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Wide-Area Volumetric Shooting
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Abstract— Stereo matching between different cameras
presents significant challenges, particularly for wide-area scan-
ning systems using pan-tilt cameras with continuously changing
orientations. This paper proposes a 3-D model-based multi
pan-tilt camera system that establishes stereo correspondence
between cameras by introducing a shared 3-D coordinate
space derived from a reference model. Our approach re-
duces matching complexity by leveraging 3-D model-based
calibration, enabling scalable volumetric capture for real-
world measurement and monitoring applications. To validate
the proposed system, we conducted wide-area experiments on
outdoor Heating, Ventilation, and Air Conditioning (HVAC)
units. Each pan-tilt camera captured 25 high-resolution images,
stitched into panoramic mosaics. Using 3-D reference points
from a laser scanner, we established projective mappings
through feature-point correspondence registration and mapped
pixel coordinates to pan-tilt angles via linear interpolation.
The experimental results demonstrated that multiple cam-
era views can be directly aligned through their shared 3-D
model, achieving stereo correspondence without appearance-
based matching. Volumetric measurement through stereo DIC
on 4000 frames captured at 400 fps successfully show 3-D
vibration with sub-millimeter velocity accuracy and identified
dominant frequencies, validating the system’s effectiveness for
large-scale structural monitoring and industrial diagnostics.

I. INTRODUCTION

High-speed wide-area volumetric shooting is increasingly
important for real-world measurement and monitoring across
domains such as infrastructure inspection [1], [2], agri-
cultural monitoring [3], [4], and human motion analysis
[5], [6]. When combined with Digital Image Correlation
(DIC) [7], [8], high-speed imaging enables pixel-level motion
estimation over broad frequency ranges, supporting precise
detection of rapid events such as structural vibrations, sur-
face deformations, and dynamic displacements [9]. Many
practical scenarios, however, demand both high temporal
resolution and scalable spatial coverage (e.g., large assets, in-
dustrial facilities, or civil infrastructure), motivating systems
that can expand the measurable surface area while preserving
per-pixel fidelity and measurement accuracy [10].

Traditional stereo camera setups face two fundamen-
tal limitations for wide-area applications: (i) the field of
view is inherently constrained by static viewpoints, and
expanding coverage by adding more fixed cameras results
in resolution trade-offs while significantly increasing syn-
chronization and calibration complexity [11]; and (ii) es-
tablishing reliable stereo correspondences becomes increas-
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ingly difficult as viewpoints, scales, and surface appearances
vary—particularly challenging when cameras or their pan-
tilt units move during scanning operations [12]. These chal-
lenges undermine dense, geometrically consistent multiview
reconstruction at scale [13] and render appearance-based
matching methods fragile in wide-area, high-speed deploy-
ment scenarios.

Conventional stereo correspondence methods include
appearance-based and feature-based matching. Appearance-
based methods, such as block matching [14] and semi-global
matching [15], compare intensity patterns between camera
images to identify corresponding pixels. While effective in
controlled environments with artificial patterns [16], [17],
they degrade significantly on texture-less surfaces common
in industrial equipment and infrastructure [18]. Feature-based
methods [19], [20] detect distinctive keypoints (e.g., SIFT,
SURF, ORB) and match feature descriptors. Although more
robust to illumination and viewpoint changes, they depend
on salient visual features and require expensive descriptor
matching. For n cameras, traditional pairwise calibration
requires O(n?) procedures, with each camera pair calibrated
through calibration patterns [21] or feature matching [22],
severely limiting scalability.

Recent model-based approaches have explored using 3-
D reference models to simplify stereo correspondence. Qin
et al. [23] demonstrated that introducing a 3-D model
as a shared coordinate system eliminates the need for
appearance-based stereo matching in vibration measurement
applications. Similarly, Wang et al. [24] showed that model-
based calibration enables robust displacement measurement
for infrastructure monitoring even with texture-less bridge
surfaces. However, these existing model-based methods are
designed for static measurement scenarios where camera
positions remain fixed. When cameras move—as required
in pan-tilt scanning systems for wide-area coverage—the
established correspondences become invalid, and calibration
must be repeated for each new camera orientation [25].
This limitation prevents existing model-based methods from
supporting dynamic wide-area scanning applications.

To overcome these limitations, we introduce a 3-D model-
based multi pan-tilt camera framework that fundamentally
differs from conventional approaches. We validate our ap-
proach on a large HVAC installation, demonstrating that
two synchronized pan-tilt cameras achieve accurate stereo
correspondence and volumetric reconstruction across high-
resolution imagery. The experimental results show reliable
cross-view alignment and practical readiness for wide-area
volumetric capture, enabling full-surface 3-D velocity mea-
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Pipeline for model-based volumetric measurement system. (1) Pan-tilt cameras capture overlapping images and stitch them into panoramas with

interpolated angle fields. (2) Each panorama is calibrated to the 3D model via feature correspondences. (3) Multi-view alignment is achieved by projecting

any 3D point to both cameras .
vibration analysis.

surement and vibration analysis at thousands of points simul-
taneously for structural health monitoring, industrial quality
control, and equipment vibration diagnostics.

I1. 3-D MODEL-BASED PAN-TILT
MULTI-CAMERA

A. Concept

Volumetric capturing requires at least two cameras for
stereo vision. While two cameras can be managed manually,
larger multi-camera systems face several limitations: 1) Cal-
ibration overhead — Each camera requires individual point-
to-point calibration from 2-D image to 3-D reference coordi-
nates, becoming time-consuming as camera count increases.
2) Orientation control — Ensuring all cameras target the
same measurement point requires precise angle adjustments,
inefficient and error-prone when cameras reorient dynami-
cally during scanning. 3) Stereo correspondence — Tradi-
tional appearance-based matching becomes unreliable when
cameras move or measure texture-less industrial surfaces.

To address these limitations, we propose a 3-D model-
based calibration framework that reduces complexity by cal-
ibrating each camera independently to a shared 3-D reference
model. This approach uses 2-D image points from cameras
and 3-D points from a laser scanner to establish persistent
coordinate mapping valid across all camera orientations. The
3-D to 2-D calibration determines image-plane locations for
each 3-D point, enabling pan-tilt angle computation through
interpolated angle fields. Once established, both cameras
automatically direct to any designated 3-D point for syn-
chronized stereo capture, enabling volumetric reconstruction
through DIC without runtime appearance-based matching.

The overall procedure illustrated in Fig. 1 consists of four
steps: 1) Surface scanning — Controlled pan-tilt sweeps

(4) Volumetric measurement stereo DIC provides displacement, velocity, frequency response, and 3D mode shapes for

capture the object surface from multiple orientations, with
overlapping images stitched into seamless mosaics per cam-
era. 2) 3-D to 2-D correspondence — Stitched mosaics
are registered with laser-scanned 3-D points to estimate
calibration matrices mapping each 3-D point to 2-D pixel
locations. 3) Pan-tilt angle mapping — Pan and tilt angles
are computed across mosaics and interpolated into dense
angle fields, back-projecting to assign angles to every 3-D
point. 4) Synchronized stereo capture — Using established
pan-tilt mapping, stereo DIC independently computes 2-D
displacement fields on each camera, then triangulates into 3-
D displacement vectors using model-based correspondence.

B. Implemented Algorithm

We estimate each pan-tilt camera’s orientation over a wide
area by combining stitched high-resolution mosaics with
a laser-scanned 3-D reference model. Let the laser scan
provide a point set P = {(X;,Y;,Z;) | i =0,...,N — 1}
Each camera c executes a controlled pan-tilt scan, producing
frames {I.,}/;" and a stitched mosaic /3", The per-pixel
pan and tilt angles are obtained by direct interpolation from
the commanded scan limits. The mosaic is then registered to
the 3-D model through direct 3-D to 2-D mapping, enabling
per-point pan-tilt assignment and synchronized stereo capture
for volumetric measurement using DIC.

1) Stitch frames and build an interpolated per-pixel angle
field: For each camera c, input frames are warped into a
common canvas by homographies H., and blended to form
the stitched mosaic:

[ (7 y) = Blend( {IC,,(H;‘, .y, 1]T) }f;‘;l) )

where Blend(:) can be average, feathering, or Laplacian
compositing [26]. Let the valid mosaic domain be [x7,xgr] X
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Fig. 2. (a) Experiment field setup for capturing outdoor HVAC units. (b)
3D model object

x'—xr.

[yr,ys] and define normalized coordinates u = P

[0,1], v = ﬁ € [0,1]. Assuming a left-to-right pan
sweep with angles (qgﬁ",agva") and a top-to-bottom tilt
sweep with angles (8", B1%), the per-pixel angles are given

by linear interpolation:

e, y) = (1 —u) @™ + u o™,

Ec(xl,y,) — (1 _ v)ﬁcmin + vﬂz‘nax'

2) Register stitched mosaic to the 3-D model via direct
3-D to 2-D mapping: From 3" we select correspondence
pairs {(x;,y;) © (XisYi’Zi)}il\il- We estimate a projective
matrix P, € R*** that maps homogeneous 3-D points X; =
[X; ¥; Z; 1]7 to homogeneous image points @i; = P, X;.
Following the Direct Linear Transform (DLT) formulation,
we assemble a linear system A p = 0 with p = vec(P,) and
two rows per correspondence:

2

[Xi Yi Zl'l 0000 —xiX,- —xin‘ —x,-Zl- —xi],
(0000 X;Y; Z; 1 —yiXi —vi¥i —yiZi —yi.

The solution p is obtained as the right singular vector of
A associated with the smallest singular value and reshaped
to P.. Reprojection to pixel coordinates uses homogeneous
normalization: if @ = [u v w]T = P.X, then n(d1) =
(u/w, viw)T.

Fig. 3.
cameras.

Results of 25 surface captures from the left and right pan-tilt

Fig. 4. Stitched results from 25 surface captures using the left and right
pan-tilt cameras.

3) Assign pan-tilt to 3-D points via the angle field: For
any X € P, project it into the stitched mosaic using the
estimated projective matrix:

=P X" 1", ()T =x(@). (3)

If (x’,y") lies inside the mosaic domain, assign the per-point
angles by sampling the interpolated field:

gpan(X; C) = ac(-x,’ y,)’ atilt(X; C) =Ec(xl’ y’)- €]

4) Synchronized stereo capture for volumetric measure-
ment: With the established pan-tilt mapping, both cameras
are automatically oriented to designated 3-D points for syn-
chronized stereo capture. The 2-D displacement is calculated
using DIC implemented independently for each camera:

(b (1), v (1)) = DIC(I*(x, y,0), I§ (x,¥); (xF, yF)),  (5)
(R (1), vR(1)) = DIC(I% (x, y,1), I (x,); (x%, y5)).  (6)

The 2-D displacements are triangulated into 3-D displace-
ments:
(Ui (0, Vi (0, Wi(0) = F((5f +up (1), yf +v{ (1),
f +uf (1), 5+ (),

@)

where F(-) is a triangulation function determined by the
calibrated transformation matrices. The relative 3-D displace-
ment is:

(AU; (1), AVi (1), AW; (1)) = (Ui (1) = X, Vi (1) =Yi, Wi (1) = Z;).
(®)
To analyze vibration frequency distribution, STFT is applied:

F;(1) = STFT(A;(1), ..., Ai(t + (K = 1)7)), )
. 1 N-1
F() = Z(; Fi(1), (10)

where A;(t) represents AU;(t), AV;(t), or AW;(t).
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Fig. 5.
pan angle. (d) Camera 2 tilt angle.

C. System Configuration

The proposed system employed two high-speed cameras
(BASLER BOA 1936-400 CM, Germany) to capture three
outdoor HVAC units, each measuring approximately 4.75
m X 2.31 m. Each camera was fitted with a COMPUTAR
S10X10MMP lens (Japan) providing adjustable zoom, focus,
and iris control, and mounted on ORION RHM-PA1L200
pan—tilt units (£180° pan, +90° tilt). Both cameras were
placed on 75 cm tripods to ensure stable coverage of the
target area.

A terrestrial laser scanner (FARO Focus S150, FARO
Technologies, USA) was used to acquire a 3-D point cloud
of the environment, providing reference points for calibration
and mapping between 2-D images and 3-D world coor-
dinates. Image acquisition and processing were performed
on a workstation (Windows 10 Pro, Intel Core i9-9900 @
3.60 GHz, 32 GB RAM, NVIDIA GeForce RTX 2080 Ti),
offering sufficient computational power for high-speed vision
algorithms. The overall system configuration is illustrated in
Fig. 2.

ITII. EXPERIMENT

To validate the proposed system and algorithm, we con-
ducted an outdoor experiment capturing three HVAC units
using two synchronized high-speed cameras. The total target
area covered by the HVAC surfaces was approximately 4.75
m in width and 2.31 m in height. The capturing process was
performed in a systematic sweep to cover the entire object
surface with 5° increments between consecutive captures.
Each camera executed a serpentine scanning pattern, starting
from the top-left corner and moving horizontally from left to
right. After completing one row, the camera tilted downward
and continued scanning from right to left, repeating this
pattern until the entire surface area was covered. In total,
25 different viewpoints were recorded per camera, providing
dense coverage of the HVAC units. Each image was acquired

Tilt Angle (°)

(©) (d

Projection of the 3-D point cloud onto the images and pan-tilt angle color maps. (a) Camera 1 pan angle. (b) Camera 1 tilt angle. (c) Camera 2

at a resolution of 1920 x 1080 pixels with close zoom to the
object surface, ensuring sufficient spatial resolution for high-
precision volumetric measurement. The captured dataset of
25 overlapping regions is illustrated in Fig. 3.

All captured frames were stitched into a single panoramic
mosaic to obtain a complete surface representation. The
resulting stitched image measured 3500 x 2600 pixels,
providing sufficient detail across the entire HVAC structure,
as shown in Fig. 4. In parallel, a terrestrial laser scanner
acquired a dense 3-D point cloud of the same HVAC units
containing 560,357 points, serving as the reference geometry.
For calibration, approximately 40 correspondence pairs be-
tween 3-D model points and 2-D image pixels were manually
selected from distinctive features visible in both the stitched
mosaic and the laser scan. Using these correspondences,
we estimated the projective transformation matrix P, for
each camera, enabling projection of every 3-D point into
the stitched image. Through the interpolated angle field
derived from the commanded scan limits, each projected
pixel location was assigned its corresponding pan-tilt angles.
The 3-D to 2-D reprojection illustrated in Fig. 5 exhibits tight
alignment between projected 3-D points and corresponding
image features, validating the calibration accuracy.

Pan and tilt angles were computed for each 3-D point
based on its projected pixel location and visualized as color-
coded spatial maps. The spatial distribution of colors aligns
well with the expected orientations of the pan-tilt units,
clearly illustrating how each camera’s field of view maps
onto the object surface. The smooth color gradients show
interpolation across the entire measurement region. These
results demonstrate that the recovered pan and tilt parameters
can effectively guide both cameras toward any specific 3-
D point for synchronized stereo capture. Fig. 6 presents
the experimental validation of multi-view correspondence,
where both pan-tilt cameras were commanded to capture
nine identical surface regions based on the computed angle
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Fig. 6. Experimental setup. A 3D point is selected, and both Cam 1 and
Cam 2 capture the same area, showing correspondence of multiple cameras
to the same 3D point.

maps. The consistent alignment between Camera 1 and
Camera 2 views demonstrates that the pan-tilt angles are
reliably connected to all 3-D points through the shared model
coordinate system.

To validate the 3-D DIC measurement capability, we
performed vibration analysis on the operating HVAC sys-
tem. Both cameras synchronously captured 4000 frames at
400 fps, enabling high-temporal-resolution velocity track-
ing over a 10-second period. Multiple measurement points
were selected across the HVAC surface from the central
compressor unit to peripheral regions. Figure 7 shows the

Camera 1
1920 x 1080 @ 400fps

wvelocity [mm/sec]

tlsl

(b)

Fig. 7. (a) Five measurement points on HVAC surface. (b) Three-
component velocity time histories showing spatial vibration.

velocity time histories with three-component vectors (X, Y,
Z directions) revealing vibration characteristics at different
locations. Points near the central compressor exhibit larger
velocity amplitudes, while distant points show progressively
smaller amplitudes, confirming that vibration energy propa-
gates outward and attenuates with distance. Figure 8 presents
the full-field 3-D velocity distribution visualized on the
HVAC surface at multiple time, with color-coded magnitude
illustrating the vibration propagation pattern concentrated
around the object and decreasing toward peripheral regions.
The frequency domain analysis in Figure 9 reveals the
dominant vibration frequency at 10.82, 36.96, 43.87, 47.87,
and 54.18 Hz, corresponding to the HVAC compressor
operational frequency, with additional harmonic peaks at in-
teger multiples indicating nonlinear vibration characteristics
typical of machinery object.

In summary, the combination of stitched high-resolution
imagery, laser-scanned 3-D reference geometry, and model-
based stereo correspondence enables robust alignment be-
tween 3-D points and 2-D images. The system achieves
reliable per-point pan-tilt mapping for scalable wide-area
volumetric capture, with quantitative validation through vi-
bration measurement demonstrating sub-millimeter velocity
accuracy and frequency analysis for structural health moni-
toring and industrial equipment diagnostics.
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Fig. 8. 3-D velocity distribution evolution during vibration cycle.
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IV. CONCLUSION

This paper demonstrated a 3-D model-based pan-tilt multi-
camera system that enables wide-area volumetric capture
by establishing stereo correspondence through a shared 3-D
reference model. The system reduces calibration complexity
while achieving performance on texture-less industrial sur-
faces where conventional appearance-based methods fail. Ex-
perimental validation on HVAC units showed that the system
achieves accurate 3-D velocity measurement and vibration
analysis, demonstrating practical applicability for structural
health monitoring and industrial diagnostics. Future work
will focus on real-time implementation with closed-loop
camera steering and extension to multi-camera networks for
long-term monitoring applications.
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