Analyzing Camera Motion in Immersive Dome Movies using Optic Flow
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Figure 1: Overview of the optic flow analysis pipeline for dome movies. (A) Input image frame. (B) Compute dense 2D optic flow,
here shown in arrow representation (left) and flow direction and magnitude mapped to color hue and brightness (right). The flow
vectors are mapped into 3D spherical coordinates. (C) Peripheral flow (1) is then extracted and averaged for each frame, resulting

in plots with peaks corresponding to moments of motion (2).

Additional frame-wise image metrics (e.g., brightness, contrast,

variance) are also calculated per fisheye frame to provide contextual information (3).

ABSTRACT

This work presents early results for an ongoing project on analyz-
ing optic flow to quantify motion effects in movies for immersive
digital dome theaters and planetariums. Measuring optic flow and
mapping flow peaks to moments of high motion indicates the over-
all sense of flow in a movie, thus supporting filmmakers in both
designing and evaluating dome-specific content. Initial feedback
from producers suggests that the measurements have strong prac-
tical value and a key next step is to design a visualization tool to
facilitate a detailed analysis of the collected data.

1 INTRODUCTION

Since their introduction in the 2000s, digital planetarium domes
have been used to inspire a sense of awe and wonder in visitors
who get to see a fully immersive, and sometimes interactive, dome
experience. However, compared to traditional movie making, the
authoring tools are still in their infancy, leaving producers to rely
on instinct when designing a new experience. This lack of doc-
umented guidelines for camera motion is a challenge in creating
content for dome theaters. It will likely become more important as
digital domes are featured in a growing range of venues and through
the democratization of tools for content production.

As with virtual reality (VR) applications, camera movements in
dome productions must be carefully designed to minimize audience
discomfort caused by visually induced motion sickness (VIMS),
also known as cybersickness or VR sickness. At the same time,
motion is essential to maintain depth cues and support an engaging
immersive experience, sometimes even involving fast-paced cam-
era moves to “wake up the audience” or create excitement. Balanc-
ing these goals puts unique constraints on camera design. In VR,
VIMS is often mitigated by reducing the sense of vection, for ex-
ample, by limiting optic flow in the peripheral field of vision using
methods such as adaptive field of view restriction, vignetting, blur-
ring, or blocking parts of the periphery [2, 4, 1]. However, these
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approaches have the disadvantage of reducing immersion and are
typically not suitable for domes, where the focus and periphery dif-
fer for each audience member. Instead, dome producers rely on
techniques like slowing down motion and guiding audience gaze;
approaches that depend heavily on instinct and professional expe-
rience regarding efficacy and what will risk making the audience
uncomfortable. To date, much of the practical knowledge for dome
filmmaking resides informally among a small community of expe-
rienced producers and is often shared verbally at professional gath-
erings, rather than being formally published. This leads to a lack
of documented guidelines. An exception is a two-part article by Yu
et al. [5] in The Planetarian in 2016 and 2017, which offers some
practical recommendations for dome content creators. However,
even in this work, camera motion guidelines are limited to loose
advice such as avoiding cuts and slowing down movements.

In this work, we aim to extend this body of knowledge and
identify guidelines for camera motion in dome movies by quanti-
fying and analyzing the visual effect of motion. We analyze movies
deemed state-of-the-art by domain experts, with the intent of de-
riving metrics that represent current best practices. The goal is to
provide useful insight for the production process and help identify
motion-related issues that could induce VIMS. Specifically, we an-
alyze the optic flow from the point of view of the audience and let
the average flow quantify the motion for each image frame. This
represents a first step toward connecting empirical analysis with
production insights, which has already been appreciated in informal
interviews with three of the leading dome movie production teams.
Our contributions thus far include the initial design of a pipeline to
extract optic flow data from full-dome fisheye images, perform au-
tomatic magnitude and region-of-interest analysis, and provide the
data in an interactive toolkit for dome-movie producers.

2 OpTIC FLOW ANALYSIS

The optic flow analysis is inspired by Bala et al. [1], where periph-
eral optic flow was used to dynamically restrict the viewer’s field
of view during 360-video viewing and consequently reduce VIMS.
However, rather than limiting flow exposure, we let the resulting
flow quantify the amount of peripheral motion.

Our proposed approach for flow estimation is summarized in
Figure 1. First, we compute the dense optic flow field for pair-wise
image frames in the movie using the Farnebédck method [3], result-
ing in one (2D) flow vector per pixel in the fisheye image frame.



To better represent the optic flow experienced by the audience, the
flow vectors are transformed into spherical coordinates (3D). We
then extract the flow in the central and peripheral fields of view,
and compute the average magnitude of the flow vectors in these re-
gions over time. This gives a single numerical value per frame that
quantifies the optic flow in the respective region, which can be vi-
sualized over time as shown in Figure 1 (C, 2.). For simplicity, we
assume a fixed viewer focus on the dome surface and front-facing
seating when estimating the focus point for the central region. This
is a current limitation of the work, since in practice, the focus point
varies with content, dome design (such as the tilt of the dome), and
producer techniques [5]. Figure 1 (C, 1.) shows a representation of
the location of the peripheral field in the fisheye frame. Note that
the values for the computed magnitudes depend on the frame rate,
frame resolution, and window size used for the computation, so
these parameters must match for valid cross-comparison of magni-
tudes between movies. Since optic flow estimation depends on the
homogeneity of the signal [3], we also compute frame-wise image
metrics such as brightness, contrast, and local variance to provide
contextual information. These metrics help determine whether low
flow values reflect actual stillness or are due to insufficient visual
features for motion detection. They also give insight into scene
characteristics, such as lighting conditions, level of detail, and vi-
sual density, which can also be incorporated as part of the work on
developing best-practice guidelines.

Finally, we also segment the movies into individual sequences
and compute the average flow and image metrics per section. This
allows for a higher-level analysis of entire movies as well as a more
detailed segment-level comparison. For example, it allows us to
visualize segment similarities using dimensionality reduction tech-
niques such as UMAP and PCA. Figure 2 shows some initial sim-
ilarity results for 5 movies, separated into 53 segments. As dome
movies often rely on continuous camera motion and gradual tran-
sitions, sometimes with no cuts at all, we manually define the seg-
ments at noticeable visual changes, such as transitions in environ-
ments, visual key elements, or types of camera motion.

3 INITIAL RESULTS AND IMPLICATIONS

The preliminary results show promising patterns in the optic flow,
with peaks aligning with moments that may require producer at-
tention, both in terms of flow magnitude and the frequency of flow
peaks. Figure 1 (C) shows an example of the flow magnitude plots
for a scene of the dome film Chemistry of Life. In this example,
the camera follows a rollercoaster-like trajectory through a park,
with a bumblebee in focus for roughly half of the shot. The average
flow is about 5, which is a relatively high value in the context of
this analysis; all the analyzed movies have an average flow below 3
(see Figure 2), and the peaks tend to lie around a value of about 20! .
The plot also informs about the visual pacing; in the example, peaks
are spaced out over time, aligning with a common design principle
of alternating faster-paced motions with slower ones, to “wake up”
the audience at the peaks. There is also a period of very low flow
at about 1.6 minutes, which correlates to a moment where motion
halts due to a simulated stop in time. Soft peaks indicate smooth
acceleration, while sharp peaks seemingly indicate fast camera mo-
tion or objects moving close to the camera.

In informal interviews, movie producers expressed potential in
using this analysis to streamline production by identifying motion-
related issues early, and more importantly, before even entering the
dome, which is often an expensive resource. However, they empha-
sized the need for the analysis and visualizations to be delivered
through an easy-to-use tool that can be naturally integrated into

'We used movies downsampled to 512x512 pixels at 30 FPS, computing
flow for every Sth frame using an average window size of 15. The low
resolution was chosen for reasons of storage and computation speed, but is
also motivated by the reduced detail seen in peripheral vision.
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Figure 2: UMAP visualization of movie segments based on image
and peripheral flow measurements. The left cluster contains more
dynamic shots (higher flow), while the right shows slower-paced ones
(lower flow). From this, we see that the VAST movie has more slow-
paced segments overall, consistent with its lower average flow (in-
set). Internal subclusters seem to reflect image features; the far-right
group contains dark, low-flow segments, from intros or credits.

their existing workflow. This motivates our future work to incor-
porate the measurements in a visualization toolkit for this purpose.

While these initial findings are encouraging, several open chal-
lenges remain. First, more work is needed to empirically verify
how the flow correlates to the audience experience. For example,
too frequent and/or high peaks likely increase the risk of VIMS,
but this needs to be confirmed. We plan to conduct a pilot study in
domes to empirically validate the analysis and perceptual relevance
of any proposed metrics. Once verified, we can apply the analysis
to a larger pool of movies and begin translating our findings into ac-
tionable guidelines for dome filmmakers, which can then be incor-
porated in the planned visualization tool. The pipeline should also
be extended to better estimate likely viewer focus and be adapted
to handle hard cuts. This has not been an issue so far, as the chosen
movies all use a continuous narrative style with fading transitions
instead of hard cuts. However, supporting abrupt scene changes is
essential for generalizing the analysis, applying it to more movies,
and ultimately developing guidelines and thresholds to automati-
cally detect potentially problematic moments.
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