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Figure 1: Dynamic projection mapping onto marker-based (top row) and marker-less (bottom row) surface.

ABSTRACT
We present a method for dynamic projection mapping on de-
formable, stretchable and elastic materials (e.g. cloth) using a time
of flight (ToF) depth camera (e.g. Azure Kinect or Pico-Flexx) that
come equipped with an IR camera. We use Bezier surfaces to model
the projection surface without explicitly modeling the deformation.
We devise an efficient tracking method that tracks the boundary
of the surface material using the IR-Depth camera. This achieves
realistic mapping even in the interior of the surface, with simple
markers (e.g. black dots or squares) or without markers entirely,
such that the projection appears to be printed on the material. The
surface representation is updated in real-time using GPU based
computations. Further, we also show that the speed of these up-
dates is limited by the camera frame rate and therefore can be
adopted for higher speed cameras as well. This technique can be
used to project on several stretchable moving materials to change
their appearance.
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1 INTRODUCTION
Projecting onto deformable, non-rigid surfaces can havemany appli-
cations like visualization, surgical guidance, fashion, retail, design
and entertainment. Most prior works avoid accurate reconstruction
of deformable surface [2, 10, 14] or use expensive optimizations
[21] to model per-frame deformation explicitly. Therefore, they are
not real-time and cannot address stretchable or elastic materials.

In this paper, we take an alternate approach of using Bezier sur-
faces to model the projection surface without explicitly modeling
the deformation. This allows us to update the surface representation
and warp the projected image in real time using GPU based paral-
lelization. We use an off-the-shelf time-of-flight (ToF) based depth
camera (e.g. Azure Kinect, Pico Flexx), that come with a registered
IR camera, to map an image to deformable material in real-time
such that it appears to be printed on the material. We track only
the boundary of the material using simple markers (e.g. black dots)
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Figure 2: Various surfaces that can be represented by a cu-
bic Bezier patch, including (bottom-row) surfaces stretched
down the middle, at the upper two corners and outward
from the center.

or depth-features leading to projection mapping with or without
markers respectively in real-time on stretchable materials. Use of
Bezier based representations also enable constrained projection
mapping (e.g. length preserving mapping) to allow optimal view
for multiple users.

1.1 Related Work
A large body of literature exists on projection mapping on static
objects [22, 27–33, 35–37]. When considering dynamic objects,
[2, 3, 5, 7, 10–18] handle rigid objects with known geometry in
an accurately calibrated non-real-time system. [10, 13, 14] use spe-
cialized high-speed coaxial projector and camera to map specialized
planar objects (e.g. printed with imperceptible IR ink) in real-time.

[1, 4, 6, 8, 9, 19–22, 34, 38–40] address non-stretchable deformable
objects. [1] uses IR-camera to track embedded IR markers and re-
cover the deformable shape on-the-fly which in turn is mapped
by the projector. [22] can accommodate any number of projec-
tors/cameras and any 3D geometry, but only at high latency for
fast recalibration and not for dynamic objects. [34, 40] use an RGB
camera for optical-flow based methods [38, 39] that create an en-
hanced image to alter the perceived motion or stiffness of the fabric.
However, these methods can only handle known motions of the
deformable object and do not capture the changing geometry of the
deformable object. [4, 8, 9, 16, 20, 21] use multiple high-speed high-
end, often customized, cameras, projectors, LED illuminators and
fabric with printed IR markers for projection mapping on dynamic
deformable materials with imperceptible lag. However, accuracy of
projection is extremely low making the projections not stick to the
objects and flicker continuously.

Prior work on tracking deformable object in real-time using an
RGB-D camera [43–46] cannot be used with dynamic projection
mapping since the projection on the surface interferes with the
tracking. Therefore, IR camera-based tracking is typically used for
dynamic deformable objects.

1.2 Our Contribution
Instead of modeling deformations [21], we model the surface itself
using a Bezier patch. A Bezier patch can represent all kinds of de-
formable objects, including stretchable material, and is backward
compatible to represent planar rigid surfaces (Figure 2). Further,
they lend themselves to accurate approximation and computation
on GPU for real time performance even while using an off-the-shelf
ToF depth camera. Such a camera usually comes with a registered

Figure 3: Marker dots printed on a deformablematerial. The
(u,v) parameterization is shown explicitly with the top-left
corner being (0,0) and bottom-right corner being (1,1).

IR camera and is used to create a calibrated projector-camera sys-
tem. Using an IR-depth camera enables us to track simple markers
(e.g. black dots) leading to a marker-based system, or depth fea-
tures leading to a marker-less system. Like [16], we use tracking of
boundary-based features (e.g. edges or corners), but in deformable
materials. We present the first general framework for dynamic
projection mapping of deformable materials, including stretchable
elastics, using a projector-camera system.

2 PROPOSED SYSTEM
Our dynamic projection mapping system consists of a projector,
an IR camera and a depth camera – all geometrically calibrated
for their intrinsic and extrinsic parameters using the software im-
plementation of [41, 42]. We assume our projection surface to be
a smooth, deformable rectangle, that can be elastic as well. Each
frame of the IR and depth camera is used to track feature points on
the boundary of the deformable projection surface – either explic-
itly marked using color (e.g. black dots) or implicit depth features
at the boundary of the projection surface – creating a marker-based
(Section-2.1) or marker-less (Section-2.2) system respectively.

These features are used to compute the parameters of a Bezier
patch representing the deformable surface geometry. Finally, the
projection is warped according to the fitted patch and projected
onto the surface conforming to the shape of the deformable shape.

2.1 Bezier Patch Based Model
We model the projection surface as a bi-cubic Bezier patch in 3-D
with 16 control points to represent various shapes (Figure 2). It is
expressed as:

Pd (u,v) = ε(u)T MCdMε (v)

where
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d ∈ (X , Y , Z ),Cd ∈ R4×4 are the control points and PX , PY , PZ
are the 3-D coordinates of a point on the Bezier patch. The surface
is defined by parameters u and v in the horizontal and vertical
direction respectively (Figure 3).
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of our method, the key challenge is to establish these correspon-
dences. We need at least 16 correspondences which we gather only
from boundary-based features.

2.2 IR-Based Tracking of Boundary Markers
2.2.1 Surface Design. We define the boundaries of our surface by
equally spacedmarkers along the border (Figure 3).We pre-compute
the (u,v) parameters of the markers and establish correspondences
between them and their (u,v) parameters on the Bezier. The mark-
ers are tracked in each frame to compute the Bezier control points.
We use IR imagery in order to avoid interference caused by the vis-
ible projection. Dark dots are well-visible to the IR camera against
the surface. We use KLT feature tracking [24–26] for fast and robust
tracking of the markers.

2.2.2 Correspondence Estimation. In this step, we establish the
(u,v) Bezier parameters for each marker and unmarked interior
points. Assuming D boundary markers, let di = (pi , ki ) denote the
detected location of marker i, where pi ∈ R2 is the marker’s 2D lo-
cation in the IR camera coordinates and ki ∈ R3 is its corresponding
3D depth camera coordinate. We compute the center as the average
of all the detected markers di given by davд = (pavд , kavд) =

1
D (

D∑
i=1

pi ,
D∑
i=1

ki ). First, we sort the detected markers by angle along

the uv plane between a reference vector defined by connecting
pavд to p1 and the vector connecting pavд to pi . Note that the an-
gle between these vectors increases monotonically in the IR camera
space as we move clockwise from one marker to the next. Then,
we label the corner and edge points by computing the angle each
marker makes with its neighbors.

To estimate correspondences in the interior of the surface, we
compute the planes passing through every adjacent pair of mark-
ers along each of the four boundary curves and the COP of the
IR camera. We interpolate the normals of corresponding planes
on opposite edges for fixed values of (u,v) and find the lines of
intersection of these planes. The intersections of these lines with
the surface provide the 3D points for those (u,v) parameters.

2.3 Depth-Based Marker-less Tracking
We extend the aforementioned method for marker-less tracking
by leveraging the fact that the distance between each marker and
the two corners along the same edge is uniform when no stretch
is applied and the distance of points along the boundary from the
display corners can be used as a feature. Assuming no occlusion,
we segment the display surface using the depth camera from which
we extract the boundary mask B. We find the corners of the display
using the Harris corner detector [23] on the segmented mask, track
them and establish their correspondence with the Bezier patch as
mentioned in Section-2.2.

To compute the 3D point K along an edge parameterized by s ,
we minimize the following equation:

K (s) = argminB (|D0 − sL| + |D1 − (1 − s)L|)

where D0, D1 are the distances of points from the two corners com-
prising the edge and L is the length of that edge. The above method
is used to compute points along the boundary for all four edges and

Figure 4: A checkboard pattern projected onto the display
surface experiencing various kinds of stretch. The top-row
shows the projection adapting to the marker-based surface
as it is stretched outward from behind it, stretched at op-
posite ends and pulled to the right. The bottom-row shows
the projection adapting when the marker-less surface is
stretched.

establish their correspondences. The remaining correspondences i.e.
those inside the border, are established as mentioned Section-2.1.

2.4 Projection Mapping
Using all the correspondences, we compute the control points of
the Bezier patch (see Sec-2.1) that represents the surface. In order
to render the image to be projected, we evaluate the Bezier patch
at different (u,v) image coordinates to get the corresponding 3D
surface point. Next, we project them back to the projector coordi-
nates using bilinear interpolation. This mapping does not preserve
distances. Therefore, for elastic surfaces, if a corner is pulled to
one side, the projection expands to accommodate that stretch. The
area of the stretched region also expands accordingly (Figure 4).
In order to alleviate this effect, we can constrain the Bezier patch
to enable a length-preserving mapping by moving the 3D point
correspondences on each edge (except for the corners) such that the
distance between all points along that edge becomes equal (please
see the video).

2.4.1 Implementation Details. Our hardware setup consists of a
standard desktop workstation with an Intel Core i7-9700K CPU @
3.6GHz with 64GB of RAM and an NVIDIA GeForce RTX 2080 SU-
PER GPU. We used OpenCV’s CUDA implementation to track the
markers, compute the distance maps and render the final display. Es-
timating correspondences and computing the Bezier control points
is performed on the CPU. Both the marker-based and marker-less
systems can run at close to camera frame rates.

In our implementation, we used Optoma DLP Projector. We
tested our system using two different cameras: the Microsoft Azure
Kinect (1280x720 @ 30fps) and the CamBoard Pico-Flexx (224x171
when run @ 45fps). Both cameras provide registered IR and depth
images, while the Azure Kinect additionally provides a registered
RGB image which we do not use.

Evaluating the Bezier patch for every image coordinate is expen-
sive creating a bottleneck for our real-time system. Therefore, we
render our final image as a piecewise planar approximation of the
Bezier surface. We divide the original display image into a N × N
grid, evaluate the Bezier patch at the (u,v) coordinates of the grid
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Figure 5: Surface error (top) and end-to-end latency (bottom)
against the number of planes/axis.

corners and apply a homography, warping each image plane to the
projector space for rendering the final display.

3 RESULTS AND DISCUSSION
Figure 1 shows the results of our projection mapping system on a
marked and marker-less non-elastic surface undergoing different
deformations. Note the projection conforms to the shape of the
surface for all different deformations (please see video as well).

Figure 4 demonstrates that our method can adapt to stretchable
materials for marker-based and marker-less surfaces (see video
for applications of our system, including non-planar, curved cross-
sections of CT/MRI scans).

We study the effect of the number of markers along the edges
and the number of planes used for approximating the Bezier surface
during texture mapping on (i) the end-to-end latency, and (ii) the
error (in mm) between the Bezier patch and the actual surface
geometry.

Increasing the number of markers along each edge does not
significantly change the error of the Bezier patch since using four
markers/edge provides the required 16 correspondences to com-
pute the patch. Similarly, increasing the number of border markers
does not impact the end-to-end latency since GPU compute time
dominates and masks the small increase in CPU calculations due
to more markers.

However, N , the number of planes/axis for approximating the
Bezier surface, significantly affects both the error and the end-to-
end latency. Wemeasured the error as the average distance between
the piece-wise planar representation of the Bezier surface and the
corresponding points in point cloud when (i) the surface is planar
and when (ii) it undergoes cubic deformations. As anticipated, the
error for both planar and deformed surface reduces as N increases,
but the error for the latter is much higher than the former for lower
values of N (Figure 5 (top)). This is expected since a fewer number
of planes cannot adequately represent a cubic surface.

Figure 5 (bottom) shows the end-to-end latency i.e. the total time
between the projection of two successive frames, with increasing

values of N for both camera types, for marker-based and marker-
less systems. As expected, increasing the number of planes increases
the end-to-end latency/frame.

Figure 5 (bottom) also reveals another important point. Note
that the camera frame latency becomes the bottleneck for both
camera types. This is shown by the graph being flat at 33.33ms
(30fps) till 5 planes for the Azure Kinect camera (solid orange lines)
and at 22.22ms (45fps) till 5 planes for the Pico-Flexx camera (solid
blue lines) for the marker-based system. In the marker-less system
(Figure 5 (bottom), dotted lines), this advantage is offset by the
higher computational overhead for handling automated feature
detection in noisy depth data.

3.1 Limitations
One of the limitations of the proposedwork is that it does not handle
occlusion of the markers or the surface for both marker-based and
marker-less implementation. One way to overcome this limitation
is to compute a rigid transform between successive frames using
the visible points and applying that transform to occluded points
to estimate their location.

Additionally, while a bi-cubic Bezier patch can represent many
deformations, it cannot accurately represent wrinkles or sharp folds
on the surface. To improve this, a composite Bezier patch or Non-
Uniform Rational B-Spline (NURBS) patch could be used to model
the surface.

Finally, the proposed system cannot handle self-occlusion of the
surface, an existing problem with projection mapping systems. This
can be partially alleviated by extending the proposed system to
use multiple projectors, so that light can reach the surface from
multiple directions.

4 CONCLUSION AND FUTUREWORK
In summary, we present a general Bezier surface-based framework
to achieve projection mapping on dynamic deformable stretchable
materials using off-the-shelf ToF depth camera and registered IR
camera accompanying it. Higher speed cameras can reduce any
remaining perceptible latency in the system. We would like to
extend the system further to handle non-diffused surfaces and
fluids, handle occlusion and scale to multiple projectors.
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