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(a) Conceptual Setup and Side View

(b) Viewer’s Perspective (No Mitigation)

(c) Viewer’s Perspective (Blur Mitigated)

Figure 1: Real-time shadow-free projection on non-planar surfaces using a multi-projector system and depth-based geometric
correction. (a) Conceptual setup with three projectors, depth sensors, and a non-flat surface. (b) Without blur mitigation, but
with geometric correction; artifacts from overlapping projections are still clearly visible. (c) With our blur mitigation technique:

sharp and consistent projection at ~2 m projection distance.

Abstract

We present a real-time projection mapping system for visualizing
information and displaying user interfaces on uneven, deformable
surfaces in dynamic environments, where the surface gets partially
and dynamically occluded. An important application area is the
operating room, where this technology would allow for projection
onto the surgical drapes. To achieve precise and adaptive geomet-
ric correction in setups with multiple projectors and overlapping,
partially occluded projection regions, we adapt a point cloud render-
ing technique that accurately and efficiently reconstructs surface
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geometry in the projectors’ image space. This enables an overlap
precision of 1.6 mm at a projection distance of 2m, even on un-
even surfaces. In addition, we propose two novel GPU-based blur
mitigation methods that address blur caused by inevitable inaccu-
racies of the depth sensors and the overlapping projector images.
A user study (n = 23) shows that our blur mitigation strategies
significantly enhance perceived readability, reduce visual artifacts,
and lower user workload compared to conventional multi-projector
blending. Our system supports projection on arbitrary surfaces,
without requiring explicit segmentation and is well-suited to meet
the demands of sensitive environments, including those with steril-
ity constraints or limited display access.
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1 Introduction

In many professional environments, rapid and unobtrusive access
to information is essential to maintain workflow and avoid distrac-
tions. This is particularly true in technical fields, high-risk environ-
ments, or critical settings such as operating rooms. During surgery,
for instance, teams must continuously observe essential data such
as vital signs, neuro-monitoring information, or CT images. How-
ever, spatial constraints and sterility requirements often prevent
the placement of conventional monitors near the surgical site. As
a result, surgeons must frequently shift their attention away from
the operative field to consult distant displays. These distractions
have been linked to decreased performance and may contribute to
surgical errors, including visceral injuries or bleeding [28, 30].

While augmented reality (AR) glasses offer in-sight data ac-
cess, they introduce limitations such as a narrow field of view,
potential color distortions that hinder tissue differentiation, and
added ergonomic strain. To address these challenges, we propose a
projection-based system that displays information directly within
the user’s field of view by projecting onto irregular, dynamic sur-
faces, such as surgical drapes, which may shift due to patient repo-
sitioning, drape movement, or change of table height. Although
prior work has demonstrated projection mapping on deformable
surfaces [17-20], these systems typically use multiple projectors
only to extend the projection area and do not consider shadowing
effects caused by people moving within the environment.

Projection onto dynamic, non-flat surfaces using multiple, over-
lapping projectors introduces specific technical challenges: accurate
surface reconstruction is required to ensure seamless overlay be-
tween projectors, and even minor reconstruction errors can lead
to visible blurring artifacts, see Figure 1. Also, dynamic shadow-
ing (e.g., caused by moving people in the projectors’ pathways)
has to be resolved in real-time in order to present a consistent,
homogeneous display on the surface.

In this paper, we address these issues by the following main
scientific contributions:

o Anovel, general-purpose, and low-latency pipeline for shadow
and blur mitigation in projection mapping, introducing the
concept of Shadow Distance Maps.

o An efficient and marker-free geometric correction technique
that uses multi-camera point-cloud rendering for precise
correction and pre-warping. It operates directly in projector
image space and is robust against partial occlusions.

e The Projection Overlap Divergence (POD), an error metric
reflecting the visible divergence (or blurring) of overlapping
projections, expressed in physical units.

Muehlenbrock et al.

o A user study (n = 23) validating the effectiveness and percep-
tual advantages of the proposed blur mitigation techniques.

To ensure reproducibility and facilitate future research, we re-
lease our software as open source.'

2 Related Work
2.1 Static Projection Mapping

Projection systems utilizing multiple projectors have been devel-
oped for a wide range of applications. Multi-projector displays are
a common use case, where a large surface is covered by dividing
it into smaller regions for individual projectors, with overlapping
areas blended to create a seamless image [38]. The primary focus of
such systems is achieving accurate calibration of the projectors with
respect to the static surface being projected onto, typically facili-
tated by additional cameras. Numerous publications have proposed
improvements to these calibration techniques [4-6].

A current research question, particularly in static projection
mapping, is radiometric compensation to accurately reproduce col-
ors and materials on arbitrary surfaces. Approaches range from
physically-based simulation using differentiable path tracing (DPCS)
[26], to efficient scene representation with Gaussian Splatting (GS-
ProCams) [7], to joint optimization of projection and scene in a neu-
ral reflectance field without explicit calibration [9]. CompenNet++
[16] addresses this challenge by learning geometric correction and
radiometric compensation jointly in an end-to-end manner.

2.2 Dynamic Projection Mapping

Another area of research is Dynamic Projection Mapping (DPM),
which involves projecting onto moving and transforming surfaces.
Tracking dynamic, deformable projection surfaces poses significant
challenges.

An early method encoded visible patterns that were used for 3D
reconstruction and distortion correction, rendering them impercep-
tible by alternating the pattern with its inverse across successive
frames [36]. Other systems primarily focused on tracking rigid ob-
jects, such as those demonstrated by Lincoln et al. [27] and Zhou
et al. [47]. The system proposed by Siegl et al. [40] also addresses
self-shadowing of tracked rigid objects. Later efforts extended to
specialized deformable targets, supported by advanced high-speed
detection and projection hardware. These systems enable dynamic
texture projection onto hands [10], arms [37], and faces [41], with
applications such as aging simulation. For such tasks, ultra-high-
speed systems equipped with custom projection and tracking hard-
ware have been developed to minimize latency when capturing
continuously moving targets [15]. Other approaches aim to miti-
gate delays by predicting the pose of rigid objects [29].

Tracking non-rigid, deformable surfaces presents additional com-
plexities, particularly when the surfaces lack identifiable features.
These challenges are often addressed using marker-based tech-
niques, such as point markers recognized by consumer-grade RGB-
D cameras, which are subsequently used to reconstruct the surface
geometry [32]. For instance, Taya and Takahashi combines marker-
based tracking with skeletal data to map projections onto clothing
for performances and shows [43]. Similarly, some systems employ
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markers to undistort projection mappings, approximating surfaces
using B-splines [20][19]. These methods enable projections dynam-
ically shifting surfaces, such as tent walls. Expanding upon this,
Ibrahim et al. [18] integrate a multi-projector system to cover larger
areas by blending the small transition regions between overlapping
projectors. While the system uses multiple projectors and cameras
to expand the projection area, it does not address occlusions caused
by occluders between the projectors and the projection surface.

Because visible markers on projection surfaces can detract from
the intended visual content, various efforts have sought to develop
less obtrusive markers. For example, active LED markers have been
used [44], or hidden markers have been embedded directly into rigid
3D-printed objects [3]. Additionally, Ahmed et al. [1] highlights
the challenges of sparse marker distributions, which often result in
inaccuracies during surface reconstruction and proposes its own
marker strategy to address these issues.

A marker-free projection method for arbitrary surfaces is pre-
sented in [31], which can project textures and materials using nor-
mals. However, in addition to being marker-free, it is also model-
free, meaning that no 3D model is created, and absolute world
coordinates of the objects are not known, making it impossible to
precisely undistort projections on the projection surface.

2.3 Shadow Mitigation

Ibrahim et al. [17] address the occlusion of markers used to de-
fine projection targets in a single-projector setup but do not im-
plement any shadow removal. In contrast, some approaches ex-
plicitly aim to reduce or avoid shadows on projection surfaces by
utilizing multiple projectors. Some techniques detects occluders,
estimates the projectors that can illuminate specific target area
and balancing which projector displays which part of the whole
display [21-23, 42]. These techniques almost all operate only for
flat front projection targets. Nomoto et al. [35] presents a shadow
removal technique for a high-speed multi-projector setup, where
rigid, non-deformable occluders and targets are tracked using in-
frared markers, with their geometry known a priori. Despite the
high-speed multi-projector setup, minor artifacts are visible at the
edges of objects due to delayed shadow adjustment. In the context
of static projection mapping, there are approaches that reduce cast
shadows by employing very large lenses to achieve a broad light
distribution, similar to techniques used in surgical lighting to mini-
mize shadows [13, 14, 25]. However, these methods are currently
unsuitable for dynamic projection surfaces and themselves suffer
from issues such as blurring.

To the best of our knowledge, no existing approach uses depth
sensors to geometrically correct a dynamic, non-planar surface
with multiple projectors, while simultaneously avoiding shadows
and preventing blur artifacts caused by multi-projector overlays.

3 Our Method

In this section, we present our novel methods for (1) multi depth
camera surface reconstruction for geometric correction (Section 3.1),
and (2) blur mitigation (Section 3.2) in multi-projector systems.
Our system targets scenarios with frequent occlusions, which
necessitates overlapping projection areas. As a consequence, the
display surface must be reconstructed as accurately as possible, in
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Figure 2: Adapted point cloud rendering for geometric cor-
rection of a single projector using multiple depth cameras.
Passes in Depth Image Space and Projector Image Space are
described in Sections 3.1.1 and 3.1.2, respectively.

order to achieve consistent projections, and dynamic shadowing
must be handled such that users cannot see those occlusions, ideally.
In the following, we assume a multi-camera, multi-projector setup,
in which all projectors and cameras have been precisely calibrated
using standard methods; details of our calibration procedure based
on checkerboards [2, 8] are provided in the Supplemental Material.

3.1 Real-Time Geometric Correction

To enable precise alignment of multiple projectors and geometric
correction from a specific point of view, a common target surface for
projection must be defined. Instead of relying on physical markers
[18, 19], we propose an approach based on point cloud rendering
from the perspective of each projector. In our method, we define a
virtual display plane D, oriented towards the viewer, and encode
its UV coordinates into the point cloud. By rendering the point
cloud from a projector’s perspective and using the user interface
as the texture, the interface is inherently pre-warped to account
for surface deformations. This results in distortion-free projection
from the viewer’s perspective and fully exploits the spatial accuracy
of the reconstructed surface without requiring explicit geometric
correction. Our approach builds upon BlendPCR [34], a method
for efficient, artifact-free rendering of continuous surfaces from
dynamic multi-camera point clouds. It avoids complex and costly
unified mesh reconstruction (e.g., via TSDF and Marching Cubes)
by blending separate meshes while preserving the full resolution
of each depth camera. In the following, we present this adapted
rendering technique and perspective-correct texture mapping.

3.1.1 Point Cloud Processing from Depth Cameras. Each depth
camera produces a structured point cloud aligned with its depth
image, which we treat as a regular 2D grid, implicitly defining
a mesh topology. Following a strategy similar to BlendPCR, we
first apply a binary rejection mask to discard vertices exhibiting
depth discontinuities beyond a threshold, thereby avoiding invalid
triangles between foreground and background geometry. We then
detect edges and smooth them using a weighted Moving Least
Squares filter [24]. Surface normals are estimated via PCA of local
neighborhoods. Finally, a reconstruction quality score is assigned to
each vertex based on its distance to the camera, surface orientation,
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Figure 3: Visualization of our GPU-based blur mitigation pipeline. Steps (1)-(6) correspond to the individual stages described in
Section 3.2. The illustration assumes three depth sensors and three projectors.

and proximity to edges [34]. All computations are performed once
per frame and per depth sensor on the GPU.

3.1.2  Projector-Space Mesh Rendering and Blending. For each of
the P projectors, point clouds from C depth cameras are rendered
as meshes into P x C separate framebuffers, with geometry shaders
discarding invalid triangles via the rejection mask. Instead of render-
ing colors, we encode either 3D positions (for geometric correction)
or 1D distances (for Projector Distance Maps), see Section 3.2.

Unlike the original BlendPCR approach, we do not perform a
fragment-wise dominant-camera selection. Instead, a soft blending
strategy is applied, where we use the quality score directly for
blending the separate FBOs. This results in a dense, blended surface
representation from the projector’s perspective, robust to occlusions
and fully leveraging the per-vertex quality information from all
depth sensors, see Figure 2.

3.1.3  Perspective-Correct Texture Mapping. We define a virtual
display plane D, oriented toward the viewer’s head position x, and
compute per-fragment UV coordinates for UI texture projection:

(1) Transform the blended 3D position p¢ into the display co-
ordinate system by applying the camera transformation Te
and the inverse display transformation Ty L

pp =Ty - Tc-pc
(2) Apply a perspective projection with viewer distance d:

Pp

—2 405
PD(z)
L

SPerspective =

Fragments with sperspective € [0, 1]2 are sampled from the UI tex-
ture; others are discarded. This ensures correct perspective align-
ment from the viewer’s viewpoint. Combined with point cloud ren-
dering as described in Section 3.1.1 and 3.1.2, this yields an efficient
and precise geometric correction that is markerless, relocatable,
and robust to partial occlusions of individual depth cameras.

3.2 Real-Time Blur Mitigation

In dynamic projection, surface geometry and occluders are often
unknown. Depth sensors can capture this geometry but inevitably
introduce small measurement errors. With multiple projectors used

to avoid shadows, these errors lead to inaccuracies in surface recon-
struction, causing visible blur in overlapping regions. We mitigate
this by assigning each surface region to a primary projector while
allowing limited overlaps, thereby reducing blurring overall. We
propose two strategies:

o Per-Pixel Assignment: Each pixel is assigned to the projector
with the greatest distance to shadows, based on per-projector
visibility analysis. Blending is applied in transition zones to
avoid visual seams.

Tile-Based Assignment: This strategy is especially useful in
cases where the content can be partitioned into discrete,
meaningful tiles, which is usually the case for GUIs. Then,
each tile can be assigned to the projector with the maximum
shadow distance across the entire tile. During an assign-
ment switch, a temporal crossfade between projectors is
performed. If no projector can render a tile shadow-free, the
fallback is Per-Pixel Assignment for that tile.

To implement both strategies, we designed a unified processing
pipeline, illustrated in Figure 3. Note that step (1) is performed in
the projector’s image space, while steps (2-5) operate in the depth
image space, whose pixels correspond one-to-one to the 3D point
clouds of the depth cameras:

(1) Projector Distance Maps: From each projector’s perspective,
we render the scene’s depth using our adapted BlendPCR
technique, storing only 1D distances. We chose a larger field
of view than that of the real projectors to ensure that occlu-
sions can be detected early.

(2) Shadow-per-Projector Map: Each point from the structured
point cloud is compared to the Projector Distance Map. A
point is marked as shadowed if it is occluded from the projec-
tor’s view (i.e., its depth is larger or lies outside the frustum).
These results are encoded into channel-wise boolean maps
with the resolution of the structured point cloud, where each
channel corresponds to a projector.

(3) Shadow Distance Map: Using the Jump-Flooding algorithm

[39], we convert these binary maps into continuous Shadow

Distance Maps, where each channel encodes the 2D image

distance to the nearest shadow region for one projector.

Multi-Camera Fusion and Smoothing: To address inconsis-

tencies across depth cameras, we project and blend each

—
N
=
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camera’s Shadow Distance Map into the others. Addition-
ally, we apply temporal smoothing to reduce flicker due to
occasional holes or noise in the depth data.

(5) Projector Assignment Map: Each point is assigned to the pro-
jector with the maximum shadow distance, enabling pre-
dictive occlusion handling while compensating for minor
calibration inaccuracies and sensor latency. A small offset
(ID - €) ensures stability when distances are nearly equal. A
3x3 blur kernel and bilinear sampling produce soft transi-
tions between projector regions.

(6) Final UI Rendering: During a final BlendPCR screen-space
pass, we blend the 3D positions of separately reconstructed
meshes. These blended positions are projected according
to Section 3.1.3, and the resulting sperspective is used as UV
coordinates to render the screen texture from the projector’s
perspective, enabling geometric correction.

For Tile-Based Assignment, we additionally render tile IDs onto
the structured point cloud, slightly downsampled for efficiency.
This texture is read back to CPU memory to compute the minimum
shadow distance per tile from the temporally smoothed maps in
step (4). Each tile is then assigned to the projector with the highest
minimum shadow clearance. If no projector can fully cover the
tile, Per-Pixel Assignment is used as fallback. The final Projector
Assignment Map is then updated accordingly. Note that both the
surface reconstruction and the blur mitigation conceptually allow
independent placement of projectors and depth sensors, as well as
arbitrary 3D surfaces.

4 Measurements of the Projection Quality

To evaluate our methods, we conducted measurements of the ac-
curacy of the geometric correction (see Section 4.2), as well as
performance measurements of our pipeline (see Section 4.3).

4.1 Setup

In our evaluation setup, we used three Optoma UHZ66 UHD pro-
jectors, each operating at 60 Hz with a resolution of 3840 x 2160.
For depth sensing, we employed either (a) three Orbbec Femto Bolt
devices at 640 x 576 mounted directly on the projectors, which fea-
ture the same time-of-flight (ToF) sensor as the Microsoft Azure
Kinect, or (b) two industrial Ensenso N36 structured light cameras
at 968 x 608. All sensors and projectors are connected to a single
computer equipped with an NVIDIA GeForce RTX 4090 GPU and
an AMD Ryzen 9 3900X CPU. All projection and camera devices
are placed at distances ranging from 1.9 m to 2.2 m relative to the
center of the projection area (see Figure 1).

4.2 Precision of Geometric Correction

Projection Overlap Divergence (POD). In professional contexts,
precise and fast access to the information presented to the staff is
essential. To evaluate the quality of overlapping projections and
therefore the accessibility, prior work — such as Ibrahim et al. [18]
— employed SSIM [46] scores as a perceptual similarity measure.
While SSIM is valuable for quantifying visual fidelity, it is sensitive
to camera distance, projection content, and projection scale, and it
does not provide absolute geometric error values.

VRST °25, November 12-14, 2025, Montreal, QC, Canada

Table 1: Projection Overlap Divergence (POD) in millimeters,
obtained using two Ensenso N36 (SL) and three Orbbec Femto
Bolt (ToF) cameras on different surface types.

.. Ensenso N36 (SL) Orbbec Femto (ToF)
Condition
N Mean SD N Mean SD
Flat Board 4 151 087 6 191 1.18
Flat Cloth 4 1.60 087 6 2.86 1.53

UnevenCloth 7 158 091 6 1528 6.49

Flat board Flat cloth Uneven cloth 5
! 4
IS
6 3E
e c
° ° 26
P 5 =
w
. . 1
0 2 4 6 8 10 0 2 4 6 8 10 0

Example

2

Figure 4: Color-coded maps of average precision obtained
using two Ensenso N36 (SL) and three Orbbec Femto Bolt (ToF)
cameras across various surface types. The surface covered
approximately 35 cm X 20 cm. Values exceeding a 5 mm error
were clamped.

To directly quantify the geometric misalignment of overlapping
projections, we introduce the Projection Overlap Divergence (POD).
This metric captures the average 2D displacement between corre-
sponding projection points as observed from an external camera C,
and reports the geometric error in millimeters.

Let P; = {p11,...,pin} denote the set of N image points of
the first projection, and P, = {pz1,...,pan} the corresponding
image points of the second projection, both expressed in the pixel
coordinate system of camera C. Each point py; € R? represents a
2D location in the image plane. The metric is defined as

N
1
POD(P.Py) = — > lIpri = paill - &, (1)
i=1

where

® |[p1; — paill is the Euclidean distance between a pair of corre-
sponding points in pixels,

o N is the total number of correspondences, and
e k € R* is a scaling factor that converts pixel distances into
millimeters, determined for a calibration plane orthogonal
to the camera’s viewing direction within the working area.
In practice, we project a 12 X 8 dot grid (96 points) from each
projector, capture it separately using a system camera mounted
approximately 2 m above the projection surface and detecting these
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image points using OpenCV. For M projectors with corresponding
point sets Py, ..., Py, the combined divergence with respect to
camera C is defined as the average over all pairwise divergences:

2

POD(P],,PM) = m

Z POD(P,P). (2)

1<i<j<M

The POD metric is robust to variations in projection size, camera
distance, and projected image content, and yields a reproducible
geometric error value that reflects the perceivable divergence (or
blurring) from a viewing direction in physical units (millimeter).

Results. Using two Ensenso N36 structured-light cameras and
assuming a top-down viewing direction, our system achieves an
average POD of only 1.5-1.6 mm across the full surface, including
highly non-planar regions, see Figure 4 and Table 1. Note that this
includes the accumulated errors of the calibration, depth sensors,
and surface reconstruction. Considering the projection distance of
approximately 2 m, this amounts to an overall error of 0.075 percent,
which underscores the high accuracy of our correction pipeline.
We further evaluated performance using three Orbbec Femto Bolt
time-of-flight (ToF) cameras. To account for known temporal drift
in ToF sensors [45], the system was re-calibrated prior to each test
series. On flat surfaces, we observed alignment errors of 1.91 mm
(wooden board) and 2.86 mm (surgical drape). On non-planar fabric,
the average error increased to 15.3 mm, which we attribute to
known multipath effects that are typical for ToF cameras [11, 33, 45].
Further ToF sensor measurements and comparative visual examples
of the uneven surface are provided in the Supplemental Material.

Overall, our measurements show that we achieve highly pre-
cise results using the Ensenso N36 and our pipeline for surface
reconstruction with geometric correction.

4.3 Runtime Measurements

To evaluate runtime performance, we measured the execution times
of pipeline modules in a setup with three UHD projectors and up
to three depth cameras. The BlendPCR depth passes take approxi-
mately 4.75 ms with three 640 X 576 depth cameras while generating
normals, smoothing edges, computing quality scores, applying tem-
poral filtering, and filling holes. By generating point clouds directly
in the shader, we avoid memory upload bottlenecks. In the blur mit-
igation pipeline, Per-Pixel Assignment (3.45 ms) proved faster than
Per-Tile Assignment (5.5 ms) due to the additional tile processing.
Geometric correction across three 3840 X 2160 projectors requires
on average 6.84 ms. Overall, the OpenGL rendering thread scales
with the number of cameras, requiring 22.2 ms with three cameras,
16.9 ms with two, and 8.7 ms with one. A detailed breakdown of the
runtime measurement is provided in the Supplemental Material.

5 User Study on Blur Mitigation

We conducted a user study to investigate perceived differences in
workload, readability, and user preference, along with objective
measures such as error rates and task completion times across
different blur mitigation approaches. Section 5.1 details the study
design; Section 5.2 presents the results.

Muehlenbrock et al.

A

Figure 5: Study setup. The image shows the controlled lab
environment and a participant standing in front of the pro-
jected user interface.

5.1 Study Design

The study was conducted as a within-subjects experiment with
23 participants (7 female, 16 male), aged between 18 and 65 years.
Its objective was to investigate the effects of two blur mitigation
techniques in shadow-free projection — Per-Pixel Assignment (A)
and Per-Tile Assignment (B) — in comparison to a baseline condition
without mitigation (No Mitigation), where all projector images were
overlaid. The three conditions are illustrated in Figure 6. The study
focused on differences in perceived readability, perceived workload,
user preference, as well as task completion time and error rates. To
control for learning effects and ensure balanced exposure, the order
of conditions was counterbalanced across all six permutations.

5.1.1 Tasks and Measurements. In each of the three conditions,
participants were asked to read aloud ten 12-character passwords
and the x/y values of ten 2D plots. The passwords and the plots
were presented in alternating order. After each condition, the NASA-
TLX (Raw) test was administered, along with the following three
questions (which we evaluated separately from the NASA-TLX):

o Character Readability: “How difficult was it to read characters?”

e Plot Readability: “How difficult was it to read plot values?”

o Artifacts: “How disturbing were visual artifacts (e.g., blur, motion)?”

Task time was automatically recorded during transitions between

password and plot reading. Errors were logged via audio record-
ings and manually reviewed to ensure accurate timing and error
identification. The projector-camera calibration was repeated prior
to each participant to account for potential drifts or misalignments
over time. Every time, we also checked the projection errors during
the calibration: across all study trials, the error was on average of
1.1 mm over a 26 X 24 cm area, and 0.5 mm within the focus region
of 9x 8 cm on a flat wooden calibration board.

5.1.2  Questionnaires. After each condition, participants completed
a questionnaire containing the six NASA-TLX (Raw) items, followed
by the three readability-related items listed above. After completing
all three conditions, participants ranked them from 1 (best) to 3
(worst) based on overall preference. After that, the participants were
allowed to directly compare the two blur mitigation methods again
without time constraints and switch freely between them. Finally,
qualitative feedback on their preferred method was collected.

5.1.3  Simulation of Reproducible Occlusions. To ensure reproduci-
ble occlusions and eliminate variability due to participant position
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Figure 6: Comparison of conditions in the experimental setup. Top: Viewer’s perspective, showing the rendered user interface
as presented during the user study. Bottom: Projector assignment, with each surface area color-coded according to the projector
responsible for its illumination. In all conditions, a shadow was simulated by a moving occluder. While in (a) and (b) the
dynamic transitions are clearly visible, they are not as noticeable in (c) since the tiles of the user interface switch projectors as
entire units. In (b) and (c), the arrows highlight remaining blurring areas.

— especially since small posture changes can have large effects on
shadowing — we deactivated the projector positioned behind the
participant and used only the two front-facing projectors. A virtual
occluder with the shape of a mannequin was simulated opposite
the participant, moving on a reproducible path. We captured the
point cloud of the virtual occluder using simulated depth sensors
and fused it with the real point cloud of the projection surface. To
ensure consistency across all three conditions, including the No
Mitigation baseline, the occluder’s shadow was also simulated in
the rendered projector images, resulting in partial occlusion even
in the unmitigated condition.

5.1.4 Mitigation of Multipath Interference. While performing the
user study, the structured light cameras were not available to us;
therefore, we had to use the ToF cameras. This technology is prone
to cause multipath artifacts; in order to eliminate this potentially
confounding factor, we froze the real depth image of the projection
surface after calibration and before participants stood in front of
the display. This ensures that our findings hold without loss of
generality and apply to interference-free sensors such as structured
light systems.

5.2 Results

Our results show significant differences in the NASA-TLX (Raw)
scores, the readability-related questionnaire items, and user prefer-
ences regarding blur mitigation approaches. Per-Pixel Assignment
(A) performed significantly better than the baseline across all three

Table 2: P-values for the individual items of the NASA-TLX
questionnaire, together with our three additional questions.
Significant differences are highlighted. Overall comparisons
across conditions were performed using the Friedman test,
and pairwise differences were examined with Wilcoxon tests
applying Bonferroni correction.

Friedman Pairwise Wilcoxon

No, A, B No vs. A ‘ No vs. B Avs.B
Mental Demand 0.009 (**) 0.03 () 0.066 1.0
Physical Demand 0.6 0.47 0.81 1.0
Temporal Demand 0.76 1.0 1.0 1.0
Performance 0.008 (**) 0.094 0.16 1.0
Effort 0.012 (%) 0.023 (*) 0.75 0.68
Frustration 0.093 0.094 0.29 1.0
Char Readability | 2.4e-06 (***) | 0.0002 (***) | 0.0004 (***) | 0.34
Plot Readability 1.8e-05 (***) | 0.0004 (***) | 0.021 () 0.18
Artifacts 0.0001 (***) | 0.0002 (***) 0.068 0.59
NASA-TLX (Raw) | 0.009(*) | 0041() | 0184 | 0964

measures, while Per-Tile Assignment (B) also outperformed the base-
line in most cases, with statistically significant differences in several
metrics. Although a clear trend favoring Per-Pixel Assignment (A)
over Per-Tile Assignment (B) was observed, the measured differences
between the two blur mitigation techniques were not statistically
significant. No significant differences were found in terms of error
rates or task completion times across conditions.
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Section 5.2.1 presents the detailed results of the NASA-TLX
scores. Section 5.2.2 reports on the readability-related question-
naire items. Section 5.2.3 summarizes participants’ preferences, and
Section 5.2.4 details the measured completion times and error rates.

5.2.1  Nasa-TLX (Raw) Results. A Friedman test revealed significant
differences in perceived workload across the three conditions. Post-
hoc pairwise comparisons were conducted using Wilcoxon signed-
rank tests with Bonferroni correction to control for Type I errors.

The results show a significant difference in workload between
Per-Pixel Assignment (A) and the baseline (p = 0.041), where Per-
Pixel Assignment (A) was perceived as less demanding. Additionally,
there was a trend indicating that Per-Tile Assignment (B) was per-
ceived as less demanding than the baseline, although this difference
did not reach statistical significance (p = 0.184). An overview of
the results is shown in Figure 8.

We also analyzed the individual items of the NASA-TLX ques-
tionnaire. The p-values are reported in Table 2, while additional
plots and effect sizes are provided in the Supplemental Material.
The results show that the overall difference in workload can be
attributed primarily to the Mental Demand and Effort items, both
of which were rated substantially higher in the No Mitigation (Blur)
condition compared to either blur mitigation approach. While the
differences between Per-Pixel Assignment (A) and the baseline were
also statistically significant according to Wilcoxon tests, the dif-
ferences between Per-Tile Assignment (B) and the baseline did not
reach significant levels after the Bonferroni correction.

5.2.2 Readability. The results of the three additional questions
regarding readability and visual artifacts are shown in Figure 7
and Table 2. Compared to the NASA-TLX items, the differences
observed here are considerably stronger and, in most cases, highly
significant. The only exception is the third question concerning
visual artifacts, where the difference between Per-Tile Assignment
(B) and the baseline condition did not remain statistically significant
after Bonferroni correction.

Overall, both blur mitigation approaches — particularly Per-Pixel
Assignment (A), but also Per-Tile Assignment (B) — were perceived
as substantially more readable and less affected by visual artifacts
than the baseline method.

5.2.3 Ranking. The quantitative ranking of the blur mitigation
methods revealed a clear overall preference for Per-Pixel Assignment
(A), which was ranked first by 70% of participants. It was followed
by Per-Tile Assignment (B) with 17%, and the baseline condition (No
Mitigation) with 13%, see Figure 9. As the second preference, Per-
Tile Assignment (B) was most frequently selected (61%), followed
by the other conditions. The baseline method was ranked last by
70% of participants, indicating a strong overall rejection.

In terms of statistical significance, both Per-Pixel Assignment (A)
and Per-Tile Assignment (B) showed clear and statistically signifi-
cant differences compared to the baseline method, with p = 0.005
and p = 0.033 respectively (Wilcoxon test, Bonferroni-corrected).
Although a trend was observed between the two blur mitigation
methods, the difference did not reach significance (p = 0.158).

5.2.4 Timing and Errors. Task completion times and error counts
showed no statistically significant differences between conditions;
further details are provided in the Supplemental Material.

Muehlenbrock et al.

5.25 Qualitative Results. After completing the quantitative ques-
tionnaires, participants were invited to compare Per-Pixel Assign-
ment (A) and Per-Tile Assignment (B) once more, without time con-
straints. They were allowed to freely switch between both condi-
tions to directly assess differences.

In the qualitative feedback, participants particularly noted that
the transition areas between projectors in the Per-Pixel Assignment
(A) condition appeared more continuous and predictable, and were
therefore perceived as less distracting. In contrast, the transitions
between tiles in the Per-Tile Assignment (B) condition were some-
times described as abrupt or unexpected, which some users found
distracting during reading tasks. For example, one participant noted,
"Mode A is better because the transitions are smoother and easier
to anticipate, whereas Mode B makes my eyes jump around due to
unexpected changes at the edges." Another participant commented,
"I find A slightly better and easier to read. In B, it looks like the pro-
jection shifts a bit more — but I'm not entirely sure, as the difference
is very subtle" The subtlety of the difference was mentioned more
frequently; a difference was not always noticeable to participants
while performing the tasks.

5.3 Discussion

In our lab experiment, simulating a uniformly and reproducibly
moving virtual shadow, both blur mitigation strategies substantially
improved the perceived quality of shadow-free projection compared
to a baseline condition without mitigation. Per-Pixel Assignment (A)
consistently outperformed the other methods in terms of workload,
readability, and user preference, and was rated as significantly less
demanding than the baseline condition. Per-Tile Assignment (B) also
showed significant improvements over the baseline, although to a
slightly lesser extent.

While subjective ratings showed clear advantages for both miti-
gation approaches, especially in terms of readability and perceived
artifacts, objective measures such as task completion time and error
rate did not show statistically significant differences. In the case
of simple reading tasks, blur mitigation appears to primarily affect
user experience and cognitive load, rather than task performance.
We hypothesize that performance-related effects could be observed
with more complex or extended tasks, for instance, the diagnostic
interpretation of a CT scan.

While participants in our study generally preferred the Per-Pixel
Assignment (A) results, some noted that this preference was partly
due to the predictability of the subtle transition-line artifacts. They
speculated that for different shadow types, their preference might
shift towards Per-Tile Assignment (B), suggesting that the perceived
visual continuity could depend on the specific motion patterns
involved, pointing to the need for further investigation into how
blur mitigation strategies interact with various shadow types and
movement patterns.

Overall, our findings suggest that blur mitigation can mean-
ingfully enhance perceived visual quality and reduce subjective
workload in shadow-free multi-projector systems in cases with pro-
jector misalignments of small misalignments. Future work should
investigate these effects in more demanding and dynamic scenarios
that impose higher cognitive and temporal demands.
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Artifacts
p = 0.0001, significant
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Figure 7: Comparison of questions regarding the Readability of characters, plots, and the disturbance caused by Artifacts. All
three questions show highly significant differences among the conditions. For detailed p-values, see Table 2.

NASA-TLX (Raw)
p = 0.009, significant

No Mitigation (Blur) - —_
Per-Pixel (A) -~ F—+——+
Per-Tile (B) - F——4——
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Figure 8: The results of the NASA-TLX in its raw version. The
distributions across conditions differ significantly according
to the Friedman test (p = 0.009). Pairwise Wilcoxon tests,
adjusted with the Bonferroni correction, reveal that only the
comparison between No Mitigation (Blur) and Per-Pixel (A) is
significant (p = 0.041), while No Mitigation (Blur) vs. Per-Tile
(B) (p = 0.184) and Per-Pixel (A) vs. Per-Tile (B) (p = 0.964) are
not.
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Figure 9: Rankings of the conditions based on participant
preferences. It is evident that the Per-Pixel (A) condition is
the most preferred method, Per-Tile (B) is the second most
preferred, and the absence of blur mitigation is clearly the
least preferred. The Friedman test indicates that the differ-
ences between the groups are highly significant (p = 0.0004).
In pairwise comparisons, there are significant differences
between Per-Pixel (A) and the baseline (p = 0.005), as well
as between Per-Tile (B) and the baseline (p = 0.033), but not
between Per-Pixel (A) and Per-Tile (B) (p = 0.158).

6 Limitations

While our system performs well in mitigating blur and shadows
on deformable surfaces, some practical limitations remain. On the
sensor side, Time-of-Flight (ToF) cameras provide high frame rates
(30 fps) for responsive occlusion handling, but may introduce depth

artifacts on uneven surfaces due to multipath effects. The structured-
light (SL) sensor we used offers more accurate geometry but runs
at lower frame rates (< 15 fps), which can limit responsiveness in
dynamic scenes. A combined ToF-SL approach, or the use of high-
speed SL sensors such as those presented by Heist et al. [12], might
offer a practical combination of speed and accuracy. Additionally,
the system does not yet include photometric compensation. Minor
brightness differences between projectors can occur, particularly
with reflective surfaces or at steep angles. However, in our top-down
clinical setup with mostly matte materials, these effects remained
minimal. Finally, without the use of polarization or other separation
techniques, the system can only optimize the projection for a single
viewer. How to select and dynamically adapt this viewer position
remains an open research problem.

7 Conclusion

We present a real-time projection system for dynamic, deformable
surfaces that achieves precise alignment of overlapping projec-
tors (1.6 mm error at 2 m distance) and effective shadow avoidance
through a multi-projector setup. To address remaining blur from mi-
nor misalignments in overlapping projections, we introduce a novel
blur mitigation pipeline that dynamically assigns surface regions
to the most suitable projector — either per-pixel or per-tile — based
on real-time shadow distance maps. A user study (n = 23) showed
both strategies significantly enhance readability, reduce cognitive
load, and improve user preference over conventional blending.

Designed for high-stakes, constrained environments such as
operating rooms, our system maintains real-time performance
(< 25ms per frame) in a full setup with three UHD projectors and
three depth sensors, running entirely on a single workstation. It
requires no markers, generalizes to arbitrary 3D content, and oper-
ates robustly in dynamic scenes. In future work, we aim to explore
gesture-based interaction, integrate observer-aware rendering, and
conduct context-specific evaluations through focus groups and ex-
pert interviews, for example in operating room scenarios, including
comparisons with conventional displays.
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