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Abstract

Scalable resolution display environments, including immersive data observatories, are emerging as equitable and socially engaging
platforms for collaborative data exploration and decision making. These environments require specialized middleware to drive
them, but, due to various limitations, there is still a gap in frameworks capable of scalable rendering of data visualizations. To
overcome these limitations, we introduce a new modular open-source middleware, the Open Visualization Environment (OVE).
This framework uses web technologies to provide an ecosystem for visualizing data using web browsers that span hundreds of
displays. In this paper, we discuss the key design features and architecture of our framework as well as its limitations. This is
followed by an extensive study on performance and scalability, which validates its design and compares it to the popular SAGE2
middleware. We show how our framework solves three key limitations in SAGE2. Thereafter, we present two of our projects
that used OVE and show how it can extend SAGE?2 to overcome limitations and simplify the user experience for common data
visualization use-cases.
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1. Introduction 20 play Environments (SRDEs) are becoming increasingly com-
mon within immersive data observatories and easier to build as
There is an ever-increasing demand to produce meaningful  displays decrease in cost. These environments support collec-
insight from data in very short timescales, pushing data ana- tive decision making processes through their ability to recreate
lytics pipelines to their limits. Large multi-disciplinary projects scenarios, retrace approaches, and reenact situations, which are
produce and consume vast amounts of data, making it very hard »s  useful in emerging domains such as explainable Al [3} 4].
to make sense of it in short periods of time. This is where The Data Science Institute at Imperial College London has
collaborative group work becomes meaningful, as the ability several SRDEs purpose-built for data visualization [3]. These
to visualize data and incorporate collective thinking of human allow multidisciplinary teams to explore big data collabora-
experts from various domains still dominates most decision- tively [6], in a mixture of immersive and non-immersive en-
making processes [1]. Improving the efficiency of such col- s vironments. One key challenge of operating such SRDEs is
laborative data exploration activities is therefore a key priority that they require specialized middleware to drive them. Whilst
for modern data science research. several such software systems have been built, most are based
Immersive analytics has the potential to support deeper, more on OpenGL and intended to run non-web-based applications.
equitable and socially engaging collaboration [2]. Academia = Meanwhile, web browsers are becoming an increasingly im-
as well as industry are building immersive data observatories s portant platform for data visualization. A few systems, such as
to assist with the challenging task of collaborative data explo- SAGE?2 [7], are based on web technologies but focus on dif-
ration. These environments are capable of visualizing data at  ferent purposes. SAGE?2 is primarily intended as a dynamic
resolutions that are sufficiently large to accommodate a group windowing environment for co-located and remote collabora-
of up to 20 people working together. Scalable Resolution Dis- tion [8l [9]; this makes it unsuitable for our use-cases. We dis-
s cuss the limitations of SAGE2 and other comparable frame-
works further in Section 2l
To overcome these limitations, we developed Open Visual-
ization Environment (OVE), an open-source web framework for
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capable of combining multiple content of various image, video,
audio, graph, geospatial, HTML and PDF formats by resizing, oo
rearranging, joining and overlapping them into a single con-
tiguous interactive visualization that may in many cases span
multiple displays. In terms of key features, this framework is:

e Capable of displaying high-resolution content on display105
canvases spanning billions of pixels across multiple dis-
play devices.

e Implemented using open web technologies with out-of-
the-box support for a large number of web-friendly data
formats. These files can be web-hosted or stored using the''
Asset Manager.

e Designed to be seamlessly integrated with existing data
analytics workflows. It provides a REST API and Python
SDK, enabling bulk operations and scripted deployments. ,,5

e Designed to be hardware, platform, and web browser in-
dependent.

With OVE, we make two key contributions:

1. A highly performing and scalable middleware framework

for data visualization in SRDEs using web technologies.

2. A plug-and-play supplement to the popular SAGE2 mid-
dleware to simplify the user experience for common data
visualization use-cases. 12

This paper is organized as follows: Section [2)introduces related
work, followed by a discussion of the key design features and
limitations of OVE (Section [3) and its architecture (Section [4).
We then compare the performance, scalability and usability of,;,
OVE and SAGE?2 in Section [3] highlighting the advantages of
using OVE. And thereafter, in Section [6] we explain how these
two frameworks can complement each other (where necessary),
and present two projects that were developed using OVE.

135

2. Related Work

Using SRDE:s for data visualization is not a new idea [12-
17].  While many researchers have developed application-
specific alternatives, those focused on reusability have optediso
to either develop new frameworks, introduce new applica-
tions for existing frameworks [7], extend existing frame-
works [18]], or combine multiple frameworks [19]. There are
a number of competing frameworks, including Equalizer [20],
Chromium [21]], DisplayCluster [22]], CGLX [23]], CubIT [24],1s
ContextuWall [25]], and Canvus [26], but SAGE2 is currently
the most widely used and has nearly 100 deployments world-
wide. The popularity of SAGE?2 is partly due to it being a re-
development of SAGE [27], one of the oldest software frame-
works for high-resolution tiled displays. The choice of webiso
technologies also makes it easier for industry and academia to
adopt it for most data-centric collaborative research projects as
pointed out by Renambot et al. [7].

Equalizer, Chromium, DisplayCluster and CGLX are all de-
veloped using non-web-based OpenGL technology. Given theiss

2

limitations of web browsers and also the WebGL standard com-
pared to the latest OpenGL standard, these frameworks have
superior performance and scalability when displaying high res-
olution 2D and 3D graphical content. But, adopting OpenGL
for data visualization comes with several usability challenges.
Many popular data visualization [10, 28], mapping [29, 30]
and graph drawing libraries [31 32] used by data scientists do
not have direct OpenGL equivalents, introducing considerable
application development overheads. Similarly, most of these
frameworks do not provide Python SDKs or REST APIs, pre-
venting seamless integration with data analytics workflows.

ContextuWall is a framework for co-located and remote col-
laboration using touch and mobile devices as well as displays
of various sizes. It provides an ecosystem for asset manage-
ment with superior collaborative annotation capabilities. De-
spite these features, ContextuWall only supports image formats
and lacks support for video, audio, HTML and PDF formats.
CubIT is a multi-user presentation and collaboration frame-
work that was specifically designed for the Cube facility of the
Queensland University of Technology (QUT). Due to the re-
stricted scope of their use-cases, the framework only supports
images, videos and text notes. It does have a useful feature be-
fitting QUT’s requirement of being able to create presentations
by sequencing the display of content in these three formats, but,
it is not designed as a general purpose framework and it is un-
suitable for deployments involving heterogeneous display de-
vices.

Canvus is a purpose-built commercial software developed by
MultiTaction to be specifically used by customers who purchase
display walls built using the touchscreens that they sell. It is
a dynamic windowing environment for collaboration and sup-
ports many media formats. Canvus needs to be installed on
a single computer to which the displays are connected, limit-
ing its scalability and making it unsuitable for environments
with higher resolutions such as EVL’s CAVE2 [33]. Also, it
neither has out-of-the-box support for non-media formats such
as maps, graphs and charts, nor has an application repository
with a list of extensions. Canvus also uses a customized web
browser (Chromium Embedded Framework) limiting its ability
to embed frameworks such as SAGE?2 and ParaViewWeb [34].

In addition to specialized middleware for SRDEs, we also
looked at few other examples, such as the modern game en-
gines, Unity and Unreal Engine, which are not only used to
develop games but also as platforms for developing interac-
tive experiences, some of which are related to data visual-
ization [35] 36]. Mechdyne Corporation’s getReal3D [37] is
a Microsoft Windows application and a plugin for running
Unity applications on SRDEs such as CAVE2. DXR [38] and
IATK [39] are toolkits for developing immersive data visual-
izations on Unity. While game engines are suitable for some
use-cases, they have usability limitations (similar to OpenGL-
based frameworks) as they are platform-dependent and require
considerable development effort. Consequently, many of these
frameworks are not suitable for general purpose data visual-
ization. However, we find several useful features, such as their
support for visibility and occlusion culling which improves per-
formance as well as their modular architecture which improves
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scalability. implemented as a modular microservices architecture address-
ing the challenge€1-C4 as well as the limitations1-L3 that
2.1. Requirements and Limitations of Existing Systems we have outlined above. The key design decisions underpinning

SAGE2 is a lightweight middleware designed to run on aOVE are aimed at addressing these challenges and limitations,
web browser that enables local and remote collaboration oRut they also introduce some limitations to our implementation,
SRDEs [7]. The drawbacks of other frameworks makes it thavhich we discuss in Section 3.
best among currently available options for driving SRDES in
data observatories. SAGE2 provides a web-interface through
which the user can open applications and load content (imageg‘,
videos, PDFs, 3D animations, or a pixel stream from a shared

desktop). SAGE? also provides features for collaborative work- OVE is an ecosystem for data visualization on SRDEs that
ing, including partitioning the display area and embedding rebrovides users with performance, scalability, portability, and

mote sessions to enable multi-site collaboration. Howevér, §aS€ of use, above and beyond existing frameworks. OVE is

major conceptual dierence is that SAGE2 acts essentially as 0€Signed to run independently or be embedded within other

window manager for a seamless ultra-high resolution desktop/@MeWorks that support web application rendering such as
for a tiled display, whereas OVE provideserpsystem for data >AGEZ2 and Canvus. . _

visualization This introduces a few notable limitations that pre- 10 allow scaling to large numbers of display til&), OVE
vented us using SAGE2 as-is, extending it, or supplementifig {/as designed asmodular middleware based on @omposi-
with a combination of existing libraries and frameworks. We fional microservices architectuf@1] in which each component

were particularly aected by three key limitations of SAGE2; IS made up of granular subcomponents that can be deployed to-
gether or separately. Deploying a large resource-intensive ap-

L1: Itrelies on server-side libraries such as ImageMagick angblication downgrades the performance of most middleware that
FFmpeg to process and render images and videos, whialirive SRDES, regardless of whether they are web-based or not.
limits the maximum number of pixels of a single contin- The ability to isolate the impact of these applications from the
uous application that can be displayed in its vast displayest of the ecosystem based on their demand makes it possi-
area. As aresult, it cannot be used to play 4K or 8K videosble to retain optimum performance levels and thereby ensure

reater scalability of the design. Demand-driven isolation be-

omes straightforward when each application, and each service

Ronsumed by an application, is implemented as a separate mi-

croservice.

This architecture dierentiates OVE from previously exist-
ing frameworks. For example, it is possible to entirely de-
L3: The SAGE2 Pointermust be used to interact with mest couple an unused subcomponent from the core server compo-

applications. This is a key design decision but limits thenent or have more than one instance of a component for high-

Capab”ities of the framework by preventing performanceavailability. Like SAGE2, OVE uses WebSockets to broadcast

optimizations such as culling. messages between control and display clients. Interactive ap-
plication instances (e.g. a WebGL animation) spanning sev-

In terms of requirements, Ni et al. present an excellent,sureral display tiles tend to produce large quantities of messages in
vey of a variety of challenges when working with large high- shorter timespans, introducing signi cant bottlenecks on mes-
resolution display technologies [40]. While they look at varioussaging ecosystems that uses WebSockets. Unlike SAGE2, OVE
aspects covering displays, interaction devices, recon gurabilitan provide such application instances with a dedicated mes-
of the infrastructure etc., a few Challenges are SPECi Cally rE|E'Sage broker while other instances of the same app"cation as
vant for middleware designed to visualize data in SRDEs:,; well as other applications can share a common message broker
within the core server component.

To eliminate exhaustive client-side resource consumption
and improve performance, OVE suppovtsibility and occlu-
sion culling — the display clients do not lo&gnder content
C2: Scalability to support 1000 display tiles =0 that lies outside of its viewport as well as occluded content that

o ] ] would not be visible to a user. Deploying 1000 applications

C3: Parallelizing rendering (and other workloads) to improve,, 3 SAGE2 canvas spanning 50 display tiles creates 50000 in-
performance stances of the application in the best case. In OVE, visibility

C4: Integrating SRDEs into a seamless computing environ-C“"ing ensures.tha't thgre are at most 1000 instancgs (one in-
ment s Stance per application) in the best case where there is no occlu-

sion. Occlusion culling provides a further improvement ensur-

The design of OVE is greatly in uenced by that of SAGEZ2, ing that there are at most 50 instances (one instance per display
and as a result most technologies used by these systems are stite) in the best case when the top-most application instance oc-
ilar. But, OVE also takes design cues from game engines and upies the entire display area covering all tiles.

3

Key Design Decisions and Limitations of OVE

L2: Existing content developed using popular JavaScripﬁ
frameworks such as D3.js and Three.js needs to be ‘red
veloped as SAGE2 applications (with substantial modi -
cations) before they can be displayed, introducing signi -
cant development overheads.

C1: Providing a truly seamless tiled display by preventing
visual discontinuity of content that cross bezels, crucial
when visualizing large networks
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It is impossible to support visibility culling in SAGE2 due subcomponent runs locally on each display client against its
to L3. The SAGEZ2 Pointer works onraaster-slaverinciple  synchronized clock without introducing additional overheads to
where each action made by the user is directly replicated tthe messaging ecosystem of the overall system. The modular
each and every display client. This requires each and evergrchitecture of OVE combined with features like this makes it
application instance to be present on each and every display tifgossible to support truly parallel rendering of content (includ-
regardless of whether the content was within the viewport oing high resolution images and WebGL animations achieving
not. As well as impacting performance, this introduces othe60 FP$to meet the requireme@3.
limitations. For example, SAGE2 cannot simultaneously play To make it less likely that a browser will interrupt playback
more than 16 videos, even if they are distributed across mutktipldue to being late to bier a video (which is a common occur-
display tiles, as web browsers such as Google Chrome currenthgnce), OVE also waits for a certain percentage of the video
support a maximum of 16 active WebGL contexts. to bu er before enabling the play button on the control client.

OVE provides an independent control client and aThese features, together with the synchronized clock, elimi-
touchpointer sensitive overlay that can be rendered as the toprate the need for server-side synchronization of video playback,
most layer of the display area. The tolmbinter sensitive oves overcoming the limitatio1 as that aects SAGE2, and allow-
lay works on aclient-serverprinciple, capturing user actions ing the playback of 4K and 8K videos. The videos application
and relaying them back to the control client which in returndoes not create a distinction between local, remote or stream-
broadcasts corresponding changes to the display clients. Thisg videos (unlike SAGE2, which plays YouTube videos using
ensures that OVE does not have the limitatidh However, its web browser application rather than its video player appli-
one downside of supporting occlusion and visibility cullingsis cation). Therefore, unlike SAGE2, OVE also synchronizes 8K
that content would not necessarily be pre-loaded on each arduTube videos (which is the highest resolution supported by
every display client, which would invariably introduce over- YouTube at the time of writing) spanning multiple display tiles
heads if the location of the application on the display changemeeting the requirements Gf1.
frequently. Therefore, to meet the requirement£afby pre- OVE loads content for each application by URL, which is
venting visual discontinuity of content, we always togglesthedi erent to most contemporary frameworks where users are ex-
visibility (hide, then show) before and after moving an applica-pected to upload assets to a server-side storage. For use-cases
tion from one location to another. where assets need to be versioned, stored securely, or shared

A synchronized clockis used by OVE to ensure that all among a limited set of users, OVE also providegaset man-
clients perform actions at precisely the same time. We iniager, as a separate modular microservice. The asset manager
tially assumed that all server-side and client-side componentsan connect to multiple local and external stores making it pos-
have clocks already synchronized using protocols such as NTBible to distinguish between private, shared and public assets.
but in practice this is not always the case, especially when admmovable data (stored on Ned¥bngoDB databases) and
dressingC4. We therefore use the Berkeley clock synchroniza-live streaming data (streaming aullilleo and WebRTC based
tion algorithm proposed by Gusella and Zatti [42] to keep allvideo conferencing and screensharing sessions) are not stored
active components (control and display clients and as well asn the asset manager and are accessed directly as in the case
server-side) in sync with the OVE core server, which acts asf SAGE2. Furthermore, multiple assets (of various types) can
the master. As OVE implements a client-server architecturehe grouped together and stored under a project structure de-
the server is completely unaware of the clients that may exisscribed by an optional manifest lg(oject.json ) instruct-
unlike in a master-slave architecture. Therefore, we made mg OVE how they should be displayed as a single composite
simple enhancement to the algorithm to let the clients initiatevisualization. Another feature of the asset manager is to coordi-
the synchronization handshake to which the server respondsate one or more microservices (calldrkerg to pre-process
Thereafter, when a user performs an interactive operation suassets on-demand or as they are uploaded. Workers can extract
as starting an animation or playing a video, the control clientzip les, automatically convert high resolution image les into
schedules it to run at a precise time that is siently far inthe  Deep Zoom Images (DZIs) or pre-run layout algorithms on les
future for the call to reach all display clients before it is dustocontaining graph data. This addrestésas it avoids the need
execute; in practice, this time is a few milliseconds beyond thdor additional server-side libraries.
synchronized clock of the control client. Compositing visualizations is the most notable capabil-

Synchronized clocks would ensure videos start playing perity of OVE, which is achieved on the server-side through a
fectly in sync, butC1 also requires videos to continue to play at project model (described usingpaoject.json ) and the use
the same rate on all display clients. For various reasons, ¥ideaf iFrames on the display clients to isolate application instances
playback can be momentarily interrupted on a web browserfrom each other, allowing the use of multiple JavaScript li-
causing some clients to be a few frames ahead or behind the othraries without con icts. OVE makes use of a number of web
ers. To address this, OVE also includes a timekeeping subconframeworks and JavaScript libraries [11, 29-32, 43—-49] to ren-
ponent in time-critical applications (including the videos appli-der content. The choice of iFrames makes it possible to em-
cation). This pauses the playback of videos by a few framebed existing content with few or no modi cations, meetin).
on faster display clients and resumes the playback at a preci§#.js based content is rendered with no modi cations using
point in time to ensure that the videos keep playing in syndhe Tuoris [43] library whilst Three.js content require a sim-
despite these web browser-speci ¢ delays. This timekeepingle modi cation to include theDistributed.js library pro-
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vided by OVE. By using borderless iFrames with transparent
backgrounds, it is possible to seamlessly join or layer multiple
fragments of content of various types as desired.
One of the key bene ts of OVE is the possibility to break-
down a complex visualization into portions and render them
individually; this increases the rendering speeds as well as the
reliability of the system. A simpler example will be rendering
a graph with four separate iFrames containing (i) the vertices
and edges, (ii) the labels, (iii) the axes and legends and (iv) the
annotations. In this example, the vertices and edges would be
rendered using one instance of the networks application while
the labels can be rendered using another. If the axes and legends
were drawn in SVG, they can be rendered using the SVG appli-
cation and the annotations can be made using either the HTML
application or the whiteboard application. OVE also natively
supports semi-transparent overlaying by controlling the opac-
ity of iFrames, making it not only possible to overlay semi-
transparent text and graphics but also videos, maps, WebGhigyre 1:The architecture of OVE. This gure describes the key components
animations and even DZIs. of OVE and distinguishes between the control message ows, CRUD messages
Deployment complexityis perhaps the most substantial lim- used for persistence, and data ows.
itation of OVE, as it consists of several microservices. To sim-

plify the installation experience, the binary release of OVE . . .
as a collection of loosely coupled components (i.e. microser-

is a multi-container docker application along with a docker-". : S ;
compose description that is capable of downloading and run\flces) which can be deployed together or in |_solat|0n. These
ning the containers in a couple of steps. Those who preféf ndiomponents integrate with each other by passing messages us-
to use Docker or who want to extend and improve OVE can"9 We.bSo.ckets and REST .APIS.' The grchnecture of OVE s
compile the source code and deploy the resulting Node.js aps—hOWn in Figure 1 and explained in detail below.
plications using the PM2 [50] daemon process manager. In ad-
dition to that, as explained previously, OVE components (anolrl'l' OVE core
subcomponents) can be deployed together or as a set of isolatedThe OVE core is a platform-independent non-blocking
instances. To further simplify the management of the installaNode.js application. This can be scaled by introducing more
tion, the OVE docker application also includes (a) a lightweightthan one instance of OVE core, making it highly available and
NGINX load balancer which reduces the number of expose@¢apable of supporting a large volume of requests. It has a client-
ports to a handful and (b) a status Ul which provides availabil-server architecture, and the server has four subcomponents for,
ity and uptime details of each component. It is also possible t¢a) space management, (b) message brokering, (c) clock syn-
deploy a minimum subset of OVE components on systemsawitighronization and (d) peer management. The client-side is de-
very low resources — a system that is only rendering images resigned to run on a modern web browser and has two subcom-
quires activating just the OVE core and the images applicatioponents: (e) display clients and (f) a JavaScript SDK.
backend components, while all other microservices can remain Improving the client-side performance is critical for the scal-
deactivated. ability of OVE core, and it works best when each display client
Lastly, OVE is aframework based on web technologies (opened in a web browser) spans a moderate number of pix-
similar to SAGE2, Canvus, CubIT and ContextuWall. This is aels — for instance a resolution d920x1080 Many smaller
huge bene tin terms of data visualization, but makes the frameclients will increase the communication overhead, and simi-
work inferior to some other OpenGL based frameworks suctarly, few larger (higher resolution) clients will increase the
as Equalizer, Chromium, DisplayCluster and CGLX which aretime taken by the web browser to rengeint content. The dis-
much more performant and capable of rendering immersive 3play canvas (an OVE space) can span multiple display tiles to
experiences at a much higher quality. We see this as a limitgerovide an extremely large overall resolution. Within an OVE
tion, but this is a trade-othat we willingly made. space, each application instance is loaded in its own container
(an OVE section), which is a rectangular region within a space.
Sections may overlap with each other and can be grouped to-
4. OVE Architecture s gether to represent a composition. The space management sub-
component is responsible for de ning spaces, creating sections
OVE is a modular middleware providing users with anand grouping them for which it provides a REST API to be used
ecosystem of built-in applications and specialized services thdty other OVE components.
can be used along with popular JavaScript frameworks to de- The Message Broker (MB) subcomponent uses WebSock-
sign and develop interactive composite data visualizationsssuiets and operates in a broadcast model. Several types of mes-
able for SRDEs with minimum eort. OVE is implemented sages are exchanged through the MB, for synchronizing clocks,
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describing the creation or deletion of sections, and executing Audio: plays an audio le or stream
application-speci ¢ operations such as playing videos or pan-
ning a map (Section 4.2). To minimize the use of network band-
width, OVE uses two levels of Itering before transmitting the
messages over WebSockets: (a) at each publisher, it Iters outHTML: displays a web-page, which may contain an inter-
each message to only include the deltas of what changed, andctive visualization created with JavaScript

(b) at the broker it introspects message headers and only passegnages: displays an image (either from a single image le,
on the messages relevant to each consumer. In addition to reor from a source of image tiles such as a DZI)

ducing the number of application instances displayed on each
client (through visibility and occlusion culling), OVE is capable
of minimizing the message volume received by each client us-
ing the Itering described above and thereby signi cantly out- Networks: displays a node-link diagram of a network
perform SAGEZ in terms of client-side resource consumption PDF: displays a PDF le

(which we demonstrate in Section 5). ) QR Code: draws a QR code for a provided URL
The peer management subcomponent of OVE makes it pos

sible to introduce additional instances of OVE core for high- SVG: displays SVG content rendered using the Tuoris [43]
availability and for scalability (such as having a dedicated MB_liPrary, which may contain an interactive visualization

for an instance of a resource-intensive application). It helps Videos: plays a video (from a single video le, video
distribute load among server-side peers and improves the re-streaming service or source of video tiles)

liability of the SySte”.‘- The client-side O.f OVE core con- WebRTC: displays a shared screen or a videoconference us-
sumes services provided by the server-side subcomponentsmg the OpenVidu [49] library

The JavaScript SDK provides a simpli ed interface for dis- _ : -
play clients and OVE applications to consume these services; itWhiteboard: allows annotations to be drawn and displayed
(i) obtains geometry information of the respective display tile,
(i) communicates among client-side peers within a single web
browser or across many, (iii) obtains the time from the synchro-
nized clock, and (iv) reads and writes application state.

Charts: displays the result of applying a Vega-Lite [32]
speci cation to a dataset

Maps: displays a map, which can be a combination of sev-
eral raster and vector layers

Table 1:List of built-in applications.

libraries that can be consumed by and embedded within viewers
and control clients.

4.2. Applications To cover requirements for data visualization, OVE provides
0 twelve built-in applications, each dedicated to the display (or

Each OVE appl!cat_lon embeds a base-library exposin ) %Iayback) of a particular kind of content, as shown in Table 1.
REST API for application state management at the server-side OVE also provides three special applications: Afignment

as well as client-side code to consume the JavaScript SDK pro- . .. . . :
: - . : . application supports bezel corrections to ensure precise posi-
vided by OVE core. The majority of the functionality provided bp PP b b

by an application is implemented in this base library, and it istlonlng to accommodate (@) bezel width, (b) misalignment of

possible to introduce new OVE applications (similar to SA@EZ)ScreenS due to uneven oor surfaces and physical dlsplacemen.t
. : . . ~.“caused by wear and tear, and (c) heterogeneous screens and dis-
by simply embedding and extending this library. In addition

to the readnrite APIs, the server-side also provides APIs to play devices. Th&eplicator application makes it possible to

transform the state of an application corresponding to a zoo gmbed a replica of anothe_r space (which fmay even belong to a
or pan operation. Such operations can be simultaneously trirp-em(.)te OVE deployment) in an OVE ;ectlon. Tfﬁ_entroller
gered across mu.ltiple application instances, and therefore, t%é)phcaﬂon 's used to rendgr a tovpbinter sensitive overlay
> . A T -~ ! “as the top-most layer of a display area.

interactivity of a composite visualization is not just limited to

the top-most layer.

The server-side of a typical application extends these co
mon APIs with application-speci ¢ functionality such as start- The OVE persistence servicesupplements the space man-
ing or stopping playback of audio and video or ltering a graph.agement functionality of the core and the state management
Whilst the server-side of an OVE application is made ugps offunctionality of applications. In situations where there are more
a single subcomponent the client-side contains two subconthan one server-side instance of either the core or an applica-
ponents: (a) a viewer (for displaying content) and (b) a contion, this optional service provides replication to ensure that
trol client (for controlling what is displayed). Each viewer is multiple instances always have a single copy of its con gura-
designed to be deployed into an OVE section that spans ort@n, which would otherwise be stored in-memory.
or more display clients of OVE core. Each control clientis Theasset managenf OVE (discussed in Section 3) is made
a web application that is designed to be opened in a separatg of three subcomponents: (a) a server-side component that
web browser (which can be on a desktop, tablet or a mobil¢éakes care of interaction with object stores and provides APIs
phone). Applications can also have a third client-side subconmfor the client-side, (b) a Ul at the client-side, and (c) a col-
ponent corresponding to the various players (or libraries) usekction of content-speci ¢ workers. Where necessary, the spe-
for content-speci c rendering. These are designed as Javascriptalized project loader service is used to parse manifest les
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(project.json ) and launch composite visualizations using
content stored on the asset manager.

OVE also provides thre®ls to (a) display the status of sys-
tem on a per-component basis, (b) launch new applications anii:
load content into them, and (c) preview an entire space (at a
lower resolution) on a single web browser. The Python SDK
provided by OVE can be used as an alternative to both thé 4

T2a: Playback videos of various resolutions
T2b: Playback of ar8Kvideo made up of 16 full HD tiles

Rendering a DZI across 1-1000 display clients on OVE
and SAGE2

Displaying a single application on a SRDE with 1000
display clients: we displayed a single PDF le on a

launcher Ul and the project loader service. 600 .
space spanning 1000 web browsers and compared OVE

vs SAGE2

5. Performance and Scalability Analysis 5

Throughout this paper we made several claims about the su-
perior performance and scalability of OVE compared to con-__
temporary frameworks. We explained how OVE addregsed &
three key limitations in SAGE2.(1-1 3), as well as four chal-
lenges relevant to data visualization middleware for SRDEs
(C1-C4). The key design decisions behind OVE and its archi-

tecture (discussed in the previous sections) address these ”'We present the results of these tests in Figures 2, 3, 4 and 6

|tat|_ons and chaIIeng_es. This se(_:t|0n presents results fre(Pom Fhe network bandwidth consumption is reportedMbpsand
series of tests on our implementation of OVE. These tests wer,

. . . ffie CPU and RAM consumption are expressed as a percentage.
conducted to validate our design. L{smg these, we measure ﬂafn the client-side, 100% CPU represents 12 cores and 100%
performance and prove the scalability of OVE. Thereafter, Wes AM representdGBON the server-side, 100% CPU represents

compare the results from OVE and SAGE2, tested in an |dent|Zf virtual processors and 100% RAM repres3@8
cal environment.

We ran our tests in the immersive data observatory in Impe; L . : _
. . . . 5.1. Suitability for displaying hundreds of applications at a
rial College London's Data Science Institute, which has bé y playing P

een :
. . o . o time
showcased in previous publications [5, 51]. The client-side is

made up of 64 Full HD1920x1080pixels) Samsung UD46D- We measured server-side and client-side performance as well
P professional video wall displays, arranged in a cylindrical lay-2S the client-side network consumptionfib. The 1000 videos
outin 4 rows and 16 columns; this gives the SRDE a total pixelVe used were sourced from tra cameras in Londdrand were
width of 30720and height o%320, so the total display resofa of the Common Intermed|a_te Format (CIF) with a resolution of
tion is 132.7 megapixels. This system is powered by 32 com-352x288 pixels and a le size of aroun@00KB SAGE2 was
pute nodes, each of which has 12 CPdsd32GEof memory. only capable of playing 16 videos at a time due to a limitation
In our tests each display client was always opened in a separafeWeb browsers (noted in Section 3), and therefore, we ran two
Google Chrome browser window, and therefore, we had a tol€St casedlaandT1b. Inthe rst test case we displayed all
tal of 64 web browsers (1 per screen and 2 per compute rivde}6 videos on a single display client; in the second we evenly
Some of our test cases used more than 64 display clients, whefstributed up to 1000 videos among 64 display clients.
we opened more than 2 web browsers per compute node. In The results of this test (Figure 2) show that the client-side
terms of the server-side, each test case had its own dedicatéd’V, RAM and network bandwidth consumption is directly
OVE (or SAGE2) environment, which was &fbuntu 18.04 proportional to the number of videos displayed on a client in
virtual machine with 4 virtual CPUs ar@iGBof memory. T65 both OVE and SAGE2. The two systems consume similar
(noted below) used several instances of OVE that were installe@mounts of CPU and RAM, but SAGE2 consumed 20-30 times
in separate virtual machines of the same speci cation. more network bandwidth than OVE. The amount of network
We conducted six dierent types of tests, each of which has Pandwidth consumed by SAGEZ is much larger than the le
one or more test cases. We ran each test case 10 times to redd&€ ©f the video, introducing a signi cant stress on the infras-

the e ect of random errors on our measurements and increadgcture. This combined with1 makes SAGE2 unsuitable for
the reliability of our results. playing videos of resolutions higher than Full HD. The two lev-

els of message lItering at both the publisher and the broker
(Section 4.1), the support for visibility and occlusion culling
(Section 3), as well as the non-reliance on server-side libraries,
contribute to the signi cant reduction of network bandwidth
consumption in OVE.

On the server-side, the amount of RAM consumed was con-
stant on both frameworks irrespective of the number of videos

Managing 10-1000 display clients without deploying any
applications

Running all OVE components on a single server vs sep-
arating OVE core, the MB subcomponent and the server-
side subcomponent of an OVE application (this test is a
variant of T3)

T1:. Displaying more than one application

Tla: Playback of 1-16 videos on OVE and SAGE2 ,
T1lb: Playback of 1-1000 videos on OVE

T2: Displaying content of dierent dimensions

Lintel Core i7-5820K CPU at 3.30GHz per core 2https://tfl.gov.uk/traffic/status
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Figure 2: CPU, RAM and network bandwidth consumption when displaying more than one application. These graphs show results from. SAGE?2 is
only capable of playing 16 videos at a time, therefore, we had a separate te3tloaevalidate the scalability of OVE when playing 1-1000 videos. We nd

that SAGE2 consumes 20-30 times more network bandwidth on the client-side and twice the amount of CPU than OVE. On the server-side, the amount of CF

consumed by OVE increases with the number of videos, and it consumes twice as much RAM as SAGE?2, Bt (ssieg in Figure 6), we show that these issues
are addressed by the modular microservices architecture of OVE.

File Type | URL | File Size
CIF video | https://tfl.gov.uk/traffic/status 200KB
720p video | https://lwww.nasa.gov/sites/default/files/files/Apollo_11_moonwalk_montage_720p.mov 44MB
HD video | http://ultravideo.cs.tut.fi/video/HoneyBee_1920x1080_30fps_420_8bit_ AVC_MP4.mp4 7.2MB
4K video | http://ultravideo.cs.tut.fi/video/Bosphorus_3840x2160_30fps_420_8bit AVC_MP4.mp4 29MB
8Kvideo | https://upload.wikimedia.org/wikipedia/commons/1/1e/First_8K_Video_from_Space_-_Ultra_HD_VP9.webm 491MB
Dzl http://www.in2white.com/about/ —

Table 2:URLSs for the list of videos and the DZI used in our tests The DZI that we used has a resolution385 gigapixels.

displayed. OVE consumes double the amount of RAM (assit iSn our tests).L1 prevents playback o#K and 8K video reso-
made up of many microservices, whereas SAGE2 is a monolitiutions on SAGE2, therefore to compensate for this limitation
but results fronT6 prove that this is not a limitation. OVE con- we tested videos of a much lower resolution (CIF form@&a
sumed almost constant amount of CPU for smaller video counteveals that in both frameworks, the client-side CPU, RAM and
(1-50) while we saw this number gradually increase to almoshetwork bandwidth consumption increased proportional to the
double the amount when we played 1000 videos. On the @theesolution of the content displayed. While the RAM consump-
hand, SAGE2 consumed twice as much CPU as OVE from théon of the frameworks were similar, we found that SAGE2
start (when playing 4 videos), and this kept increasing even foconsumes 4 times more CPU and the amount of network band-
smaller video counts (8—16) unlike OVE. The gradual increasevidth used by SAGE2 to play @20p video (with a resolution
of CPU consumption on OVE as we increased the number off 1280x720 was similar to what OVE required to play 8K
videos played to a 1000 was due to the overheads introeisiceddeo. This recon rms that SAGE2 consumes 20-30 times the
by the MB. This impact can be dealt with by isolating the MB bandwidth required by OVE, regardless of the video resolution.
from OVE core (which is also covered [y6). Therefore, our In T3 we displayed a DZI across 1-1000 web browsers. Un-
results show that OVE is scalable and is suitable for displaylike when playing videos (where the web browser needs to con-
ing hundreds of applications, unlike SAGE2 which had severasume the entire le) rendering images (including DZIs) bene t
bottlenecks. eo from visibility culling in OVE. Therefore, we nd that OVE
uses constant CPU and RAM to display DZIs regardless of
the number of display clients. Unlike in OVE, on SAGEZ2, the
amount of CPU and RAM keeps increasing with the number of
We tested SAGE2 and OVE to understand their suitabilitydisplay clients. This makes it impossible for SAGE?2 to display
for displaying ultra-high resolution content. TRa we useeéis DZIs spanning hundreds of display clients and therefore limits
videos with resolutions up t8BKand inT3 we used &865 gi- the total resolution at which content can be displayed. Results
gapixel DZI (Table 2 lists the videos and image that we usedare presented in Figure 3.

8

5.2. Suitability for displaying ultra-high resolution content
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Figure 3:CPU, RAM and network bandwidth consumption when displaying content of di erent dimensions.These graphs show results frard andT3. We
prove that OVE is capable of displaying content of various dimensions spanning hundreds of display clients while pointing out two signi cant scalability bottlenecks
in SAGE2: (a) it is unable to support playback of videos beyond Full HD quality, and (b) it fails to render the DZI we chose across 100 display clients or more.

On the server-side, for boffia andT3, OVE and SAGE2, but the network bandwidth would be much less and roughly
consume a xed amount of memory. OVE consumes a xedequal to playing 4 Full HD videos. On the server-side, OVE
amount of CPU regardless of the video resolution, but theeonsumes a xed amount of RAM but around 50% more CPU,
amount of CPU consumed by SAGE2 keeps increasing propodue to the considerable amount of messaging involved to keep
tional to the resolution of the video. However, SAGE2 con-the playback in sync. The results frofé show how these over-
sumes xed amount of CPU when rendering a DZI, but-onheads can be managed.

OVE the amount of CPU consumed increases proportionally In summary,T2a, T2b andT3 show that OVE is suitable for

to the number of display clients involved due to the overheadslisplaying ultra-high resolution content. SAGE2, unlike OVE
introduced by the MB. As noted previously, this bottleneckdoes not have a concept of a synchronized clock and does not
can be overcome by deploying dedicated MBs for resourcesupport the playback of tiled videos. It also had several bottle-
intensive application instances and isolating them from theaestecks preventing the playback4Kand8Kvideos and display-

of the ecosystem. Importantly, the scalability and performancéng ultra-high resolution DZIs across a large number of display
characteristics of the two frameworks varied based on the cortiles.

tent that was displayed. OVE was superior to SAGE2 in all

fronts except for server-side memory where it needed twice the.3. Suitability for managing 1000 display tiles

amount required by SAGE2. The third dimension of scalability and performance is the

In order to play videos of even higher resolutions suchei€” suitability for managing an extremely large display area. We

and32KOVE supports playing tiled videos meeting the require-usedT?_” T4 a’_‘dT5 to show that OVE is capable Of. managing
ments ofC3. In this scenario, each high resolution video would 1000 display tiles, each of which were Full HD providing a total

be broken down into tiles of a lower resolution. For example, ar{esolr:ltion 0f2.07 gigapixels(.j UsingTS(;/ve were agle;o con-
8Kvideo would have 16 Full HD tiles while 26Kvideo would '™ that OVE consumes xed CPU and RAM on both server-
a”lful?'de and client-side when managing 10-1000 display tiles, if

have 64 tiles; and, in such a situation, on a display of ) : .2
HD resolution there would be 4 video tiles at most. In order to''© did not deploy a single application (see supplementary ma-

support the playback of tiled videos OVE relies on its synchro-terial for gdditional d_etails)._Like OVE, SAGEZ.iS also capable
f managing 1000 display tiles and shows similar performance

nized clock. This introduces a considerable performance gaiﬂh toristics. M et in t f
by resolving a limitation of web browsers performing poorly characteristics. HOwever, We See a majoraience in terms o

(and are often unable to retain the frame rates) when rend“érir@erform"’mce when we start deploying applications on these two
ameworks.

very large video les at very high resolutions. .
) ] ] In T4 we displayed a PDF [ (sourced from the open
Results fromT2b (Figure 3) show that playing a8K video

made up of 16 Full HD video tiles has comparable client-side Shttps:/ibitbucket org/sage2/sage2/raw/

RAM consumption to playing &Kvideo. The CPU consump-  gac17e4a503¢746f30dee1b428c29cd6e1673aad/public/uploads/
tion would be similar to playing aBKvideo that was not tiled, pdfs/SAGE2_collaborate_com2014.pdf
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on SAGE?2 was what contributed to the increase in server-side
CPU consumption. These results (presented in Figure 4) point

75 out major advantages of visibility culling in OVE. Despite these
issues SAGE2 manages to display the PDF le at a resolution
of 1920x1080 pixels, but fromT3 we nd that it eventually
fails when attempting to display an application spanning a suf-
ciently high resolution. Using the results from3 and T4

0 We conclude that SAGE2 does not perform well when display-
ing content on SRDEs with an extremely large display area.
And, based on these observations we nd OVE to be more suit-
able than SAGE?2 for a gigapixel display such as the Reality-
Deck [52].

785 The RealityDeck is made up of 416 display tiles, each of
which has a resolution a2560x144Q providing a total reso-
lution of 133120x11520 At the Data Science Institute, we do
not have an SRDE that can provide us with 416 screens for test-
ing. Therefore, we replicated this environment by opening 13

0 Web browsers per compute node on our SRDE with 64 screens.
We then opened the DZI from3 to prove that OVE is capa-
ble of rendering content at such a resolution. We thereafter in-
creased the resolution of each display cliers1@0x2880and
repeated this experiment, proving that OVE can render content

s 0N a6.13 gigapixel display. Figure 5 shows three photographs

Figure 4:Client-side and server-side resource consumption when display- frpm these tWO experiments a!ong with another taken Whll_e run-
ing a PDF le on a display environment made up of 1000 display clients.  NiNg T3 showing OVE rendering the same DZI or2®7 gi-
These graphs show results fro andT5. Here we show the amounts of re- gapixel display made up of 1000 display clients. We have in-

sources consumed when there are no applications deployed and then take "WRided the three videos Corresponding to these three images as
display clients: one on which the PDF application is deployed and visible and

another where the application is not visible. Interestingedénces in the r&° supplementary material. The Rea“tyl_)e_(:k _S“” rema_ms one of
sults show us the bene ts of visibility culling in OVE and the corresponding the largest SRDEs, and, due to the limitations in display res-

limitations in SAGE2 olutions, graphics adapters and display cables as well as the
practical challenges in navigating such large environments, it is
unlikely that there would be displays much larger than a few

source repository of SAGE2) using an instance of the PDE,apgigapixels, at least for a few more years. This makes OVE suit-

plication spanningl920x1080 pixels on a display that had a able for operating the largest SRDEs that can be found today

total resolution 0#80000x4320pixels. On OVE, this resulted and mostly likely for a few more years ahead.

in 2-3% more CPU on the client-side and 15% more CPU on

the server-side. The RAM consumption on both client-side an&.4. E ect of deploying microservices on drent virtual ma-

server-side had no noticeable changes. On SAGEZ2, the server- chines

side RAM consumption remained unchanged, but everyfjing One of the recurrent observations in Figures 2, 3, and 4 was
else increased. On the client-side, SAGE2 consumed 4 timggat OVE consumed much more server-side RAM than SAGE2.
more RAM (an increase of arourfOMB and the CPU con- e also found OVE to consume a higher amount of CPU when
sumption increased by around 8-10%. The two frameworkgye increased the number of applications to 1000. We therefore
use the same library to display PDF les [46] and theelr  designedT6 to prove that the modular microservices architec-

ence in terms of performance was a questionable obseratiofyre of OVE is capable of addressing this issue. In Figure 6

Unlike OVE where each display tile was limited to a resolu-\ye show the server-side CPU and RAM footprints in four situ-
tion of 1920x108Q each display tile on SAGE2 spanned the gtions:

entire480000x4320pixel resolution - as a result &f3. While
this had no performance impact when no applications were deéS1: The OVE core (inclusive of the MB) and the images appli-
ployed, the web browser consumed more CPU and RAM on the  cation are deployed together on a single VM.

cllent—S||de evben Wltr:jah,S'?]gle appllcznon. ) & S2: The OVE core (inclusive of the MB) is deployed on a sin-
We da ;OOO servi '9 serve;-5| _% CPUh(an mcrgase rom gle VM and the images application is deployed on another
around 20% to 70%) on SAGE2 wifh4. This was due to VM — we monitor the performance of OVE core.

SAGE?2 not supporting visibility culling. We found that SAGE2

created an instance of the PDF application on each and eveB83: The OVE core (inclusive of the MB) is deployed on a sin-
display tile (1000 in total) even though it was only visible on gle VM and the images application is deployed on another
a single display client, unlike OVE (which loaded the applisa- VM — we monitor the performance of the images appli-
tion on a single display tile). The communications overheads  cation.
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