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Abstract: Whilst production planning is mostly conducted using virtual design and
simulation tools, most requirements and restrictions involve the physical shopfloor
conditions. Hence, it is crucial for both greenfield and brownfield applications, as well
as manual and automated production systems, to realistically capture the relevant
features and to efficiently use them in the planning process. While both scanning
hardware and processing software is widely available, a comprehensive collection of
use-cases for digital production planning and simulation is not yet available. This
contribution aims to close the gap by identifying use-cases for the application of 3D
scanning methods in production systems, deriving requirements for the scan itself and
comparing those to available technologies and procedures. The theoretical suitability
is then validated using the identified approaches on real-world examples from an
electronics manufacturing plant. From this, benefits of the implementation of 3Dscanning for production planning are exhibited and further research areas are
identified.

1

Motivation for 3D reality capturing in production
planning

Digital tools are a near compulsory part in production system planning. They are used
throughout the process from the early concept design and material flow simulations
to work cell design, ergonomics and kinematics simulation, robot offline
programming, and virtual commissioning of the system. All these design and
simulation methods are depending on an accurate digital spatial model of the system.
Hence, all deviations between the virtual planning data and the real conditions
inevitably lead to planning errors. Furthermore, these errors cannot be uncovered by
even the most sophisticated simulation, validation or verification technique, as the
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simulation itself is also based on the biased digital data (Rabe et al., 2008). Hence,
there is a need for approaches to systematically verify the digital spatial planning data
with the real world for simulations in production planning related use cases.

2

Related work

As the contribution focuses on the applicability of different scanning approaches for
diverse use cases in production planning, related work in both scanning methods and
technology as well as presented application scenarios is referred and discussed.

2.1

3D scanning and postprocessing

To capture 3D data in a production system relevant scale, mostly time-of-flight (ToF),
stereoscopic and structure-from-motion (SfM) technologies are used (Seßner and
Ramer, 2019; Singh et al., 2019). ToF systems can be distinguished into ToF depth
cameras, repeatedly capturing a field of view and depth, often real-time in
combination with an RGB image, and ToF scanners, which over time capture a
panoramic hull around the scanner with large ranges (Gregor et al., 2008).
Stereoscopic sensors use at least two 2D (RGB) cameras with defined offset to capture
the same scene from two points of view and calculating the disparity of features in
both frames to deduct the spatial position. (Tränkler, H.-R. and Reindl, L. 2014)
All the above scanning methods by themselves only create one depth frame from their
current viewpoint, which is why other techniques for combining multiple scans are
necessary. For static ToF scanners, the measuring points are either calibrated to each
other via physical measurement, or the resulting scans are stitched together based on
a minimal error fitting of overlapping areas (Besl and McKay, 1992). For dynamic
depth cameras, simultaneous localization and mapping techniques (SLAM) are
commonly used (Bailey and Durrant-Whyte, 2006).
SfM bases on feature matching from numerous RGB images of a scene from different
viewpoints (Lowe, 2004; Nister and Stewenius, 2006). By this, the viewpoint of the
camera for each image is estimated (Kneip et al., 2011). This knowledge is then used
to spatially locate the matched features to construct a sparse 3D cloud (Farenzena et
al., 2009; Schönberger et al., 2016). This sparse model is then densified using the
additional information from the RGB images (Toldo, 2013). It should be noted that
contrary to the other methods, SfM reconstructions are not scaled, so an object of
known dimensions is required to adjust the scan’s scale.
The result of either scanning method is usually an unordered, sometimes coloured,
point cloud that needs further post processing for some use-cases. Common applied
methods include filtering, segmentation, registration, and surface reconstruction.

2.2

Applications in production planning

Applications for production system planning have been discussed previously, for
example by Gregor et al. (2008) and Lindskog et al. (2016). These mostly address the
use case of comparing a planned layout with the available space in a brownfield
application scenario. Newer approaches however also show promising usages of such
technologies such as the integration in VR-based rough concept planning (Schäffer,
2021), for live-teleoperation of robots (Kohn et al., 2018) and calibration of offline
generated robot programs for plug-and-produce robot systems (Metzner et al., 2021).
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Research gap

The field of 3D scanning has made a technological leap in recent years. Scanning
technology has evolved from costly, inflexible devices to a broad array of accessible,
often cheap, or free alternatives that still yield acceptable results for some use cases.
On the other side, potential for usage in planning and simulation has also evolved
greatly, through capabilities such as VR but also a (r)evolution of production systems
towards intelligent robotics.
However, neither the use cases, their requirements nor the appropriate scanning and
processing methods have been systematically described. Hence this contribution aims
to close this gap by gathering and analysing use cases, deriving their respective
requirements and matching them with available technologies and methods. This
provides a valuable overview to both scientists and practitioners on applications in
their field and open need for action.

3

Use-cases and requirements for 3D scanning in
production planning

First, an overview of exemplary use cases of 3D scanning in production planning is
given, and the resulting requirements are derived.

3.1

Use-cases in the production lifecycle

Use-cases for 3D-scanning can be found in production planning, production
engineering and during production or for adaptation. For some examples, see Fig. 1.
In production planning, two directions for data capture can be distinguished: the
digitalization of the (brownfield) shopfloor as boundary conditions for new
production systems and the digitalization of simplified concepts, e.g. carton mock ups,
for further detailing or fitting with real-world conditions. Both concepts can be
combined to allow a virtual fit analysis of a planned production concept.
Considered use cases in production include the design of a manual or hybrid work cell
(UC1). This use-cases incorporates the digitalization of a cardboard simulation mockup as basis for the mechanical design and digital ergonomics simulation, the
combination of the mock-up with active kinematics simulation, e.g. robots, in VRbased workshops as well as the validation of the workshop results in a digital factory
layout or through AR on the actual shopfloor.
The second use case is a line or factory scale scan to update shopfloor layout plans,
highlight deviations between building plans and actual situation or plan infrastructure
(UC2). These scans can be used for plant-scale material flow simulation, e.g. for
automated guided vehicles. It is also a basis for the validation of use case one.
The third use case is the adaption and simulation of a brownfield work cell or line for
which no comprehensive digital model is available (UC3). This can be the case for
manual work cells basing on standard worktables with custom attachments or older
machines for which no 3D model is provided.
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Figure 1: Application of 3D Scanning in the production lifecycle. (a) Scan of a
carton mock-up. (b) Virtual model of a production line. (c) Verification of a 2D
layout drawing featuring a pillar (1) which is really located at (2) and a nonexistent hole (3). (d) Accessibility check for autonomous guided vehicle (4) to
loading port in brownfield application (5). (e) Validation of “as planned”(7) and
“as is”(6) state of a robot cell after setup.
A use-case in production engineering is the planning, simulation, and offline
programming of robots (OLP) using a model adjusted through 3D scanning (UC4).
This can be used to check the layout, to adjust interaction points or to check for
collision potentials with surrounding objects. (Metzner et al., 2021) It can be
furthermore used to simulate sensor data, e.g. to check coverages of safety LiDAR
scanners incorporating the system’s surroundings. These use-cases are also relevant
in production execution and system adaption, as those calibrated models can be used
for OLP of new variant without the need for online-teach in (Metzner et al., 2021).
The last use case is the small-scale scanning of parts to either create spare parts using
additive manufacturing or to use the realistic 3D model with texture and surface
characteristics as a basis for synthetic training data generation for machine-learning
based applications, e.g. for object detection, pose estimation or classification (UC5).
Realistically textured parts are also necessary for simulation of vision-based
processes, like software-in-the-loop simulation of bin picking systems.

3.2

Requirements for reality capturing

The requirements for each use case vary concerning necessary detailing/resolution,
accuracy, completeness, handling of complexity and occlusions, readability of signs
or notes, accessibility, and allowable data size. The highest requirements for
resolution and accuracy are set by UC4 and UC5. Both the training data for ML
models and the simulation model for robot programming require sub-millimetre
accuracy and a resolution high enough to allow for smooth and detailed model
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reconstruction. For UC3, accuracy should be below 1 centimetre since the model can
be used to design interfaces with other system components or attachments to the
system. Resolution is also very important here, since also fine structures are often
relevant (cables and tubes, profiles, etc.). A similar requirement for accuracy can be
stated for UC3. UC1 required the least accurate scans since the cardboard models
themselves are mostly coarse replicas of the real system and a very accurate capturing
does not provide additional value. However, since models in UC1 are often labelled
and enhanced by notes, specifications or other written data, scan resolution and
resulting readability of this information is crucial. The resolution in UC2 on the other
hand is technically capped due to the size of the regions scanned. Accessibility
restrictions are most common in UC2-4, as scans are taken on the shopfloor.
Occlusions are most problematic for UC2 and UC4 due to their additional focus on
the entire machine/line/factory, while UC3 is mostly focused on one part of it.
Table 1: Comparison of the requirements for the individual use-cases
Use-case

Resolution

Accuracy

Completeness

Handling of
Occlusions

Readability

UC1
UC2
UC3
UC4
UC5

> 0,1 mm
> 1 mm
> 0,5 mm
> 0,1 mm
> 0,1 mm

< 50 mm
< 10 mm
< 10 mm
< 1 mm
< 1 mm

+
+
+
+

+
0
+
0
-

+
0
+

Another important factor for assessment is the required scanning and computation
time for the different methods. For UC2-5, computation time is rather insignificant,
as the scans can be prepared beforehand. For UC1 however, computation time is
crucial, e.g. when workshop mock-ups are to be connected with a VR-based
simulation, since this supposedly takes place in the same session. The same goes for
scanning times, except for UC2, where the scale of the scanning area requires a rapid
per-area scanning pace.

4

Validation and results

For each of the described use-cases, scans with all reasonably applicable technologies
are taken and, if required, further processed. The results are then compared with focus
on the above defined use case requirements. For each use-case, we then suggest one,
or if applicable, multiple integrative methodologies on how to acquire the needed
results. Based on the findings, we argue that certain use cases may require different
scanning methods. Considering the one-time costs and scanning efforts, the use cases
can be sorted into “low hanging fruits”, that are easily applicable for most productions
yet still results in accuracy gains of planning and simulations, and more advanced
ones only suitable for larger companies or special scenarios.

4.1

Experimental setup and validation scenarios

The validation scenarios are taken in an electronics manufacturing plant. For the
stereo camera and ToF camera / SLAM setup, we use an Intel Realsense® D415 and
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L515 depth camera with the Dot3D scanning software. ToF LiDAR / SLAM scanning
is done using a Navvis® M6 scan trolley, which incorporates multiple LiDAR
scanners but also cameras to calculate point colours. SfM is based on images from a
Sony Alpha 6000 camera.
UC1 is validated on a carton mock-up for both a singular manual work cell as well as
an assembly line mock-up. The scenario for UC2 is an electronics manufacturing plant
with > 1000 m² production area incorporating both automated lines and manual work
areas as well as logistics systems. UC3 is demonstrated on a production line featuring
both manual work cells as well as automated machinery connected by a conveyor
system. For UC4, a robot cell for electronics component assembly is chosen, see also
(Metzner et al., 2021). The results are quantitatively compared to a ground truth model
derived from a FARO Quantum V2/Blue LLP scanner, see Fig. 2. UC5 is
demonstrated on a plastic housing component.
It is found that for UC1, due to the low accuracy requirements, all scanning methods
are applicable. However, if the readability of notes is required, only SfM and depth
camera /SLAM approaches are suitable. Since SfM requires significant computing
times, a workshop-integration application is best supported with depth camera /
SLAM scans. UC3, which covers a similar scan area, on the other hand has a higher
accuracy requirement. Here, LiDAR / SLAM, SfM and ToF LiDAR /SLAM
approaches are suitable. Existing systems are automatically captured in factory scans
as of UC2, so data can also be derived from there. For UC2, due to the size of the scan
area, only ToF LiDAR systems are generally feasible. While for UC4 scan size
generally all scan methods are applicable, only SfM satisfies both resolution and
accuracy requirements if the teach-in of points is planned, see Fig. 2. With SfMFor
UC5, both high accuracy and resolution are required, which is why SfM methods, best
in combination with a turntable, are most suited.
Table 2: Comparison of the features and characteristics of scanning technologies
Technology
Stereo camera /
SLAM
ToF camera
/SLAM
ToF LiDAR /
SLAM
SfM (RGB
camera)

Resolution Accuracy

Complete- Handling of Reada- Total
ness
Occlusions bility Invest

> 0,1 mm

< 40 mm

0

0

0

0

> 0,1 mm

< 15 mm

+

+

0

0

> 5 mm

< 5 mm

+

+

-

-

> 0,1 mm

< 1 mm

-

+

+

+

Concerning economic applicability, the different scanning methods require vastly
different investment. SfM approaches can be achieved at little to no cost, since simple
RGB cameras, found in every smartphone, suffice. Free reconstruction software
rendering good results is also available online. Depth camera / SLAM approaches
require small investment, as general-purpose sensors are relatively cheap. In our
experiments, we found that open-source SLAM software has some shortcomings
concerning data quality and size, which is why some additional investment for
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commercial scanning software is advisable. Total cost can be assumed in the low
thousands of euros. ToF LiDAR scanners (terrestrial or portable) are priced
significantly higher, often multiple ten thousand euros.

Figure 2: Comparison of scan resolution and accuracy from a ToF/SLAM factory
scan (a), a local 3D camera scan (b) and SfM reconstruction (c), each with a
closeup on the relevant region of interest for robot interaction. Comparison of noise
levels from 3D camera scan (d) with noticeable biases (1) and SfM (e) with true
geometry representation. Deviation heatmaps for 3D camera scan (f) and SfM (g)
from ground truth model

4.2

Discussion and applicability for simulation

The results show that entry barriers for using 3D scanning in production planning and
simulation are relatively low for most use-cases, except for UC2. However, as this
use-case does not require frequent re-scanning, it can be contracted as a service for
smaller enterprises. Applicability of the used data frequently requires post processing,
which is mostly scanning-method independent. The scanning result as such is a point
cloud, hence a collection of measured points with cartesian coordinates. While many
planning and simulation tools offer native interfaces for point cloud integration, they
mostly serve for visualization and interaction capabilities are very limited.
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Figure 3: Examples of simulation integration of 3D scans. (a) Material flow
simulation integrating a carton/box mock-up of a manual workstation (1) for layout
and worker (2) walking distance evaluation. (b) Simulation of the coverage and
dead zones (4) of a LiDAR safety sensor in an existing work cell. (c-d) Integration of
a human mannequin (5) to simulate reachability without LiDAR detection. (e) OLP
using a virtual robot (6) automatically fitted in an SfM scan (7) (Metzner et al.,
2021). (f) Physically sound random box filling simulation based on 3D scanned
parts as training data for 6D pose estimation convolutional neural network.
Hence it is mostly necessary to convert the scans into surface or volumetric models.
For known objects, this can be done by fitting ideal CAD models into the point cloud.
Rough fitting can be done manually or via matching routines, see e.g. Drost et al.,
2010. For fine alignment, a quantitative error minimization is advisable, see e.g. Arun
et al., 1987. The benefit of matching existing models into the scan is mainly the
preservation of additional simulation-relevant data conserved in the model, such as
kinematics and dynamics for process simulation or cycle times and availability for
material flow simulation. Since not all objects in a system or factory are previously
modelled, methods to reconstruct surfaces are necessary. For simple-shaped
components such as walls, floor and pillars (planes) or pipes (cylinders), methods
based on a random sample consensus can be applied, see e.g. Fischler and Bolles,
1981. For all non-modelled, complex-shaped components, such as modular manual
workstations, surface reconstruction methods such as the (Screened) Poisson method
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can be used (Kazhdan and Hoppe, 2013). These surface models can be used as basis
for further modelling, for physics-based or kinematic simulation or for collision
analysis.

5

Conclusions and outlook

In this contribution, use-cases for 3D scanning in production planning and simulation
are derived. The usability of common scanning methods, as well as benefits and
drawbacks are detailed. Furthermore, post-processing steps for integration into
simulation tools are discussed. Further research focus should lie on the automatic
reconstruction of models from scans integrating known objects matching and
reconstruction methods. This will accelerate simulation model generation while also
increasing validity, as the real boundary conditions from the shopfloor can be
integrated into the simulation rather than ideal assumptions and models. This trend
will furthermore be fuelled by more readily available scanning technology, as can be
observed in first consumer smartphones and tablets that incorporate stereo-based and,
more recently, LiDAR-based depth cameras. The increased distribution of such
devices will likely foster the applicability of 3D scanning and as a result, more virtual
planning and simulation even in smallest production scenarios.
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