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Abstract—SPIRIT aims to develop an ”inspection skill” for
robots that takes the step from programming of complex in-
spection tasks to configuring such tasks. Result of the project
is a software framework that includes an offline framework”
with features such as model-based automatic coverage planning
for complex parts, automatic robot program generation and
an “inline framework” that deals with sensor data mapping
to transfer sensor measurements to the 3D object model. At
the heart of the project is an accurate process-specific model
that represents the sensor data acquisition process. This repre-
sentation is sufficiently accurate to allow automatic planning in
off-line settings using simulated workcells and then reproducing
the inspection procedure on the real one, with some adaptations
and corrections. More in detail, the offline framework” will
include a generic interface to allow the easy exchange of process
models (for different inspection technologies), of the CAD model
of the part (for a different type of product to be inspected) or of
the work-cell model (for a different robot kinematic structure).
The generic ”inline framework” will provide the backbone for
the execution of the actual inspection process. Relying on such
a proven frameworks will reduce the risks of implementing
complex inspection tasks and thus help the deployment of
inspection robots. In this work initial results from the two main
use cases are presented, they consist of inspection tasks for the
automotive and aerospace industry respectively.

Index Terms—inspection robots, machine vision, quality in-
spection

I. INTRODUCTION

Inspection robots are more and more frequently used in
industry for quality control of parts with complex shape. The
main concept is to move a sensor over the surface of the part
so that all relevant areas are inspected. The deployment of such
inspection robots proved to be difficult, time-consuming and
- consequently - expensive. The SPIRIT project thus aims at
simplifying the deployment of inspection robots by developing
a framework that enables the transition from programming of
a robotic inspection task to configuring the task. This process
requires generic solutions for the following key challenges:
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o Full coverage of the part to be inspected has to be
ensured while avoiding collisions. Manual or semi-
automatic motion planning for the robot proved to be
excessively difficult and time-consuming.

o Small deviations of the part shape invalidate previously
planned inspection paths, because full coverage can no
longer be ensured.

o To fully assess the quality of the part, back-projection
is needed that maps the single measurements seamlessly
to the 3D model of the part. Only a seamless mapping
allows proper data analysis.

Currently, application-specific ad-hoc solutions require
time-consuming, semi-automated tuning and planning pro-
cesses and often only lead to less than satisfying results.
The main objective of the project is to change this situation
by developing a generic framework for offline planning and
inline execution that solves the aforementioned problems for
the following class of robotic inspection tasks:

o The task requires that the sensor is moving continuously

“scanning” over the surface.

o The sensor acquires 2D or 3D patches of data (i.e. images,
point clouds) from the part.

o The sensor is handled by a stationary multi-axis handling
system “robot”.

This class of tasks covers important inspection scenarios
such as 2D vision, 3D vision, thermography, ultra-sound or
X-ray that are widely used in the manufacturing industry
(automotive, aerospace). The SPIRIT project focuses on the
automation of these tasks and thus does not investigate prop-
erties such as probability of detection, false positives/negatives
that only relate to the inspection technology itself.

In the following sections, the offline and inline frameworks
will be presented, then a detailed description of the two initial
use cases is given with an initial overview on the obtained
results in both the cases.

II. RELATED WORKS
Quality inspection in industry is a task that has been often
demanded to humans in the past [1]. Even if in many appli-
cations humans can achieve higher performance compared to
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The overall concept shows the software framework and its two main components: the off-line framework that generates all data needed for the

execution of the inspection task and the inline framework that actually executes the inspection task on the robot.

machines, they are slower and get tired quickly. Moreover,
humans require training in industry and most of the time this
is an expensive and time consuming process. Furthermore, in
many industrial environments (e.g. nuclear industry, chemical
industry, radioactive environments, etc.) inspection may be
dangerous for human operators. For these and many other
reasons, machines and computer vision have intensely replaced
humans in such scenarios [2]. Although quality inspection
based on machine and computer vision systems is nowadays
a quite common process that is performed in many industrial
sectors, it requires a specific and tailored configuration of such
systems, and both hardware and software specifications are
different depending on the specific use case. For example, in
the food industry quality inspection is mainly done visually,
using visual features such as color or shape [3] [4]. Photomet-
ric technology is used instead for inspecting composite parts
and carbon fibers [5].

The inspection technology itself is not only the single
source of entropy in such an etherogeneous sector of the
industry. In fact, since quality inspection also involves robots
and automated systems, each specific application requires
an appropriate robotic solution that spread over common
industrial manipulators such as for the inspection of structural
elements in construction industry [6] to UAVs (Unmanned
Aerial Veichles ) and UGVs (Unmanned Ground Veichles) in
the agriculture industry [7].

All the aforementioned examples require specific hardware
and software, and specific configurations and required training
for usage that make almost impossible the scalability of
such systems to more a generic and standardized approach.
To this end, the SPIRIT project aims to propose a general
software framework that can be easily re-adapted and re-
configured for the specific inspection task with few effort for
the human operator. More in particular, it will be shown how
this framework has been used in multiple industrial sectors.

III. SPIRIT FRAMEWORK

In Figure 1 the main concept of the SPIRIT project is shown.
In particular, given a Part 3D CAD model that represents
the object to be inspected, first a planning step is performed
fusing the information about the sensor physical model and
the desired parts to be inspected for producing a consistent
path that is collision-free and feasible for the involved robot.
The generated path is then sent to the in-line framework that
is responsible of its reproduction on the real robotic setup.
During the on-line process, sensor data and robot positions
are mutually synchronized and reactive behaviors are applied
so that to obtain effective and consistent results during the last
step of data back-projection from the sensor acquisition to the
3D object model. This last step is then input to an evaluation
module that is responsible for accepting or rejecting the part.
It is important to remark that the inspection method itself is
not the focus of the project, since the whole SPIRIT idea is



to implement a generic approach for each inspection process,
without focusing the attention on the specific inspection tech-
nology.

In the following sections the two main parts of the frame-
work will be described more in detail.

A. The off-line framework

The starting point for an inspection task is a model based
representation of the object to be inspected, usually, 3D
CAD data are used for representing such information. In the
SPIRIT off-line framework the 3D CAD model of the object
is used for the computation of an efficient and consistent robot
trajectory that covers all the object’s regions to be inspected
avoiding collisions and ensuring reachability for the kinematic
chain. In order to produce a consistent robot trajectory, it
is needed to know what is the exact physical representation
of the sensor involved during the inspection, namely what
are the characteristics of the image acquisition device, e.g.
camera field of view, focal lengths, principal point, etc. Such
information is provided within the SPIRIT off-line framework
through the so called Process model with which the user can
directly specify each sensor property or specific feature. This
process model has been specified so that to include a wide
range of inspection technologies: standard 2D cameras, 3D
sensors, X-Ray source/detector devices, thermal cameras, laser
profilometers.

Key elements of the off-line framework is a simulated
environment that emulates the real work cell by accurately
reproducing the physical model of the sensor and the kinematic
model of the involved robots. This simulator is an evolution
of the work done in [8]. The most important modules of
this simulator are the Coverage and Path Planners. In detail,
The coverage planning module is in charge of finding the
viewpoints required to completely cover the inspection surface
of the product. In this context, a viewpoint is defined as
the position of the sensor in the product-centred frame of
reference. As depicted in Figure 2, the coverage planning
mainly consists of four steps: sampling, evaluation, validation
and selection. In brief, firstly the product surface is sampled
and a set of viewpoints (i.e. sensor positions from whose each
sampled point can be seen) is generated, each viewpoint is
then evaluated by considering how good a view point is with
respect to the others. The quality of a viewpoint depends on
the number of visible meshing triangles and on how much the
projection of the inspected area is centred on the sensor sur-
face (e.g. image plane in the case of standard camera models,
detector surface in the case of X-Ray sensors). A threshold
on the viewpoint quality is used to discard viewpoints that do
not provide enough information. The evaluation is performed
by using the forward model of the sensor, which provides
a unique solution because the visible surface is uniquely
determined by the position of the product with respect to
the sensor and by the shape of the product itself. In order
to be added to the coverage plan, a viewpoint must be valid.
In this context, a viewpoint is valid if the robot is able to
move the product or the sensor to the required position and
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Fig. 2. Steps of the coverage planning.

the target robot configuration is collision free; that is neither
the robot nor the sensor touches other entities in the scene. In
this stage the inverse kinematic of the robot model is used to
check whether the robot can reach the target position. This
step requires knowing the robot kinematic parameters, and
also what is the relative transformation between the robot
and the sensor, namely the hand-eye transformation. For this
information, during the project a specific module for generic
hand-eye calibration has been developed and presented in [9].
Finally, only few viewpoints are selected in such a way that the
set of selected viewpoints must provide a complete coverage
of the inspection area while satisfying also some efficiency,
e.g. keep the amount of overlap among neighbor viewpoints
close to the desired one, viewpoints that observe the inspection
area at the centre of the working region are preferred.

Given the list of viewpoints that enable the coverage of the
part and the associated robot configurations, the path planning
module is in charge of finding a robot path, or trajectory, to
visit all the input viewpoints avoiding collisions and satisfying
some efficiency and time constraints. Output of this last stage
is at the end a valid robot path that is sent to the in-line
framework for the actual execution on the real setup.

B. The in-line framework

Once the robot trajectory has been generated so that specific
constraints are satisfied and desired inspection areas are fully
covered, the in-line framework is responsible for reproducing
what has been planned before hand. To effectively solve the
inspection task, robot motion and data acquisition must be
synchronized, this ensure correct execution of the inspection
and each sensor frame can be further used for performing
consistent data mapping on the part 3D model representation.
This synchronization is handled by a specific module [10]
that requires real-time communication with robot and sensor
hardware interfaces respectively.

During each inspection trial, the off-line computed path
must be adjusted considering possible changes in the envi-
ronment due to actual part differences compared to its 3D
CAD model that may generate collisions that cannot be pre-
computed during the off-line stage. For this purpose, the
SPIRIT in-line framework includes a Reactive Path Planner
module that on-line corrects the given path by detecting such
changes or defects on the part surface.

1V. EXPERIMENTS AND RESULTS

In this section, two applications of the SPIRIT framework
are given, namely in 7est Case #1 the framework has been



Fig. 3. Typical engine production line examples. Courtesy of project partner
CRF

Fig. 4. On the left the real experimental setup developed at project partner
Centro Ricerche Fiat. On the right the simulated work-cell used in the off-line
framework.

applied in the context of automotive industry for visual in-
spection during engines assembly directly on the production
line, in Test Case #2 instead the framework has been applied
in the context of aerospace industry where X-Ray inspections
are performed for inspecting the quality of the assembly of
composite parts for detecting defects during their production.
Those scenarios are only two of the four use cases that are
under development within the SPIRIT project, the two remain-
ing use cases involve thermography and laser triangulation
inspection respectively for crack detection in forged metal
parts. In the following some initial results will be given for
the already completed test cases.

A. Test Case #1 - Automotive Industry

In this test case, the SPIRIT framework has been applied
in the context of automotive industry, more in particular, the
experiment is focused on the visual inspection of car engines
during their assembly on the production line for detecting
the presence/absence of a component, the alignment (spatial
orientation with respect to a notch or relative to another
component), or compliance (the component mounted is the
correct one).

A typical production line is depicted in Figure 3. In the real
production line, such visual inspection is performed manually
by a human operator, the goal of the SPIRIT project is to
automatize this procedure using cooperative robots equipped
with 3D sensors. In Figure 4 it is possible to see the real
experimental setup developed at the facility of project partner
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Fig. 5. Layout of the X-Ray inspection workcell with detailed position of
the C-ray source and detector and the part holders. Image courtesy of project
partner FACC Gmbh.

Centro Ricerche Fiat, it involves a Universal Robot UR10
cooperative robot equipped with a 3D depth camera and a
reproduction of a small part of the real production line with
the engine mounted on top of a movable conveyor. On the
right of Figure 4 the reproduction of the same workcell in the
spirit off-line framework that has been used for generating the
path for the inspection of the engine.

During the experiment some Key Performance Indicators
have been measured for assessing the feasibility and effective-
ness of applying automated procedures and concepts like the
one proposed in this project to the given scenario. In particular
T; the Inspection time on the real setup for inspecting at least
8 different view points on the part, D. degree of coverage
(how many of the inspection points were acquired in such a
way that the data are usable for inspection, respect the total)
and T; the time and effort needed to change to a new part
(e.g. new engine model). Results are given in Table 1.

TABLE 1
KPIS MEASURED IN TEST CASE #1
KPIs Ti Dc Tch
expected | 45 sec | 100% 25 min
measured | 48 sec | 100% | ~ 23 min

B. Test Case #2 - Aerospace Industry

In this test case, the SPIRIT framework is being tested
in a completely different scenario with respect the previous
one so to demonstrate the high level of generality and wide
range of applicability scenarios that can be reached with this
concept. In particular, in Test Case #2 a real X-Ray inspection
facility has been involved. The robotic setup can be seen in
Figure 5 in which two Stdubli 200XL robots are used for
carrying on the X-Ray sensor composed by a ray emitter
tube and a sensor on the mirror robot that is able to detect



Fig. 6. On the left, the part (an aircraft winglet) mounted on its fixtures. On
the right the selected area and computed path for inspection.

the X-Rays. This setup has been thought for demonstrating
the capability of the framework in achieving a continuous
scanning operation with two robots moving synchronously
while performing the inspection task. Further, mapping of the
sensor data to a seamless, global image is one of the expected
result of this demonstrator as well as initial versions of reactive
path adaptation based on sensory input.

Also for this test case some KPIs have been identified
and measured, in particular: 7; the inspection time needed
to complete the X-ray inspection of the test part; D. degree
of coverage of the part achieved by the automatic planning
only on a specific region of the whole part (X-ray inspection
usually does not involve whole parts however only regions
of interest (ROIs) of the part, thus the SPIRIT framework is
expected to take into account only these predefined regions);
T,; time and effort to change to a new part as for Test Case
#1.

Below are reported the results for this test case:

1) Inspection Time: The target value for this KPI is given
in terms of area covered per minute, in particular, for the test
part depicted in Figure 6 left, an aircraft winglet of almost 2
m by 3 m dimension, an efficient and cost effective inspection
is achieved if the system is able to cover 0.5 m?/min at robot
maximum speed. The total time for the inspection of the area
shown in Figure 6 for 5 trials was 4.28 min (4 min and 17
sec) which translates to about 0.01 m?/min at 10% speed
or 0.1 m?/min at 100% speed of the robot. Although this
KPI has not been fully met in numerical terms, it should be
noted that solving the same task by manually controlling the
two robots leads to higher values in terms of inspection time,
due to the enormous difficulties in effectively controlling this
complex configuration of two mutually coupled robots. So this
KPI can be accepted as qualitatively sufficient.

2) Degree of coverage: The degree of coverage for the
inspected area was calculated in the inline framework as a
ratio of the area originally chosen to be inspected to the area
actually inspected, where the area is divided into grids. In all
cases, the chosen area could be inspected and thus the degree
of coverage is nearly 100%.

3) Time for changing part: The target for this KPI is 15
man or 900 sec, the software is able to achieve 744 sec, more
or less 12.5 min.

CONCLUSIONS

In this paper the authors are presenting the SPIRIT project.
This is still an on going project but initial results have been
achieved and have been briefly reported in this document.
The framework proposes a novel approach and useful tools to
automatize inspection tasks that may take several time in the
real cases (e.g. inspection of composite parts in the aerospace
industry). Moreover this framework demonstrates to be very
flexible and easy to adapt to many different scenarios, this
makes possible to achieve an high level of generality (e.g.
different inspection technologies).

The SPIRIT project is going to be ended in one year and
many other test cases and industrial settings will be exploited
and tested, from thermal inspection of metal forged parts to
laser based inspection for defect detection on materials and
die-cast parts.
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