instead of possessing local storage space
on the cloud, users are assigned a dedicated storage space on
ROGER’s clustered file system, which is exposed as NFS to the
OpenStack VM that the user’s Docker container is hosted on. From
the VM, the storage space is mapped into the notebook container
using a Docker host volume. The storage space on ROGER’s clus-
tered file system is also accessible by JupyterHub to be loaded as
the home directory for Jupyter users. In this way, we achieved:

e Volume expansion: as the volume of storage space is not
limited by the cloud resources, users are able to access and
operate on geospatial big data without losing the agility of
virtual computational environment.

o Real-time access: data produced by the batch job is imme-
diately available within notebooks. Likewise, data produced
in notebooks is available from the batch HPC system.

o Fault tolerence: user data are not be affected by potential
failures of notebook, container or VM.

e Collaborative sharing: by configuring group access per-
missions on cloud directories, collaborators are able to view,
edit, upload and download team resources including codes,
notebooks and data in the same project directory.

4 CASE STUDY

The effectiveness of CyberGIS-Jupyter has been studied in en-
abling and enhancing the collaboration of the National Inundation
Mapping Experiment (NFIE) [12] by engaging distributed research
teams, sharing data and software resources, and conducting repro-
ducible flood inundation mapping methods and their educational
use.

4.1 NFIE HAND collaboration

NFIE is a multidisciplinary collaboration for innovating national-
scale flood forecasting and mapping capabilities, conducted by the
U.S. National Water Center in partnership with pertinent research
communities. A key ongoing effort of NFIE is to produce the 10m res-
olution Height Above Nearest Drainage (HAND) geospatial raster
dataset that serves as a basis for mapping river segment scale flood
inundation. The pursuit of HAND requires close collaboration in
methodology development, software development, computation,
validation, and education and outreach. The team members are
from 7 institutions and funded by multiple agencies and industry.
The HAND experiment in year 2016 is a representative example of
transforming hydrological research from studying local watersheds
by a single research group to continental hydrology research in-
volving multiple research teams in cyberGIS, hydrology, hydraulics,
and government agencies. The computation of HAND needs to han-
dle the 10m USGS 3DEP national elevation dataset (about 180 bil-
lion raster cells) and the National Hydrography Dataset (NHDPlus;
http://www.horizon-systems.com/nhdplus/) with approximately
2.67 million stream reaches.

The current collaboration in the HAND experiment has already
leveraged the advantage of the HPC+Cloud hybrid architecture on
the ROGER supercomputer to eliminate the dramatic cost and intol-
erable turnaround time in data transfer, result sharing, and the man-
agement of heterogeneity of multiple computing environments (e.g.
local and clusters). The development of the HAND methodology and
workflow software took five months. The first 10m HAND dataset
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from IPython.display import IFrame
IFrame('http://141.142.170.172/nfiedata/maps/ ' ,width=1000, height=500)

e (1]

Figure 4: HAND result embedded in Jupyter notebook. The
result is calculated at 10m resolution for CONUS from the
10m USGS 3DEP national elevation dataset (NED) and the
national hydrography dataset (NHDPlus). The map includes
331 HUCG units.

for the conterminous U.S. (CONUS) was computed on ROGER in 1.5
days, as shown in Figure 4. Further development and outreach of
HAND methodology will incorporate various methods contributed
by a broader range of groups in order to solve existing issues and
refine the HAND workflow. HAND will also be used heavily in
various education and training activities. Retrospecting the current
loosely coupled collaboration components, we require a more ef-
fective and efficient collaboration solution to meet the next-phase
development and community use intensity. CyberGIS-Jupyter is
chosen as an enhanced platform for the next-level collaboration.
Table 1 lists the comparison of these requirements between the
current and the forthcoming way.

The main source of the enhancement using CyberGIS-Jupyter
is the ability to share extensive project resources in notebooks so
that collaboration team members can contribute simultaneously,
including reviewing data, performing interactive investigations,
creating visualizations, etc. In the current way, there exists a de
facto sequential workflow to develop new components: researchers
propose a method and check with each other using documents in
emails or meetings; developers start coding on GitHub; new model
runs are submitted to HPC resources, model results reviewed in-
ternally, results are shared with researchers to validate; and discus-
sion on results are based on local or limited online visualization.
Furthermore, the development of a new component often needs
multiple rounds of such process, leading to long turnaround time.
Using CyberGIS-Jupyter, we aim to complete the development of a
new workflow component in a single Jupyter notebook, which can
significantly accelerate the collaboration with desirable flexibility,
reproducibility, and interactivity required by the team work.

4.2 HAND as a CyberGIS-Jupyter application

The HAND CyberGIS-Jupyter application is developed by container-
izing HAND software environment, data, and computation tools.
The CyberGIS-Jupyter HAND Dockerfile builds from the template
cyberGIS computation image, which includes a common set of open
source geospatial software installations. HAND notebooks are then
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In (1]t import cybergis
cybergis.Job()\

Jentrance='1 sh, Nodes=3,ppa=20, vallt ne=1, isGPU=False, submit=True)

Job Status

1 (23
=

. aciiki a
+ / Onion Creek HAND

Figure 5: HAND computation and visualization for the
Onion Creek watershed in Texas. The map cell view includes
three layers: DEM (hillshade view), HAND, and flowlines.

developed and made available within the CyberGIS-Jupyter frame-
work. Specifically, the CyberGIS-Jupyter HAND Dockerfile includes
the following features:

e Geocomputation software environment. In addition to the
prebuilt softwares in the template cyberGIS computation im-
age, HAND software such as TauDEM and HAND workflow,
are configured in Dockerfile to pull a specific version of the
source code from GitHub and compile at Docker instance
initialization

e HAND input data includes sample data for development
purposes and national-level large geospatial datasets for
production runs to update HAND. Sample data are stored
in the volume storage allocated by OpenStack in Docker
host VMs. National datasets such as USGS 3DEP elevation
dataset, water boundary dataset, NHDPlus are stored on
ROGER GPFS and mounted via NFS, specified in Docker host
VM configuration. In addition, external data access APIs are
configured to retrieve geospatial and hydrological data from
data source portals such as HydroShare (http://hydroshare.
org).

o Small-scale computations for development, testing, and vali-
dation are done within the notebook container. Computation
on large hydrological units uses the built-in job submission
and visualization tools in the template cyberGIS computa-
tion image, which then sends the computation to ROGER
HPC environment.

e HAND input/output data visualization uses the innovative
Floret library (section 3.2.3). Raster layers generated on ROGER
HPC as TMS are displayed as Floret cells, together with auxil-
iary DEM and flowlines (Figure 5). The pyramiding of output
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Table 1: NFIE HAND collaboration: current vs. CyberGIS-Jupyter enhanced

Collaboration

) Current Enhanced
Requirements
o Writeups as shared document o Methodology notebook
Methodology e Communicated via emails, teleconf - Math formula
development - Code snippets
— Sample results
Source codes only; computing environ- e Function notebooks with both source
Software ment needs to be maintained and synchro- codes and computing environments effec-
development nized manually tively synchronized between researchers
Conducted by a dedicated person, a e Notebook interface to workflow computa-
C : bottleneck tion on ROGER
omputation

- Everyone can launch

Result validation

e Data: direct download or via iRODS

Validation results: shared document in
Google Drive

Integrated validation notebooks with
reproducible input, statistics, and output

Visualization

Local: download and use desktop GIS. Al-
most impossible for large outputs

Online: Tile Map Service (TMS); webGIS.
Only available for major output data

Integrated data, code and visualization
notebooks

— Traditional visualization libraries

— Jupyter IFrame cells

— CyberGIS Floret library

rasters is computed within the batch job on ROGER HPC to
improve performance and make HAND notebooks respon-
sive.

Figure 5 demonstrates an abridged notebook interface to HAND
calculation for an example hydrological unit. The computation job
is submitted via the cyberGIS interface. It is worth noting that in this
example, the computational parameters are provided through the
function call and the job is automatically submitted after executing
the cell. In other words, GUI representation of parameters is offered
as an option to meet adaptive preferences between user-friendliness
and reproducibility. After the computation job completes, the results
are automatically retrieved for visualization within the notebook.

4.3 Usage in HAND development and outreach

There are two typical usage scenarios for the HAND application:
modeler-developer-operator and instructor-student.

A proposed change to a HAND methodology component often
engages hydrology and cyberGIS researchers, HAND developers
and operators in an iterative refinement process. In this process, a
refinement notebook is setup to illustrate a current issue and pro-
posed improvement. For example, in order to study the discrepancy
between the flowlines generated by TauDEM and those compiled
in NHDPlus, a researcher presents a comparison within the note-
book. Methods are proposed by researchers as math formula and
document cells. These methods are evaluated in the same notebook
to validate their quality and then taken by developers to update
HAND workflow code. Next, with the updated HAND software, the
national scale HAND is updated in the same notebook using the

job submission tool. Upon job completion, researchers review the
updated HAND map using the map cell which plots a TMS layer in
the notebook.

In the instructor-student scenario, the HAND notebook includes
all steps of the workflow, instructions on how each step works, and
sample output. This notebook can be used by instructors to create
homework assignments that are distributed to students. Students
launch a copy of notebooks inside their own container, learn by
executing/customizing example steps and answer homework ques-
tions inside the notebook. A complete view of the HAND workflow
notebook is accessible at http://cybergis-jupyter.tk/ HAND.html.

A series of CyberGIS-Jupyter notebooks including the HAND
notebook, along with the CyberGIS-Jupyter platform itself, were
heavily used and widely acknowledged for the hands-on training
and the open challenges during the 2017 UCGIS Summer School
(http://www.ucgis.org/summer-school-2017). We conducted a user
survey to collect feedback from 35 summer school participants on
the CyberGIS-Jupyter system for GIS analytics. Seventeen of them
responded, in which:

e over 76% strongly (4+/5) agree that CyberGIS-Jupyter re-
duces the turnaround time of geospatial research collabora-
tion and prefer CyberGIS-Jupyter over web GIS app in terms
of research collaboration;

e over 88% strongly (4+/5) agree that CyberGIS-Jupyter in-
creases the reproducibility of geospatial research, and are
willing to adopt Jupyter in their own research/education;

e over 94% are very likely (4+/5) to adopt CyberGIS-Jupyter
for developing geospatial methodology with collaborators
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when materials, including equations, code snippets, data and
experimental results need to be shared.

5 CONCLUDING DISCUSSION

CyberGIS-Jupyter is established to achieve reproducible geospatial
analytics at scale in broader scientific domains by reducing the bar-
rier to accessing advanced CI and cyberGIS capabilities via novel
science gateway approaches. Exploiting recent advances in Jupyter,
cloud computing, and hybrid HPC architecture, the framework
provides a holistic solution for developing and sharing cyberGIS
applications. Aiming to achieve desirable agility and reproducibil-
ity, the framework adopts a comprehensive architecture where a
standard Jupyter notebook is enhanced to include user-friendly
interfaces to foundational cyberGIS capabilities such as compu-
tation management, raster data tiling and web mapping services.
Applications built on CyberGIS-Jupyter can further customize note-
books with specific geospatial analytical tools as well as big data.
Researchers can choose to run analytics either within a container or
by accessing external HPC resources. With the HAND case study,
we demonstrated how the framework enhances domain-specific cy-
berGIS collaboration into an interactive application for team-based
development and education practices at scale. In sum, CyberGIS-
Jupyter significantly lowers the barrier of entry to cyberGIS and
enables various opportunities for data- and computation-intensive
geospatial research and education with desirable computational
reproducibility support.

To further enhance collaborative and reproducible cyberGIS ana-
lytics, we plan to provide a dedicated service to manage community-
driven cyberGIS application repositories. Geospatial researchers
would be equipped with a public platform to create and publish
their own CyberGIS-Jupyter applications for others to reproduce
and adapt.

The CyberGIS-Jupyter interface could also serve as a light-weight
geospatial frontend to manage different middleware or micro ser-
vices. Furthermore, as Jupyter notebook provides better support
for general web rendering, existing web-based cyberGIS science
gateways may be integrated with CyberGIS-Jupyter for better com-
putational reproducibility support.
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