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Summary:

Measurement uncertainty estimation based on Monte Carlo simulations gains more importance with the
ongoing digitalization in metrology. In the field of coordinate metrology, the VCMM is a well-established
tool. The concept of this digital twin is transferred to more a general software library, which is conse-

quently applied to develop the Virtual Planck-Balance.

Keywords: uncertainty estimation, digital twins, Monte Carlo Simulation, Virtual Planck-Balance,

VCMM

Introduction

In coordinate metrology, the use of the virtual co-
ordinate measuring machine VCMM as a digital
twin to calculate the task-specific measurement
uncertainty is well established [1]. It is a valuable
tool for DAkkS-accredited laboratories as well as
in planning and evaluation of measurements in
industrial quality control.

PTB’s new competence center for virtual meas-
uring instruments (VirtMet) aims at transferring
the VCMM concept into other digital twins [2].
The main components and basic principles of the
VCMM are identified and generalized for future
applications from varying fields of metrology. As
a first application, the Virtual Planck-Balance
(VPB) will be set up, where the Planck-Balance
is a Kibble-Balance for industrial use [3].

Currently, digital twins are independently devel-
oped and only very little of actual code is trans-
ferred between projects and organizations.
Many basic components, such as random num-
ber generators (RNG) and routines for uncer-
tainty estimation are likely to be the same and
yet they are often implemented anew. From the
perspective of software engineering, there is a
need for a library which covers most of common
needs for the development of digital twins. While
there are software libraries available implement-
ing GUM and its supplements (e.g. [6]), the aim
of this work focusses on the practical applicabil-
ity for the development of digital twins.

Proposed structure

In order to apply the concept of the VCMM to
other digital twins it has been analyzed and di-
vided into sub-structures. As a first step, the con-
cept will be transferred to the VPB. For this
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purpose, a simple software structure (Fig. 1) is
proposed. It consists of two main parts: one part
which is dependent on a specific project (framed
as virtual measurement) and a second part con-
sisting of more general components which can
be reused for different digital twins. The latter
part consists of measurand(s), stopping rule(s)
and a component for uncertainty estimation. A
set of distributions for RNGs (visualized as red
circles) might also be provided. The whole struc-
ture is framed inside a Monte-Carlo simulation
loop and only the parametrization of RNGs is
performed before the loop starts, whereas the
uncertainty is estimated after the simulation.

The base component of the structure is the core:
a project specific evaluation algorithm. In case of
the VCMM it is represented by a set of fitting al-
gorithms inside the CMM’s application software.
Preferably, the core already exists at the time the
digital twin is created. The models map input pa-
rameters into arguments of the core.

The evaluation algorithm provides simulation re-
sults in each run of a Monte-Carlo loop. These

are saved and observed by stopping rules. After
simulation loop
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Fig. 1 Proposed structure for digital twins.
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the simulation completes, the values are for-
warded into the uncertainty estimation block for
further analysis. In the following, we will briefly
discuss some aspects of each component.

Stopping rules

In the simplest case the stopping rule for termi-
nation of a Monte-Carlo simulation is given by a
fixed number of runs N which is known a priori. If
N is chosen too low, the desired numerical toler-
ance of the result might not be achieved. For this
scenario GUM S1 [3] includes an adaptive
Monte-Carlo (MC) procedure. As it is done in [4]
some improvements of adaptive MC are added
over time. The criterion for stopping rule compo-
nents must be interchangeable with minimal ef-
fort to fulfill current preferences of the developer.

Measurands

Simple measurands are realized as vectors con-
taining simulated values. Besides the individual
simulation results, the measurands also contain
meta data necessary for the evaluation of the
stopping rule and uncertainty estimation compo-
nents.

Uncertainty estimation

This component implements algorithms for un-
certainty estimation from GUM S1 [3]. The imple-
mentation details follow the specifications from
[6].

Application to Virtual Planck-Balance

As all software components common to various
digital twins can be covered by the supporting
software library, for the devolvement of a new
digital twin only the components specific to the
individual application must be created.

In a first application, the feasibility of the ap-
proach shall be tested by transferring it to the
Planck-Balance, thus creating the Virtual
Planck-Balance. The core contains the meas-
urement equation of the PB for a single meas-
urement described by [5]

Udynamic'Ustatic

m= ,
Vdynamic'9 Rstatic

where m denotes the mass, Udynamic and Ustatic
are voltages, Vaynamic is the velocity, g is the local
acceleration due to gravity, and Rstatic is the elec-
trical resistance. The measurement equation (1)
can be viewed as a tree-like structure where
each of the five arguments is placed onto a sep-
arate node of the tree. Each argument is imple-
mented inside a separate class with either a con-
stant value, where no uncertainty of the argu-
ment is to be considered, a single RNG or with a
complex combination of multiple physical mod-
els. The encapsulation of each argument pro-
vides the advantage of hiding possible complex
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details and making the overall model extensible
and easy to comprehend.

Conclusion

A structure is proposed to enable users to create
a digital twin of any complex measurement
setup. The approach is based on the well-estab-
lished VCMM, from which a versatile software li-
brary containing building blocks for future digital
twins is derived. Thus, for any specific applica-
tion, the building blocks can be used and only the
individual models have to be developed. In a
next step, the approach will be adapted to the
Planck-Balance.
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