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Figure 1: Dynascape. (A) Stylistic rendering with humans, foreground, and background rendered with different visual styles. (B)
Previewing a spatially tracked RGB-D video with camera trajectory based visualizations. (C) Plane indicators help to align a
video recording with the physical wall.

ABSTRACT

In this paper, we present Dynascape, an immersive approach to the
composition and playback of dynamic real-world scenes in mixed
and virtual reality. We use spatially tracked RGB-D cameras to cap-
ture point cloud representations of arbitrary dynamic real-world
scenes. Dynascape provides a suite of tools for spatial and temporal
editing and composition of such scenes, as well as fine control over
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their visual appearance. We also explore strategies for spatiotem-
poral navigation and different tools for the in situ authoring and
viewing of mixed and virtual reality scenes. Dynascape is intended
as a research platform for exploring the creative potential of dy-
namic point clouds captured with mobile, tracked RGB-D cameras.
We believe our work represents a first attempt to author and play-
back spatially tracked RGB-D video in an immersive environment,
and opens up new possibilities for involving dynamic 3D scenes in
virtual space.

CCS CONCEPTS

« Human-centered computing — User interface toolkits; Vi-
sualization toolkits; Mixed / augmented reality.
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1 INTRODUCTION

The capture of dynamic real-world scenes for display in VR, such as
a busy street or crowded marketplace, remains an open challenge.
While panoramic 360° cameras can capture arbitrarily dynamic
scenes, the lack of 3D structure and singular viewpoint greatly
restricts the viewers’ freedom of motion during playback. Con-
versely, 360° LIDAR scanners and photogrammetry can capture 3D
structures, thereby allowing for unrestricted 6 degrees of freedom
of motion during viewing (6-DOF display), but are restricted to
capturing static scenes only [10, 30]. Multi-camera video capture
systems succeed in capturing both 3D structure and motion (e.g.
[15]), but are currently only suitable for studio settings and cannot
easily be used to capture arbitrary real-world scenarios. With the
aforementioned techniques, the capture and immersive display of
lively real-world scenarios remain elusive.

Recently a new class of mobile sensors has emerged that com-
bines a color camera with a depth sensor and visual-inertial odome-
try, allowing the sensor to keep track of its position and orientation
over time. We refer to such devices as tracked RGB-D cameras.
Such functionality can be found in stereo cameras such as the ZED-
X [28] or, even more conveniently, in mobile phones and tablets
equipped with a LIDAR depth sensor, such as recent editions of the
Apple iPhone or iPad [1]. The usefulness of these devices arises
from combining the depth data with the camera pose information
to recover the 3D world position of each RGB pixel. This permits
tracked RGB-D videos to be easily displayed in virtual reality as
animated 3D point clouds, with each video pixel displayed in its
3D location. As these 3D point clouds permit free 6-DOF viewing
in virtual reality, they represent an interesting non-photorealistic
approach to the capture and display of dynamic scenes. They are
easy to use, highly mobile, affordable, inconspicuous, and can be
used in almost any environment. Further, for certain applications,
such as VR exposure therapy, immersive journalism, education, or
art, non-photorealistic point cloud representations may be suffi-
cient or even preferable for evoking a desired experience in the
viewer [32, 34]. We are motivated by the belief that, in such use
cases, animated point clouds derived from tracked RGB-D videos
represent an accessible and expressive method for the capture and
display of real-world scenes.

However, some challenges must be overcome if such an approach
is to be effective, for tracked RGB-D recordings can seldom be used
without some form of preparation or adjustment. With a singular
point of view and limited field of view, a single RGB-D camera
can only provide a partial view of a scene, and only by combining
multiple recordings can a more comprehensive representation of a
scene be attained. This necessitates tools for the spatial and tem-
poral editing and composition of multiple RGB-D videos. It also
creates a need for approaches to asset management and previewing.
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Further, as the depth information is restricted in range and accu-
racy, methods for filtering noisy points are required. Finally, unlike
video pixels, a 3D point must be given a specific visual size, shape,
and appearance, and these visual styles greatly influence the virtual
experience. Therefore tools for controlling the visual appearance
of points are needed.

This work presents Dynascape, an approach to constructing VR
scenes from tracked RGB-D videos in virtual reality. With tools for
asset management, interactive previewing, temporal and spatial
composition, alignment and layering, visual styling, and noise re-
moval, the system is designed to explore the potential of tracked
RGB-D videos for dynamic scene capture.

Dynascape supports authoring and viewing in both mixed reality
and virtual reality. We use the term in situ authoring to denote the
authoring of site-specific compositions in the precise location they
are intended to be viewed. In this paper, we primarily focus on
mixed reality in situ authoring, in which the author works in mixed
reality to place recordings directly in the location they are intended
to be viewed. However, we note that our tool can be used equally
in VR and ex situ. The benefits of immersive in situ authoring are
elaborated in the design analysis (Section 3) below.

Our main contributions are the following:

(1) A mixed reality platform for composing scenes with ani-
mated point clouds captured with tracked RGB-D cameras.

(2) Interactive previewing of tracked RGB-D videos at 1:1 and
miniaturized scales, with tools and methods for analysis and
simplification.

(3) An immersive interface for in situ spatial and temporal navi-
gation, authoring, and alignment.

(4) An approach to tailoring visual appearance based on the
concept of styles and class.

(5) A prototype implementation that demonstrates the function-
ality and potential of immersive in situ authoring.

2 BACKGROUND AND RELATED WORKS
2.1 Dynamic 3D Scene Capturing and Rendering

Panoramic (360° or 180°) cameras can capture arbitrarily dynamic
scenes by either holding a single camera and moving through a
range of perspectives or by setting up multiple cameras in fixed
positions. However, the optimal viewing experience is typically
attained by looking through the perspective of the original capture
angle, which significantly restricts the freedom of motion of the
viewer. Moreover, it lacks the ability to provide adequate depth
perception and spatial awareness due to the loss of geometric in-
formation during the capturing process. Depth cameras with a
stationary setup, such as [5, 24, 37], can be utilized to capture geo-
metric information. However, they have a limited field of view and
capture range, resulting in a highly restricted capture area. Fur-
thermore, those cameras typically require additional devices, such
as a PC, and thus lack portability. This leads to a dearth of scene
diversity as a consequence.

In recent years, the increasing prevalence of iPads and iPhones
equipped with LiDAR scanners has revolutionized depth capturing
capabilities. This advancement has paved the way for the creation
of large-scale and diverse RGB-D recordings that encompass a wide
range of indoor and outdoor scenes. Notable examples of such
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datasets include [38] and [3]. With the significant advancements in
world tracking capabilities, it has now become feasible to track cam-
era pose accurately on modern iOS (ARKit) and Android (ARCore)
smartphones through the utilization of visual-inertial odometry
techniques, which combine data from the device’s motion sensing
hardware with computer vision analysis [2]. The camera pose is
essential for computing a global position of the geometries captured
by the depth cameras. The camera pose matrix assists in converting
the depth data from camera coordinates to world coordinates. The
term spatially tracked RGB-D video refers to a video format that
combines the RGB-D and 3D camera pose information in individual
frames, e.g., the bibcam video format proposed by [29]. With this
new form of medium, diverse real-world dynamic scenes can be
captured and potentially replayed in a comprehensive manner.

Certain approaches aim to render dynamic 3D scenes by extract-
ing the recorded media into geometric meshes and textures. The
extraction can be accomplished by processing the videos recorded
by multiple cameras, such as [16], or by inferring the scene from
a video captured by a single camera, as demonstrated in research
[22]. These methods often rely on sophisticated algorithms and
techniques to process and analyze the captured data, while visual
artifacts and imperfections could still exist in the final result when
observed in an immersive environment.

Neural Radiance Fields (NeRF) [20] is a recently developed 3D
reconstruction and view synthesis method. This rendering algo-
rithm is capable of rendering a photorealistic 3D volumetric scene
from sparse input views. While NeRF-based approaches are effec-
tive for high-fidelity view synthesis and can even be integrated
into VR systems [17, 21], these methods are less explainable and
expensive to train when compared to point cloud based rendering
approaches. At the same time, point clouds possess the capability
to represent complex geometry and can be easily deformed and
animated [5, 24, 37].

In recent years, we have witnessed the rise of point clouds as
a captivating visual aesthetic, accompanied by a surge in creative
applications and artistic exploration, as reviewed by [13] and [4].
The music video for Radiohead’s “House of Cards” by Aaron Koblin
was created entirely with point clouds captured by a laser scanner.
While a live 3D cinema, “Upending”, made by OpenEndedGroup,
captured everyday objects, environments, and human bodies, then
converted them into point clouds to enable exploration and analysis
from unfamiliar perspectives, reflecting the viewers’ perceptual
processes.

2.2 Immersive Timeline Editing and in situ
Authoring

In addition to capturing and replaying, the editing of such dynamic
3D data also plays a crucial role.

Griffin et al. [9] propose the editing of panoramic as well as
RGB-D videos directly in virtual reality. They propose the idea of
rendering the timeline in a cylindrical or planar shape with single-
track or multi-track editing functionalities. However, the timeline
layout is mainly designed for panoramic videos or stationary RGB-
D videos. It is not customized for spatially tracked RGB-D videos.
Fouché et al. [8] propose a design space for the visualization and
interaction with S4D datasets, such as time-varying 3D point clouds.
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The design space includes the layout design of the timeline as a
linear, convex arc of a circle, convex parabola, etc. However, this
design is not intended for data with inherent meaningful spatial
time points.

In recent years, we have seen an emergence of AR approaches
with in situ authoring capabilities. These approaches notably re-
duce the requirement for frequent context switching, allowing for
a more seamless and intuitive design process. This has been demon-
strated in the context of interactivity design [7, 14, 39], spatial
placement design [6, 23], or visualization configuration [25] on
various datasets like immersive video such as 180°, 360°, RGB-D
video [9, 11], volumetric video [14], abstract data [18, 25], or 3D
models [39].

To enhance interactivity, [14] proposed the idea of making inter-
active experiences with volumetric videos by giving the user control
over time. [7] propose a system for authoring AR narratives, allow-
ing children to animate character movements. For spatial placement
design, [6] allows users to place and adjust the pose of virtual cam-
eras for filming. [23] allows users to author semantic adaptation
in virtual reality. While [18] allows users to adjust the dimension
of the region of interest. In the context of visualization authoring,
[25] proposed the idea of configuring visualizations using HMD
along with spatially-aware mobile devices.

Several approaches regarding point cloud authoring in AR/VR
have emerged in recent years. Wang et al. [33] proposed a tablet-
based AR system for environmental design with point clouds, al-
lowing a rapid design iteration. Ipsita et al. [12] designed a system
to ease the virtual content creation process for domain users. The
system offers in situ content creation experience by allowing users
to select regions of interest in scanned point clouds and attach
behavioral properties to them. Both approaches are designed to
work with indoor scenes and take static point clouds as input.

Spatially tracked RGB-D video holds the potential for creating
narratives in space with varying visual aesthetics. However, being
a relatively new form of media, there is a lack of research and tools
that fully exploit the potential to author its interactivity, spatial
placement, and visual appearance in immersive space in situ.

3 ANALYSIS

In order to identify desirable features of our platform and illustrate
their importance, we briefly describe four potential use cases.

3.1 AR Museum Tour

A museum wishes to produce a guided tour of its collections, to
be viewed in situ in the museum itself with mixed-reality head-
sets or tablets. In separate sessions, they record various experts as
they perform guided tours, following each with a tracked RGB-D
camera. Often multiple takes are captured, producing hundreds
of recordings. A content previewing and asset management
system is used to select the best clips. Multiple takes are cut
and edited together, and alignment methods are used to anchor
clips to real-world locations. As the clips will be viewed in situ
in mixed reality, the static background is removed, leaving only
foreground humans. Spatial playback control allows clips to be
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assembled into branching spatial narratives, allowing museum vis-
itors to choose their own paths through the museum or simply
follow their virtual guides.

3.2 VR Museum Tour

Using the same material, the museum now releases a version for
viewing at home. As remote users are not able to see the museum
environment with augmented reality, static non-human points are
extracted from the recordings and rendered with different visual
styles to provide a sense of the structure of the museum. Alter-
natively, the recordings can be embedded in a virtual polygonal
replica of the museum. However, as the museum is physically larger
than the users’ living room, spatial editing is needed to re-arrange
the recordings into a more compact space, creating a form of spatial
collage. This could be done by the “authors” at the museum, or the
viewers themselves could be given the tools to compose their own
bespoke spatial arrangements.

3.3 VR Exposure Therapy - Crowded Street

A therapist is treating a patient for agoraphobia with virtual reality
exposure therapy. She would like to recreate the sensation of being
in a specific crowded narrow street found in the neighborhood
of the patient. After recording a stroll along said street, she uses
spatiotemporal layering to layer different moments in time on top
of one another in order to create versions of the street with varying
levels of crowdedness. This is made easier by using a preview that
reveals the paths of people in space. She also uses visual styles
to create different levels of abstraction and realness in order to
modulate the intensity of the experience for her patient.

3.4 Immersive Journalism

A journalist captures a violent demonstration, following the un-
folding action over a number of hours. She then assembles a short
immersive news story, selecting key events and composing them
into a spatiotemporal montage. Critical to her work is the ability
to rapidly preview many clips, seeking in particular moments in
time with many people in the frame. For this, she uses analytic
previews that display the number and density of people across
space and time, allowing her to find moments of interest rapidly.
In the above examples, we see an overlap between the roles of
“author” and “viewer”, such that it is sometimes neither necessary
nor possible to draw a sharp distinction between the two roles.

4 DESIGN

Motivated by the above examples, we now outline the design of
our system.

4.1 Interface and Previews

During playback, tracked videos are displayed as animated 3D point
clouds. During authoring in virtual reality, however, it can be chal-
lenging to interact with such point clouds, as they are constantly
moving and often lack any persistent features. In addition, acquir-
ing an overall impression of the content and spatial structure of a
video is a crucial first step in crafting immersive experiences. As
such, atemporal interfaces and representations of tracked videos

Yu et al.

AN

Figure 2: Camera Trajectory based visualizations showing
(A) Time markings, (B) Camera directions, (C) Video content
as a strip, (D) Both camera directions and video content, (E)
Camera Speed. (F) Shows a combination of the visualizations
from (A) to (E).

Figure 3: (A) and (B): The proposed point cloud preview and
the small multiples view. (C) A color-encoded path projected
from the camera trajectory shows the crowd state of individ-
ual frames. (D) 3D heatmap illustrates the location and path
of humans over time.

are required. Here, we describe several methods for achieving both
goals in virtual reality.

4.1.1 Camera Trajectory. As the primary interface for manipu-
lating tracked RGB-D video, we adopt a 3D representation of the
camera trajectory. Rendered as a tubular curve, beginning with the
initial and ending with the final camera pose of the source video,
this base interface can be optionally augmented with a number of
features: a) Time markings, the demarcating passage of time in sec-
onds. b) Camera direction, represented as mini-frusta indicating the
direction of the camera over time. c) Video stills presented as a video
strip along the camera trajectory. d) Video stills presented on frusta
at set intervals, encoding both camera direction and video content.
e) Encodings of camera speed, as color. (exemplar renderings are
shown in Figure 2 (A) - (E))

4.1.2  Point Cloud Previews. In addition to the camera trajectory,
for each video, static previews of the entire point cloud are extracted
from the entire timeline of the video. These static previews provide
an instantaneous overview of the structure and content of a video.
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Methods for interactively controlling the spatial and temporal sam-
pling are provided, with both sequential and stochastic sampling
across space and time supported.

4.1.3  Point Classification and Filtering. During sampling, points
are classified into different categories, allowing for class-based
control of sampling rate, filtering and visual appearance, and simple
visual analytics. Some point labels will have already been assigned
during the capture stage and embedded in the video file itself,
as in the case of the human segmentation mask provided by the
ARKit. Further segmentation and labeling may be performed on
the video in a pre-processing stage prior to feeding the material
into Dynascape (discussed further below). Further labeling can be
performed during the projection of the point into 3D space. In
our current implementation, we use the following classification
scheme: a point is classified as Foreground if it has known depth
or Background if the depth is beyond the functional range of the
depth sensor. A point is labeled as Human if it is known to belong
to a human. In addition, user-defined 3D spatial primitives (such as
a sphere or box) can be used to define 3D region labels. This is very
useful for culling or giving a different visual appearance to different
regions of the point cloud, such as the ground plane, walls, or when
combining sub-regions of multiple recordings. When viewing a
point cloud preview, the user can hide and show different classes
of points in order to obtain a clearer view. Further, they can adjust
the size and opacity of points belonging to different classes (or any
other visual parameter as described below) and adjust the spatial
and temporal sampling density of each class. (see Figure 3 (A)).

4.1.4  Small Multiples View. The camera trajectory and the point
cloud preview can be displayed at a 1:1 scale or miniaturized to pro-
vide a birds-eye view. This allows for the arrangement of multiple
small previews of different videos or, alternatively, multiple small
previews of the same video, but with different rendering styles (see
Figure 3 (B)).

4.1.5 Visual Analysis. Camera trajectories can be further augmented
with encodings of time-varying information, such as audio volume,
the number of people in view, or any other information that can be
extracted from the videos. This allows for various visual encodings
of space and time-varying data along the camera trajectory or pro-
jected onto the ground. (see Figure 3 (C)) Furthermore, point-based
“heatmaps” can be used to show the density of points belonging
to a particular class of points. This is particularly useful for the
Human class, where a 3D or 2D heatmap (by projecting 3D points
onto the ground plane) can be used to illustrate the location and
path of humans over time. (see Figure 3 (D))

4.2 Appearance Authoring

During playback, a 3D point cloud is constructed using camera
pose and pixel depth information to recover the 3D position of
each pixel. Points can be rendered as camera-facing squares or
circles, otherwise as 3D cubes or spheres. In addition, they can
have variable size, opacity, color, emissivity, softness, and motion,
allowing for a great deal of visual styling.

To support point cloud creation from the spatially tracked RGB-
D video and allow for great flexibility during the styling process,
we designed the rendering workflow shown in Figure 4. Video
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Figure 4: Point cloud rendering. Video frames are decoded
and passed to the GPU as separate RGB, depth and human-
mask textures. Newly created particles go through a sequence
of sampling, depth trail removal, 3D projection, and classi-
fication. Existing particles are removed if their lifetime has
expired or they have re-entered the frustum and been “over-
painted”. All particles are then animated, aged and finally
rendered with the style linked to their class.

frames are decoded into separate RGB, depth, and mask textures,
allowing different pixel formats for each. Instead of hard coding
the visualization styles on GPU, we treat the styles as style data.
This data is kept on external storage and updated to GPU when it
changes. We designed to let the newly created particles go through
the rendering pipeline in order of sampling, depth trail removal, 3D
projection, classification, and stylization. All particles are animated,
aged, and rendered with their style applied. In the following, we
elaborate on our considerations and the design details for each
stage in the workflow, innovative projecting and lifetime control
strategies, as well as the details regarding the in situ appearance
authoring process.

4.2.1 Particle Creation and Sampling. In our current implementa-
tion, an RGB-D video has 960x1080 color pixels and 960x540 depth
pixels encoded at a frame rate of 60Hz. As such, if a 3D point were
created every frame for each RGB pixel, the point cloud would grow
at a rate of 60 million new points per second, instantly exceeding
the rendering capabilities of the system. To avoid an ever-growing
number of points, we adopt policies for controlling the creation
and removal of points over time. To begin, we control the particle
creation rate by defining a maximum limit per video frame. During
particle creation, we first select a UV coordinate in the RGB-D video
using a regular grid or random spatial distribution. The selected
pixel is then classified (in our case, into foreground, background,
human classes), and then either accepted or rejected according to a
class-specific creation probability. This allows for the creation of
relatively more or less points from each category.
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4.2.2  Depth-Trail Removal. Due to the limited accuracy of the mo-
bile depth sensor and over-smoothing of the depth frame, the depth
becomes smoothed across the boundary of objects, where it should
be sharp and discontinuous. When rendering these points in 3D,
this leads to the appearance of “depth trails” at the boundaries
where the depth changes dramatically. (see Figure 5 (F)) As these
trails often appear at the boundary of humans or objects, we adopt
here a simple depth-gradient filtering method for trail removal. Dur-
ing point sampling, we discard points with gaps in depth between
neighboring pixels above a certain threshold. The result is shown
in Figure 5 (E).

4.2.3 3D Projection. A 3D particle is emitted for each sampled
pixel that survives the class and depth-trail filtering described
above. The world position of the particles is calculated by projecting
the selected pixel forward according to the recorded depth, then
transforming with the recorded camera pose and the user-based
transform of the video trajectory in virtual space.

4.2.4  Background Projection. With the majority of RGB-D sensors,
the sensing range of the RGB camera far exceeds the sensing range
of the depth sensor. As a result, in outdoor scenarios, a significant
proportion of the image may have unknown depth - all that is
known is that the point lies somewhere beyond the sensing range
of the device. We classify these as Background points. How should
these points be handled? One solution is to simply discard them,
which may be the ideal strategy in some contexts, such as in situ
mixed reality. For virtual reality, however, removing the background
points can lead to large empty regions in the virtual scene. However,
if they are to be rendered, where should they be positioned? We
adopt here a method of projecting background points onto a back-
ground dome. Combined with long lifetimes, over-painting, and
the correct visual style, this produces a form of painted background.
(see Figure 5 (C) and (D))

4.2.5 Applying Visual Styles. The combination of the parameters
for size, shape, opacity, color and motion, as well as sampling rate,
lifetime and overpainting rate, background projection and trail
removal, all define a visual style. In our system, a user can define
any number of visual styles, allowing interactive or programmed
adjustment of any of these parameters. Most importantly, each point
class in each video can be assigned a different visual style, allowing
for a great deal of flexibility in adjusting the visual appearance of
the composition.

4.2.6 Spatial Masks. In specific scenarios, users may need to re-
move or modify the appearance of specific portions of the point
cloud. For example, removing the floor or highlighting a region.
We provide 3D spatial primitives (such as a sphere or box) in which
points can be given different visual appearances.

4.2.7 Further Visual Effects. We provide further visual effects,
such as re-coloring, emissivity, and motion in the form of turbu-
lence or gravity. These effects can be further parameterised by the
movements or proximity of the user, bringing the scene to life. For
example, points may float away as the user approaches or glow
upon proximity.

4.2.8 Over-painting. On creation, points are assigned a lifetime,
ranging from infinite to a single render frame. When a point reaches
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Figure 5: “Over-painting” point removal when points re-enter
frustum (A) and without (B). (C) - (D) Background dome pro-
jection: points with unknown depth are projected onto a
dome and rendered with a soft style. (E) - (F) Human render-
ing with and without trail removal.

the end of its lifetime, it is removed. As the camera moves around,
it very often re-captures previously seen parts of the world. Rather
than further adding points, we use a frustum-based point removal
policy to replace existing points with new ones. This is achieved
by shortening the lifetime of a point when it re-enters the camera
frustum. The result is a form of over-painting, in which new points
replace old ones. The lifetime reduction can be a function of points’
position in the camera frustum, allowing for the removal of points
in the center at a faster rate than the edges. (see Figure 5 (A) and

(B)).

4.2.9 Insitu Appearance Authoring. Often visual styling can mean
the difference between a chaotic mess of points and a recognizable
or captivating scene. Finding the most suitable rendering style is a
creative task and often requires some experimentation. Therefore,
all of the above style parameters can be adjusted from within Dy-
nascape, inside VR, using a matrix of sliders to enable fine-grain
adjustments. This UI provides enhanced flexibility for authoring vi-
sual appearances while maintaining a simple interface. Any changes
made to the variables are immediately applied to the visual style
by updating the parameters to the rendering pipeline. By conduct-
ing the authoring process in the same location as the final display,
creators can better understand the environmental conditions and
context in which their content will be experienced. The specific
lighting conditions, spatial layout, and overall ambiance of the
space will be considered during the crafting process. In situ appear-
ance authoring enables creators to make real-time adjustments and
optimizations based on the immediate visual feedback they receive.
They can assess how the content interacts with the surrounding
elements, such as physical objects and architectural features.
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4.3 Spatial Authoring

When composing a scene with multiple tracked RGB-D videos,
methods for positioning and aligning point clouds with the real
world (in MR), with the virtual world (in VR), or with other point
clouds are required. Dynascape provides a number of tools to aid
this.

4.3.1 Direct Manipulation. As described above, the 3D camera
trajectory is the primary interface for interacting with a video. To
move a video in space, the user can simply grab the trajectory
with controllers or hands and position it arbitrarily. Scaling is also
supported, or it can be locked to 1:1 if desired.

4.3.2  Alignment Tools. In addition to direct manipulation, we pro-
vide helpers for rapid and accurate alignment. A 3D arrow icon can
be used to define the starting pose of a video, as shown in Figure 6
(A). Alignment with the real world or between multiple videos is
achieved using the concept of source-target frames. For example,
consider an in situ recording, in which the user now wishes to align
the video with the real world. The source frame is first aligned with
some well-defined region in the point cloud, such as the corner of a
door or desk, and the target frame is then given the same position
as the real-world door or desk. The source is then snapped to the
target. Source-target alignment is particularly useful when aligning
multiple recordings, as the same target can be shared with multiple
source frames. (see Figure 6 (B) and (C)). Multi-video alignment
can also be achieved using the QR code “clapperboards” during
filming. A QR code is placed somewhere in the filming location,
and care is taken to record the QR code at the beginning of each
take. Whenever the QR code is in view in the video, the user need
only trigger a source-target alignment as described above, and the
OR code will act as a source frame.

4.3.3  Miniature Manipulation. When not displayed at a 1:1 scale,
the size and position of videos can be manipulated with the help of
an adjustable bounding box manipulator, as depicted in Figure 6

(E).

4.3.4 Time-varying Alignment. Although localization techniques
have made significant advancements, it remains a common occur-
rence for the tracking of AR cameras to experience drift or tracking
loss. When tracking drift occurs, aligning an in situ video with
the real-world with a single static transform is not possible for all
moments. To address this challenge, we provide a time-varying
transformation authoring method that enables creators to make
multiple adjustments to the alignment over time, as shown in Fig-
ure 6 (F). This technique involves gradually transitioning the pose
of the spatial video from one position to another during playback.
This can be used to correct tracking drift or equally so, creatively, to
deliberately manipulate and distort the spatial structure of a scene
over time.

4.4 Temporal Authoring

When involved in the crafting and playback of spatially tracked
RGB-D videos, similar to 2D screen-based video editing, cutting
and re-arrangement of the timeline is a fundamental requirement.
Considering the benefits offered by immersive visualization and the
ability to interact with body gestures in the immersive environment,
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Figure 6: The proposed spatial and temporal authoring. (A)
Spatial authoring with direction indicators. (B) - (C) Before
and after spatial authoring with plane indicators. (D) Mul-
tiple storylines in space. (E) The scaled storylines. (F) Space
alignment over time.

as well as the 3D nature of the spatially tracked RGB-D video data,
it is natural to employ a spatial timeline that enables users to easily
select and edit the media in space. This section introduces the
concept of our spatial timeline that helps edit spatially tracked
RGB-D videos in space.

4.4.1 On-Trajectory Timeline Editing. We directly render the video
timeline on the camera trajectory (see Figure 2 (A)). A space-time
cursor, constrained to the camera trajectory, allows users to seek
in time and space by simply dragging the cursor. Users can view
time stamps and seek to exact frames directly. Cutting is achieved
by pressing a button after setting in and out points on the timeline.

4.4.2  Body-Anchored Time Control. In addition to directly manip-
ulating the time cursor or seeking a time point by touching the
trajectory, Dynascape offers automatic time control based on body
position. Playback speed is modulated by the location of the user
relative to the camera trajectory, allowing the user to control time
by simply walking. For videos with audio, however, dynamic time
scaling may be undesirable. In this case, videos are constrained to
play in real-time or to pause entirely, depending on the proximity
of the viewer. Interfaces are provided to adjust the parameters and
help with switching the automatic time control on or off.

4.4.3 Dual Space/Time Representation. A challenge arises with the
trajectory timeline view described above when recordings contain
no or very little camera motion. In this case, the camera trajectory
ceases to be a useful method of navigating time. For this reason, we
augment the trajectory view with a 2D purely temporal timeline,
similar to that found in a traditional video editing tool. The user
can manipulate the videos in both representations. (see Figure 7)

4.4.4 Multi-Clip Editing. Similar to traditional multi-clip video
editing, multiple clips can be listed together on a 2D UI and in-
teractively adjusted. However, there is no concept of layers, as all
videos can be played simultaneously in an immersive environment
without requiring layer composition. The idea of the main timeline
is still valid since it is possible to adjust the starting/ending/span
time for individual video clips. In Figure 7, clips are represented by
colored bars with starting and ending holders. The color matches
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Figure 7: Multiple clips aligned on the 2D timeline.

the color of the corresponding 3D camera trajectory. Similar to
traditional multi-clip video editing, the bar itself can be grabbed
back and forth along the timeline, while the holders can be used
to adjust the time span of the clip. Cutting and pasting are imple-
mented by using multiple in-out markers on the timeline. Periods
of time falling outside of a pair of in-out markers are considered
"cut" and skipped during playback. After cutting, the camera trajec-
tory will become discontinuous, but the overall dimension from the
video start to the end will be maintained. To allow different spatial
positioning of clips cut from the same video, the video is duplicated.
When combining a cut clip with another clip, the starting point
of the source clip and the ending point of the target clip will be
concatenated. Crossfading is not supported at the moment, but
could be implemented with a simple increase or decrease in point
size or opacity at the beginning at the end of each clip.

4.4.5 Narrative Branching. Designing storylines that visitors can
engage with by walking along designated paths introduces a capti-
vating application of the spatially tracked RGB-D videos. Multiple
videos can be concatenated in space, forming spatial narratives.
Here we extended the concept to allow narrative branching. While
two clips aligned in time would normally play simultaneously,
branching allows dynamic activation and deactivation of sequences
of clips, depending on the actions of the viewer. A prototypical ap-
plication of narrative branching would be the user selecting a door
to enter or a path to follow at a junction. We offer two possibilities
to create branches based on multiple clips in our prototype. After
the user figures out the source and the target clip, one way to create
the branching storyline is to drag the source clip directly toward a
certain point on the target clip. However, this can be less accurate
and becomes tedious when the user has to hold the source clip over
a long distance. The other way is to first create a branching point
with the above-mentioned space-time cursor and then snap the
starting point of the source clip to it.

5 IMPLEMENTATION

5.1 Overview

Dynascape was implemented using the Unity3D Engine and MRTK
framework for Meta Quest 2 devices. Rendering is streamed from
the PC to the head-mounted display through the Airlink [19]. Both
virtual reality and video-passthrough mixed reality are supported.
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Oculus “spatial anchors” are used for virtual to real world alignment.
The source code will be available on our webpage.

5.2 Capture and Processing

We employed the Bibcam format [29] to record spatially tracked
RGB-D videos. This format allows us to encode color frames, depth
frames, and camera pose information into individual frames. The
camera pose information is obtained from ARKit [2] in real-time
and encoded to each frame as pixel barcodes.

To best illustrate our concept, we implemented a process to
extract human entity information, specifically the number of people
present, from our recorded videos on a frame-by-frame basis. We
obtained a human stencil map [31] from ARKit [2] and kept it along
with the color and depth frame in the Bibcam format [29], which
served as the basis for extracting human-related information from
the video frames. We then extracted the number of people from the
human stencil map with the contour counting algorithm.

A GPU-accelerated method for extracting and saving to disk key-
frame RGB images, point cloud previews, and camera trajectories
was implemented. This pre-processing step is not necessary, but
when performed, it enables instant loading and rendering of the
entire timeline of a video, eliminating the need to playback from
beginning to end every time a video asset is introduced.

5.3 Visualizations

5.3.1 Camera Trajectories. Camera trajectories are rendered as
polygonal tubes. Downsampling and smoothing of the camera tra-
jectory are performed with accumulated distance, time, and cur-
vature thresholds. In order to visualize semantic information, we
extract and map it to colors, creating an array in VRAM for ren-
dering. Additionally, to enable texture previewing, we store the
extracted frames in VRAM as a texture array.

5.3.2  Point Rendering and Visual Styles. The Unity “Visual Effects
Graph” GPU-accelerated particle system is adopted for point cloud
rendering. Each point stores position, age, color, and class id, but
no information on visual appearance. Instead, during rendering,
the class id is used to index style parameters stored in a separate
buffer. This indirection not only greatly reduces VRAM usage but
allows for efficient real-time manipulation of visual styles.

5.4 Performance

Our system is designed to efficiently generate point clouds from
multiple video sources simultaneously. We are able to render up to
2 million points in total with around 70 FPS with the Oculus Quest
2 headset.

6 DEMONSTRATION

6.1 Virtual Tour Guide

To best highlight the value of Dynascape, we used an iPad to cap-
ture a guided tour of a museum. Binaural in-ear microphones are
worn by the camera operator to capture an immersive soundscape.
Considering the significant difference in size between the museum
and the lab, as well as the extensive duration of the recording, we
creatively manipulated both space and time to adapt the recording
to fit within the physical surroundings of the lab while preserving
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Figure 8: The exemplary applications of Dynascape. (A) The immersive replay of a virtual tour with manipulated space and
time. (B) A street view with the repeated (4 times) rendering of a pedestrian by manipulating time. (C) Virtual collage that
composites a dynamic indoor and outdoor scene. (D) Three animated point clouds composited together to create storylines.

the key attractions and noteworthy aspects. With the help of the
implemented prototype, we processed the recorded video and got
semantic information extracted.

To get an insight into the interesting segments in the recorded
video, and in light of the fact that the museum is much larger than
the lab in space, we used the minitiarised overview to place the
entire clip onto the top of a table, and then used sliders to highlight
and remove humans, background and foreground points. After
identifying interesting places, we cut the video into small segments
with the On-Trajectory Timeline Editing tool. Afterward, we
restored the scale of the clips to their original state, placed the
segments in the virtual space, and used the spatial authoring tools
to arrange the clips in space. Finally, we used visual styles to apply
various rendering strategies to the foreground and human points
to enhance the overall visual appearance as well as the feeling of
presence. During playback, Body-Anchored Time Control allows
viewers to simply follow the tour guide. The resulting rendering,
showcasing the static environment and dynamic human points, can
be seen in Figure 8.

6.2 Street View

To best showcase the potential of Dynascape, we filmed a few
people walking along the street with three iOS devices with LIDAR
capability and synthesized a busy street by manipulating the time.

After preprocessing, we started by enabling the Camera Tra-
jectory Based Preview to render a path on the ground, colorized
based on the human entity information present in the video. This vi-
sualization allowed us to see the trajectory of the camera movement
and better understand the crowd dynamics. We then exploited the
alignment tools to align all the videos and position them in the
lab space. By setting an In and Out point, we isolated the desired
segments for playback. Subsequently, we duplicated the people
present in those clips and synthesized a busy street full of people
by adjusting visual styles for individual segments. Human points
appeared dynamic, while environment points had a longer lifetime
and appeared static. Figure 8 (B) shows an exemplary rendering of
a street view.

6.3 Virtual collage

To highlight the creative potential of spatiotemporal collage, we
demonstrate the merging of indoor and outdoor recordings.

We started by previewing a list of recordings with the proposed
Camera Trajectory Based Preview and the Point Cloud Based
Preview in a scaled form with the Small-multiples View (as
shown in Figure 3 (B)). After choosing desired clips, a bustling
outdoor setting, and a vibrant indoor scene, we placed the indoor
scene with the direction indicator and snapped the outdoor scene
to the indoor scene with the plane indicator. When replaying the
outdoor scene, we also exploited the Time-varying Alignment
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feature to adjust the alignment multiple times. Its transformation
updated gradually over time. Upon finalizing the placement of the
spatial video, we used visual styles to adjust the visual appearance
of the final rendering.

6.4 Crafting Storylines

To illustrate the potential of Dynascape in crafting storylines in
space, we decided to choose clips from our recordings, place and
concatenate them in the lab space.

With the previewing feature, we chose a canteen clip as the
main branch and plan to involve clips captured in a green area as
well as a waste area as side branches of the storyline. The rendering
changes when viewers walk in different directions, they would see
the green area when choosing environmentally friendly products
and see the waste area when walking to environmentally damaging
products in the canteen. The storyline looks similar to Figure 6 (F)
in space. After Spatial Authoring and Appearance Authoring
process, we chose the In and Out points with the On-Trajectory
Timeline Editing tool and used the Narrative Branching fea-
ture to create branching points in the main branch and snapped
side branches onto it. This offers the opportunity of concatenating
branches precisely in space.

7 DISCUSSION AND FUTURE WORK

In this section, we reflect on our immersive approach to authoring
and playback of spatially tracked RGB-D videos. We also discuss
potential improvements in various areas, such as data capturing,
processing, and aligning.

Potentials of In Situ Authoring. While the number of features for
authoring is limited in our prototype, we could see the potential of
Dynascape to support in situ authoring of spatially tracked RGB-D
videos in an immersive environment. Dynascape helps users to
obtain a comprehensive understanding of the end outcomes by al-
lowing them to edit media content directly immersive environment.
When working directly in the same space where the video will
be viewed, the surrounding environment aids in serving as a vital
reference for spatial-temporal and appearance authoring.

Video Editing. While exploring the spatial and temporal editing
of the spatially tracked RGB-D video, our primary emphasis lies
only on the fundamental aspects of video editing. Therefore, this
paper does not cover additional video editing features, such as
shifting and crossfading, within its scope.

Data Source. Furthermore, apart from the depth cameras inte-
grated into iOS devices, Dynascape has the potential to accommo-
date various other depth cameras with world tracking capability.
Notably, a recent version of the ZED camera [28] introduces novel
functionalities that hold great potential in capturing semantic in-
formation while acquiring spatially tracked RGB-D videos. With
the advancement of visual localization algorithms, spatial infor-
mation from regular RGB-D videos could be precisely extracted
and thus will be ready to be used in our system. With the rapid
progress in depth estimators and Al techniques, achieving exact
depth information estimation is becoming increasingly feasible.
This advancement opens up the potential to transform a regular
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video into a spatially tracked video, allowing users to visualize and
author it with the capabilities of Dynascape.

RGB-D Video Processing. Dynascape proposes the idea of en-
coding semantic information to the camera trajectory as well as
the camera path on the ground. Currently, we extract the num-
ber of people in individual frames, implemented with a contour
counting algorithm using OpenCV. The extraction of semantic in-
formation has been intensively researched in recent years in the
field of computer vision and scene understanding. We can expect
comprehensive possible information will be easily accessible in the
future. That information can then be encoded into the proposed
visualization channels in this paper.

Alignment Between Multiple Cameras. Another potential issue
is that the virtual objects might not be perfectly aligned amid the
camera drift while creating storylines with overlapped virtual ob-
jects in space. ICP-based alignment algorithm, e.g. [36], can be
involved in the future to help with the alignment from one point
cloud to the other. Our timeline-based alignment strategy can also
benefit clip-to-clip alignment once we get the aligned data from
those algorithms.

Rendering Fidelity. The capturing and rendering of point clouds
in high fidelity remains a challenging task. Nonetheless, even higher
resolutions and greater accuracy in depth capturing can be expected
with the development of sensor techniques in the future. Addition-
ally, techniques that have shown success in improving visuals for
point clouds, such as [26, 27], can be integrated. Furthermore, NeRF-
based rendering techniques like [35, 40] could serve as an effective
final rendering step or be integrated into the appearance authoring
process. Color information from the source RGB-D video can also
be utilized for view synthesis.

8 CONCLUSION

In this work, we proposed an immersive approach to the authoring
of dynamic scenes captured with tracked RGB-D cameras. The
tool supports both mixed and virtual reality, and in situ and ex
situ authoring and viewing. We proposed concepts and methods
for previewing clips, performing spatial and temporal editing, and
controlling visual appearance. We developed rendering strategies
to render foreground, background, and human as point clouds
from RGB-D video in 3D to help with the authoring process. We
also implemented an interactive prototype and conducted a walk-
through session to show the value of our work. We believe that our
research makes a valuable contribution to the in situ authoring and
playback of dynamic 3D scenes. We hope that our findings inspire
further exploration and advancements in this area.
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