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Dear Participants of the 16th International Modelica & FMI Conference, 
 
Our biennial conference is the primary event for our community to share the latest developments in the 
Modelica Association’s standards. With numerous advancements since the last conference, there is much to 

discuss. Here are the key milestones achieved: 
 

• FMI now supports over 250 simulation tools, reinforcing its position as the world’s leading standard 

for model exchange and co-simulation. 
• The first version of new layered standards, notably FMI-LS-BUS for network communication, has 

been released. This concept enables decentralized standard development. 
• SSP 2.0 has been launched, enhancing its value for industrial applications. Explore its impact 

through dedicated user presentations and tutorials. 
• Modelica Standard Library (MSL) v4.1 is out, offering critical, backward-compatible 

improvements over v4.0. MSL development will now shift to a continuous integration model. 
 

I extend my gratitude to our members, especially the Modelica Association project leaders, for their 
dedication in driving this progress. This surge in activity is reflected in the conference program. With over 
100 scientific papers submitted, we carefully selected those for presentation. It’s exciting to see diverse 

domains covered, including new fields like pharmacology and marine applications. As our standards gain 
traction in industry, we’ve introduced a dedicated track for industrial user presentations, welcoming 

contributors from fields like wastewater treatment and aerospace. 
 
While the Modelica Association began with a single modeling language, it now supports a suite of standards 
for modeling and simulation. This is evident in the record 15 tutorials offered at this conference, covering 
these standards and their applications. Having achieved these milestones, the Modelica Association is setting 
new goals in three key areas: 
 

International Expansion  
Our biennial conference schedule allows for Modelica events in America and Asia between our main 
conferences. The North American Modelica Users Group (NAMUG) has built a thriving community 
in the U.S., with the next American conference scheduled for Atlanta, Georgia, October 12-14, 2026. 
In Asia, where Modelica is gaining popularity, particularly in China, we are forming a local team. To 
strengthen this community, we proudly announce the 2026 Asian Modelica Conference from 
September 21 to 22 in Hangzhou, China. The Modelica board is committed to ensuring robust 
representation for our Asian members. 
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Cross-Layered Standards  
Layered standards, initially developed for FMI, enable decentralized creation of sub-standards for 
specific applications without altering the main standard. These often involve enhanced meta-
information relevant to other standards like SSP and the Modelica language. The Association will 
work to harmonize these efforts, fostering cross-layered standards applicable to both FMI and 
Modelica. 
 
Education Initiative  
Equation-based modeling requires specialized training. While many professors and consultants 
provide this, the Association’s teaching materials need updating. We invite educators to join us in 

organizing these resources. Additionally, developing simpler, more robust libraries will lower the 
entry barrier. Many tool developers are also reducing this barrier by offering web-based services 
with user-friendly interfaces. The Modelica Association supports these efforts to advance global 
education in modeling and simulation. 

 
Concluding Remarks  
Recent advancements in artificial intelligence (AI) are disrupting information technology, including 
modeling and simulation. Tools like AI-driven co-pilots and neural network components are transforming 
how we program and interact with software. While it’s hard to predict how Modelica and its standards will 

evolve alongside AI, their core value remains: 
• Open-source libraries based on open standards are invaluable for both humans and AI. 
• Widely applicable standards for model exchange and co-simulation benefit both humans and AI. 
• Standardized formats for model parameterization and results are equally essential for humans and 

AI. 
 

In these dynamic times, we must remain grounded in our mission: creating useful mathematical descriptions 
of the world and making them accessible, executable, and shareable through open standards. 
I am confident that the 16th International Modelica & FMI Conference will showcase outstanding examples 
of this mission. I wish you all an inspiring and productive exchange! 
 
Dirk Zimmer     and    Ulf Christian Müller 
(Chairman of the Modelica Association)     (Local Organizer at HSLU) 
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Keynote Speeches 
 

Physics-Informed AI  
 
 
AI is increasingly being used in the fast and accurate simulation of physical 
systems. In this keynote, we will discuss how knowledge of the underlying 
physics can be explicitly incorporated into AI systems for physical 
simulations. Key examples will highlight the potential gains as well as the 
involved challenges. 
 
 
 

 
Opportunities and Challenges in Design and Operation of Integrated Energy Systems 
 
The complexity of modern integrated energy systems demands the 
systematic use of systems engineering methods and tools to address key 
challenges across the product lifecycle. This keynote will explore three 
related and critical areas:  

1) the demand for diverse model fidelities and analysis,  
2) maintaining consistency across design layers, and  
3) the importance of seamless tooling and integration.  

Real-world, HVAC specific examples will highlight how these 
challenges are being tackled in practice and the opportunities they 
present. For over two decades, Carrier has relied on Modelica as a 
cornerstone technology for model-based product design. The journey 
began with the development of control systems for transportation 
refrigeration, where transient simulations allowed for rapid control 
function development and verification. 
Today, while controls development remains a vital application, Carrier has expanded Modelica’s use across 

the entire product lifecycle – from conceptual design, through testing and verification, to business sales tools, 
and into operation with monitoring and diagnostics. Design and operation of highly integrated energy 
systems such as data centers and district heating systems also calls for new methods and tools. Differentiated 
applications has driven diversified analysis with Modelica models. Modelica-based steady-state simulation 
has emerged as a back-bone in product design, sales tools, as well as in field diagnostics. Steady-state and 
transient optimization is also a necessary element across the product life cycle. The need for diversified 
analysis and computation is further amplified by application of systems engineering methods where 
requirements, design space exploration, and validation and verification are key elements. 
 
Panelists 
 
For the first time at the International Modelica Conference, we will have a Panel discussion. The topic is: 
Open Standards vs. Open source, Collaboration or Conflict? 
 
We choose panelists from a broad range of companies and organizations using Modelica for their product 
design and research. Our distinguished Panelists are: 

 
Adam Moravanszky, Senior Director Simulation Technology, NVIDIA. At NVIDIA, 
Adam leads teams advancing open source simulation projects such as PhysX and 
Newton, and chairs the Physics Working Group of the Alliance for OpenUSD 
(AOUSD) open standard.  
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Clément Coïc, Technology Cluster Lead - Digital Mechatronics, Siemens 
Healthineers. Clément leads innovation projects that investigate the value and 
interconnection of new digital technologies for Siemens Healthineers purposes. A 
specific focus is carried into leveraging system simulation for better control or path 
planning of robotic systems, enhancing Machine Learning models with Physics, and 
modeling the physical behavior of PhysicalAI developments. His works heavily relies 
on open standards, like Modelica and FMI, and open-source modules - like Julia’s 

SciML ecosystem, ROS or OpenCV and Yolo, to name a few. 
 
Dirk Zimmer, Chairman of the Modelica Association. Expert for equation-based 
modeling and simulation at the Institute of Robotics and Mechatronics, German 
Aerospace Center (DLR). The open Modelica standards provide a real technical, 
economical as well as societal benefit. Promoting them in Dirk’s role as Chairman is 

hence an honor. Also, DLR profits from them: in the field of robotics the multi-
domain simulation and control aspects play a crucial role for further advancement. 
 
Marius Dupuis, CEO, ASAM e.V. The CEO’s role at ASAM is to manage a team 

that keeps things running, kicks off new endeavors, and makes sure we are seen and 
heard. Marius’ role is right in the midst of system simulation and (open) standards. It 

comprises getting members on board, motivating them to initiate and conduct 
standardization projects, providing a roadmap and legal framework that fit the market, 
and keeping the association in a good shape. 
 
Michael Wetter, Computational Senior Scientist, Lawrence Berkeley National 
Laboratory (LBNL). Leading the development of modular modeling, design and 
controls based on Modelica and FMI for building and district energy and control 
systems. Michael Wetter has been leading the Modelica Buildings Library which is 
used in industry and academia for the design of HVAC equipment, building and 
district energy systems, and data center cooling systems. He also spearheaded the 
development of digitalization of building control design-installation-commissioning, 
leading to the proposed ASHRAE Standard 231P, expected to be approved within the 
next few months, which uses a subset of Modelica to standardize control logic 
formulation in a vendor-independent format. 
 
Hans-Martin Heinkel, Project Leader prostep SmartSE, and Bosch expert in MBSE 
and simulation-based engineering. Hans-Martin has more than 35 years of experience 
in systems engineering, system simulation, Hardware-in-the-Loop, and the integration 
of simulation into development processes. His main focus, both within Bosch and in 
the prostep project, is on collaboration based on simulation-supported engineering. 
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Abstract
This paper will present a new unified algorithm for unit
checking and inference, and showing the benefits for var-
ious libraries.

The Modelica Language supports declaring units for
variables using the SI-standard. This allows dimensional
checking to detect possible errors in equations. The units
for variables make it easier to interpret, input and plot their
values. When we infer the unit of a variable we get the
same benefits also for variables without a declared unit.
We will use unit inference and checking for the combina-
tion, even if the check is primarily a dimensional check.

Both dimensional checking and unit inference are al-
ready implemented in several Modelica tools, but not con-
sistently. The original motivation for this paper was to un-
derstand the different approaches, and demystify the unit
handling with the goal of making it more available. Based
on that understanding, this paper will also present a new
unified algorithm combining the different strengths, and
showing the results for various libraries.
Keywords: unit, Modelica, Hindley-Milner

1 Unit background
This will explain the various considerations for the units
of variables and unit equality in expressions.

1.1 Allowed units
The stated goal in Modelica is that variables should use
SI-units – for the unit-attribute, the displayUnit-attribute is
not considered in this paper. The SI-system (BIPM 2019)
is based on seven base quantities, and every quantity is a
product of them raised to various powers (called the di-
mension of the quantity). If all powers are zero it is called
dimensionless. The seven base quantities correspond to
the seven base units of the SI-system, and all units are di-
rectly expressed – without any conversion factors. This
eliminates some causes of errors, provided only SI-base-
units are used. However, when equations contain different
prefixed SI-units (e.g., mm instead of m or g instead of
kg1), or SI-acceptable units like bar or kWh the dimen-
sional analysis does not suffice, and that is an important
aspect that will be considered. Additionally to directly
quote (BIPM 2019)

“In practice, with certain quantities, preference
is given to the use of certain special unit names

1Remember that the base-unit for mass is kg

to facilitate the distinction between different
quantities having the same dimension. ... Even
though torque has the same dimension as en-
ergy (SI unit joule), the joule is never used for
expressing torque.”

Plane angles (with unit radian "rad") and solid angles
(with unit steradian "sr") are a supplementary units in the
SI-system, and even if they are useful for human under-
standing they are formally dimensionless. Since radians
are important we follow Mattsson and Elmqvist (2008)
and the FMI-standard (see (Modelica Association 2014))
and treat them similarly as the seven base units when pos-
sible – but allow mismatches.

It has also been proposed to add new orthogonal non-
physical base quantities like currency to Modelica; the ap-
proaches in this paper support them as well.

1.2 Unit Strictness
This paper builds on the proposal from Casella (2016) for
unit checking. The basic idea is that literal values inside
multiplicative expressions are dimensionless, while literal
values on their own can have any unit. That has been
found to be a pragmatic solution that allows checking and
infering units in a large number of existing Modelica mod-
els without any changes. Consider

parameter SI.Capacitance C=2; // Ok
SI.Energy E1=C*v^2/2; // Ok
SI.Energy E2=C*v*4; // Error
SI.Voltage v;

On the first line 2 gets the desired unit, but on the next line
two 2 are dimensionless. The E2 line is rejected even if
we could find a unit for 4 that makes it correct.

Note that for this proposal the equal sign does not fully
represent equality, since replacing C by 2 in another equa-
tion leads to unit errors – or incorrect unit inference. In
particular this is an issue if the model was originally con-
structed by manually substituting expressions based on
equality.

The approaches described in this paper work with other
rules as well. Alternatives include allowing numeric liter-
als to have any unit everywhere except for 1/x see (Matts-
son and Elmqvist 2008), the same without the exception,
or only allowing the zero literal to have any dimension
see (Kennedy 1996). The future work will contain some
proposals to modify the rules, both to strengthen them for
some common cases, and weaken them for experimentally
derived equations.
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1.3 Arrays
Most arrays are homogenous, i.e., all of their elements
have the same unit. However, there are some arrays that
are heterogenous – in particular the state of the transfer-
function (each element is the derivative of the previous
one) and polar coordinates as an array of two elements
(magnitude and angle). Thus this paper will allow arrays
to be heterogenous, but try to infer the common unit if
it exists and/or infer units for specific elements (for array
elements with literal subscripts – they are seen as scalars).

One can consider variants of this, one would be to en-
force that all arrays are homogenous, and another would
be to perform all unit inference on the scalar level. Nei-
ther extreme seems acceptable, but the first approach will
be discussed more later.

Instead the solution is to view an array built as C=[A,B]
as only having a unit if it is homogenous (the implications
will be discusssed later). Similar considerations apply to
subscripted elements of arrays.

The subscripts themselves are integers and should thus
be dimensionless.

1.4 Unit for variables
The general idea is that a variable has a statically deter-
mined unit, or is free to have any unit. That may seem ob-
vious, but apart from heterogenous arrays some libraries
(Zimmer, Meißner, and Weber 2022) have variables get-
ting different units depending on an evaluable parameter.
Another case are constants such as eps – that are treated
like small literal values. Trying to deduce a unit would be
especially problematic for package constants, because the
same constant can be used in unrelated parts of a model.

For algorithms (in particular in functions) one could
imagine that one variable is re-used to store values with
different units – we will consider that an error. Other
common cases where one variable have multiple units
are s-parameterizations, where positive and negative val-
ues have different units – that can be handled by making
both cases dimensionless in the model, see (Mattsson and
Elmqvist 2008). An important consideration is that vari-
ables are free to not have a unit, this allows building blocks
that can be re-used with different units.

2 Approaches to unit inference and
checking

There are multiple approaches to unit inference and check-
ing in various programming languages, both related to the
nature of the language and to the goals of the check.

2.1 Simple unit inference and checking
In traditional imperative programming languages it is
straightforward to propagate unit forwards from variables,
so that the unit of z=x*y gets the unit of x multiplied by
the unit of y, and addition will just check that the two
terms have the same unit, and give the result that unit.

This has been implemented multiple times, see (Hilfinger
1998) for an early variant for ADA.

This propagation up-wards is insufficient in an
equation-oriented language such as Modelica. Dymola
has traditionally extended this with also propagating the
unit down-wards, i.e., if we know the units of z and x in
z=x*y we conclude the unit of y is the unit of z divided
by the unit x. The basic framework for unit checking in
Dymola is described by Mattsson and Elmqvist (2008)
including down-ward propagation. The unit-checking in
Dymola has after that paper built on that framework and
can be configured in different ways. In this paper the rules
for literals (literals have any unit, except for 1/x where 1

is dimensionless) are replaced by the stricter rules from
Casella (2016) that only allow literals to have any unit in
additive contexts so that we can for z=3*x+2 propagate
the unit from x to z. Specifically the multiplicative literal
3 is dimensionless (allowing propagating the unit), but the
additive literal 2 has any unit (avoiding a unit error).

A practical application of this can be seen in the Cou-
pledClutches example for sin1, which simplified has:

RealInput torque.tau(unit="N.m");
equation
sin1.y = sin1.offset + sin1.amplitude*sin

(2*pi*sin1.f*time);
connect(sin1.y, torque.tau);

Here we propagate “N.m” through the connection and
then down-wards to sin1.offset and sin1.amplitude

(knowing that the output of sin is dimensionless).
This approach needs to be iterated (normally just a

handful of times), and at first seems ad-hoc.
It does, however, work fairly well in practice. The ben-

efits of the approach are:

• The results are understandable, for each inferred
variable one can directly see which equation that the
unit originates from. That is useful for analyzing er-
rors for unit checking where having a clear under-
standing of how the various variables got their unit
helps in finding the error.

• For unit inference it can preserve the exact units
used; so if a variable has unit “N.m” variables that
are equal to it can also get unit “N.m” instead of
“kg.m2.s-2” or the even more confusing “J”. This
is also important when not using SI-base-units, e.g.,
“mol/l”. Apart from "N.m" being required by the
SI-standard for torque this also works together with
non-SI displayUnits (suggesting “kcal” or “kWh” as
display unit for a torque is not good).

• Simple and consistent handling of arrays variables:

– We can treat homogenous arrays as scalars, and
if we infer a unit for an array that is valid for
the entire array. Conversely, if we know that
array is heterogenous we can treat it as hav-
ing unknown unit (see (Mattsson and Elmqvist
2008)).
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– It is straightforward to limit the unit inference
to going in one direction (conditional unit as-
signments). An example where this is useful
is an equation involving array indexing. If the
entire array has one unit that should also be the
unit for the array element, but in order to sup-
port heterogenous arrays the inference cannot
go from unit of an array element to unit of the
entire array.

– It is also straightforward to handle a C=[A,B]

such that if we have a unit for C we can infer
the unit for A and B, and if A, B both have a unit
and it is the same, we can infer that C has the
same unit. It is deliberate that if only A has a
unit we do not assume that B (and C) must have
that unit as well.

– Array elements with literal indicies can be
treated as scalars.

That it works for arrays is not limited to simple cases like
adding two vectors with units, but also extends to scalar
products, cross products, and matrix multiplications.

2.2 Hindley-Milner unit inference
The Hindley-Milner (or Damas–Hindley–Milner) unit in-
ference traces it origins to the Hindley-Milner algorithm
for type inference, and is presented as Damas-Milner by
Kennedy (1996) (an alternative reference is his PhD the-
sis from the same year). It has previously been discussed
for Modelica by Broman, Aronsson, and Fritzson (2008)
and proposed by Lambert and Tidefelt (2024). We will
go through it in detail, but it basically collects all unit-
equations and in one sense solves them one by one and
then substitutes the result in the other equations (and sub-
stitutions), until all of the unit equations have been han-
dled.

The benefits of this approach are:

• Uses all of the unit information and nothing more,
i.e., it is complete and consistent.

• Known convergence and practically linear.

2.2.1 Details
The first step in this approach is to collect all of the unit
equations as equations.

Consider the model

model Elec
Real pot1(unit="V"), pot2(unit="V");
Real v, i;
Real R(unit="Ohm");

equation
v = i * R;
v = pot2 - pot1;

end Elec;

The variable pot1 is called p1 below, and similarly for
pot2. This gives the unit-equations including substitu-
tions for known units (we use u[v] for the unit of v as

a symbolic value, and reserve v.unit for the correspond-
ing string).

u[p1]→V = kg ·m2 · s−3 (1)

u[R]→ Ω =V ·A−1 = kg ·m2 · s−3 ·A−1 (2)
u[v] = u[i] ·u[R] (3)
u[v] = u[p1] (4)
u[v] = u[p2] (5)

In practice it makes sense to have all unit-equations in the
form 1 = . . . – to ensure that they are normalized, u[x] is
the unit or dimensionality of the variable x, and substi-
tutions are used for solved equations. The substitutions
are seen as solved even if they may depend on other (un-
known) units. Variables with unit-modifiers are also rep-
resented as substitutions.

Another example, which will be discussed later, is:

model SecondOrder
input Real u;
parameter Real w, D, k(unit="1")=1;
Real y(unit="1"), yd;

equation
der(yd) = w*(w*(k*u-y)-2*D*yd);
yd = der(y);

end SecondOrder;

The declaration of k gives:
u[k]→ 1 (6)

The declaration of y gives:
u[y]→ 1 (7)

The subexpression k*u-y gives:
u[y] = u[k] ·u[u] (8)

Introduce α1=w*(k*u-y) giving:
u[α1] = u[w] ·u[y] (9)

The subexpression α1-2*D*yd gives
u[α1] = u[D] ·u[yd]· (10)

The equation der(yd)=w*(α1 − . . .) gives:

u[yd] · s−1 = u[w] ·u[α1]· (11)
The equation yd=der(y) gives:

u[yd] = u[y] · s−1 (12)

Equations 8 to 11 all derive from one Modelica equation.
The variable α1 is only introduced as part of unit-checking
and may more accurately be described as only introducing
u[α1] corresponding to the unit of w*(k*u-y), but not α1
itself. Using such intermediate variables makes the con-
struction of the unit-equations more straightforward even
for complicated equations. Additionally they are needed
in the proposed combined algorithm for some cases. They
can trivially be excluded when reporting the result of the
unit inference.

One could even introduce α2 = k ·u−y replacing (8) by
u[α2] = u[y] and u[α2] = u[k] ·u[u], and for (9) use u[α1] =
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u[w] ·u[α2]. However, since u[α2] = u[y], one can use u[y]
as above.

This example will be used to illustrate that Hindley-
Milner can give additional units compared to the simple
algorithm (which cannot find the units for D and w).

If performed naively a second intermediate step (nor-
mally included in the first step) solves some issues:

• Combine exponents for the same variable, which
may even cause a variable to disappear from the unit
equation (if it appears on both sides of the equation
with equal exponents).

• To support sqrt and nthRoot the original unit-
equations may contain rational exponents for the
unit-variables, to simplify the analysis each unit-
equation is raised to a suitable power to get integer
coefficients (either for just the unit-variables or also
extended to known units).

The third step is to take these unit-equations (in any
order) and for each find a unit-variable with the exponent
that is smallest in magnitude. As listed by Kennedy (1996)
there are number of cases:

• There is no unit-variable, just check that equation is
unit-correct.

• There is only one unit-variable remaining, find its
unit and substitute its unit in the other unit-equations
and substitutions.

• There are multiple unit-variables, and the smallest
exponent is +/-1 or more generally the smallest expo-
nent divides the exponents of all other unit-variables.
In this case solve for such a unit-variable (as a
product of fixed units and a product of other unit-
variables).

• The remaining gcd-case where we introduce a new
unit-variable by dividing the other exponent as much
as possible, and forming a new unit-equation with the
remainders, and then iterate on this unit-equation un-
til we get to one of the other cases. This will conver-
gence in a finite number of steps and can be seen as
way of finding the greatest common divisor of those
exponents, see Appendix B for details.

As an alternative to the last step one could allow rational
numbers as exponents for variables, and use the penul-
timate step in all remaining cases (Lambert and Tidefelt
2024). The main disadvantage would be that it spreads
the rational numbers.

The only really difficult part of this algorithm is un-
derstanding that it actually works, and implementing the
gcd-case (or using rational numbers). Actually working
mean that the algorithm finishes and it either produces a
unit error, or the same unit inference (independent of the
order of the unit-equations) and that the results are con-
sistent. The gcd-case is the only concern for showing that

the algorithm finishes, and that relies on the convergence
of the Euclidean algorithm for computing the gcd of in-
tegers. Consistency also imply that if we add any of the
inferred units for the variables to the unit-equations and
re-run the algorithm it will produce the same result.

For the Elec-case the most efficient way would be to
solve the second equation for u[v] and then the first equa-
tion for u[i], but we will show that we can solve them in the
given order, which means that there is no need to describe
an optimal order:

substituting the known units gives
u[v] = u[i] ·Ω (13)
u[v] =V (14)

solving the first (13) for u[v] gives

u[v]→ u[i] · kg ·m2 · s−3 ·A−1 (15)
substitution this in (14) gives

1 = u[i]−1 kg ·m2 · s−3 ·A−1

kg ·m2 · s−3 = u[i]−1 ·A (16)

solving this gives
u[i]→ A (17)

substitution this in (15) gives

u[v]→ A · kg ·m2 · s−3 ·A−1 = kg ·m2 · s−3 (18)
and subsitution in the two remaining equations

u[p1]→ u[v] = kg ·m2 · s−3 (19)

u[p2]→ u[v] = kg ·m2 · s−3 (20)

And thus v.unit="kg.m2.s-3" (or v.unit="V"), and i

.unit="A". As noted above solving (14) from u[v] and
then (13) for u[i] is an alternative giving the same result.

For SecondOrder we can start by handling the trivial
cases to get:

u[k]→ 1 (21)
u[y]→ 1 (22)
u[u]→ 1 (23)

u[yd]→ s−1 (24)
u[α1]→ u[w] (25)

and the non-trivial equations (10) and (11) gives:

u[w] = u[D] · s−1 (26)

s−2 = u[w]2 (27)
the non-trivial part (26) becomes

u[w]→ u[D] · s−1 (28)
substitution in (27) and simplifying gives

1 = u[D]2 (29)
solving (29) and substituting in (28) gives

u[D]→ 1 (30)

u[w]→ s−1 (31)
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The key part is that the substitutions combine D and w into
one equation that can be solved, something that the sim-
ple algorithm cannot do. In particular the simple algo-
rithm does not have the unit equation (27) due to how the
equations are written, but would have it for the equivalent
equation der(yd)= w^2*(k*u-y)-2*w*D*yd;

If we remove the unit for y we would not infer units for
yd, u, and α1, but the inferred units for D and w would be
unchanged.

An equivalent approach is to solve integer equations
for the units (this is a traditional approach in dimensional
analysis - and also seen in this context by Karr and Love-
man III (1978), for the connection see (Kennedy 1996))
-– those integer equations correspond to taking the loga-
rithm of the unit-equations used by Hindley-Milner. It is
important to note that the equations are integer equations
and treated as such -– using the same approach for solving
systems of equations with real coefficients is not numeri-
cally robust.

For this case the left-hand side of the integer equations
are:

+1
+1

+1 −1 +1
−1 +1
+1 +1 −1

−1 +1 +1
+1 −1 1


·



log(u[k])
log(u[y])
log(u[u])
log(u[yd])
log(u[w])
log(u[α1])
log(u[D])


(32)

They have been arranged to be in block-lower-triangular
form, where the non-trivial block corresponds to solving
for a combination of variables.

3 Comparison of the approaches
We will both investigate the relationship between the two
approaches in theory, and then practically investigate it for
the Modelica Standard Library.

3.1 Theoretical considerations
If we only consider scalars then the Hindley-Milner ap-
proach can infer more units, and thus also detect more er-
rors.

There are two reasons for this:

• The combination of exponents for variables can infer
the unit of x from the unit of x*x and to all variants of
this (the simple algorithms handles x^2 and extend-
ing it to detect x*x is trivial). Disappearing variables
allows deducing the unit of T from T*der(x)=x (T
has unit “s”), and also from r*x+x (r has unit “1”);
without requiring a unit for x. Basically we for the
first case get u[T ] · u[x]s−1 = u[x], and divide both
sides by u[x] giving u[T ] = s.

• Substitution means that if we have a damping factor
D and a frequency w and the equations der(yd)= w

*(w*(k*u-y)-2*D*yd) and yd=der(y) we can find
the unit for both D and w.

The similarity between the two approaches is that by a
suitable ordering of the unit-equations we can view the
simple inference as prematurely stopping the Hindley-
Milner algorithm. Basically we stop before we get to any
of the problematic cases where we would need to substi-
tute a unit-variable depending on another unknown unit-
variable, or combine unit-exponents. This has some im-
plications consequences:

• The simple algorithm gives a consistent sub-set; not
a different result.

• By continuing with Hindley-Milner after running the
simple algorithm we clearly see which additional
unit inferences (and possible errors) it gives.

There are some caveats here:

• It is only the case for a suitable ordering, the
Hindley-Milner can process the unit-equations in any
order, and thus first find that the unit of z depends on
the unit of x, and after substituting this solve another
equation giving the unit for x.

• It is only the case if the unit-equations are created
in a suitable way, specifically to handle z=a*b+y the
simple algorithm would be stuck if we add the equa-
tions u[z] = u[a] · u[b] and u[a] · u[b] = u[y] instead
of u[z] = u[a] · u[b] and u[z] = u[y]. A solution is to
introduce a new unit-variable α1 and u[α1] = u[z],
u[α1] = u[a] · u[b], u[α1] = u[y], since it ensures that
as soon one of the three unknowns get a unit it can
be propagated to the other two (in this case we can
skip the extra variable and reuse z or y, but in gen-
eral all of them could be complicated expressions).
Hindley-Milner can handle these cases without new
variables.

• It also requires that we don’t convert known units to
base-units in Hindley-Milner during that part (in or-
der to get the benefit of the original units). In theory
this could be disastrous for performance, but in prac-
tice it does not seem problematic and if it is a prob-
lem it could be limited to units with a few factors.

• Combining arrays and Hindley-Milner causes prob-
lems. This will be discussed later.

Keeping the original units (i.e., not converting to base-
units) in the normal Hindley-Milner would be more com-
plicated due to the repeated substitutions, that problem
practically disappears due to the suitable ordering.

For unit-errors keeping the original units allows the er-
ror message to include both the original units and the re-
sult converted to base-units; where either may be more
helpful depending on the circumstances.
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Additionally, this suggest that the algorithms can be
unified, i.e., first running the part of Hindley-Milner corre-
sponding to the simple algorithm – even extended to com-
bining variables. That will automatically preserve most of
the benefits of the simple algorithm (locality and under-
standable unit strings), and then later running the complete
algorithm for the small additional gain – but restricted to
scalars.

Instead of iterating all equations for the simple algo-
rithm one could keep track of where unit-variables are
used and after updating the impacted ones for each sub-
stitution check those substitutions to check whether there
is at most one unknown unit in that equation. That ensures
that the simple algorithm is practically linear, similarly as
Hindley-Milner.

3.1.1 Array issue

Lambert and Tidefelt (2024) indicate that there are issues
for arrays by limiting it to scalars, but we want to make the
issues clear. The obvious issue is that conditional equali-
ties for arrays (for subscripting and concatenation) do not
naturally fit the unification based on equality.

However, they can be handled by introducing an un-
known array variable (in case the array occurred inside an
expression) and after substitutions check if either that ar-
ray has a unit, or the other side has homogenous units and
only then add it as an equality. It is not known whether
this will give good results when substituting unit-variables
depending on others.

There is also a worse problem that is less obvious, con-
sider T*der(x)=A*x; For scalars we can see that A.unit
="1" (regardless of the unit of x), and simply applying the
algorithm would give the same result for a matrix A. How-
ever, if we have x.unit={"m","s"} then we should have
A.unit=["1","m/s";"s/m","1"] (i.e., only the diago-
nal has unit 1). Solutions to this would be to scalarize be-
fore performing unit inference and checking, or adapting
the algorithm to handle the various kinds of array equa-
tions. In practice both variants would make the imple-
mentation considerably more complicated as one needs to
ensure that scalarization does not perform any simplifica-
tion that would impact unit inference or checking. Neither
approach has been implemented.

Note that the problem does not occur for all array ex-
pressions. E.g., if A is a scalar then the simple result is cor-
rect regardless of whether x is a scalar, vector, or matrix.
Similarly, for v1*x=v2*x or v1.*x=v2.*x we can elimi-
nate x to conclude that v1 and v2 have the same unit(s).

However, even if non-homogenous arrays exist in some
models having an option to test enforcing homogenous ar-
ray is useful — the idea would be to discover missed units,
and manually add them to the model.

3.2 Practical difference
The previous section showed that it is possible to first run
the simple algorithm, and then extend it to the Hindley-
Milner algorithm (for scalars). During these tests we

naively keep the unconditional array equations in the sec-
ond step.

This means that we can isolate the impact of the ad-
vanced parts. This has been implemented and tested on the
Modelica Standard Library (MSL, specifically on (Model-
ica Association 2025b)) and the experience was:

• The Hindley-Milner approach is actually easier to
implement and also easier to get right.

• The reason is that for the simple unit inference one
needs to implement unit-inference going both “up”
and “down”. If there are a large number of differ-
ent operations that can be substantial work, and in-
stead Hindley-Milner only needs to go “up” and col-
lect equations in a standardized form.

• The most complicated part of implementing Hindley-
Milner is the gcd-case, and that does not occur in
MSL (it is unclear if it occurs for any actual models).

• No new unit-errors were reported by the algorithm
compared to the simple algorithm (there are a num-
ber of known unit-issues in the library — even if they
are being reduced).

• Apart from squared variables, it detected new units
for variables in seven models that could not be found
by the simple algorithm; three of them were useful
– three of less practical use, and in one case the re-
sults were incorrect (due to how the model was con-
structed – it did not indicate a problem with the algo-
rithm).

There are two kinds of squared variables, one was prop-
agating a unit down for V=sqrt(re*re+im*im) for elec-
trical models. The other occurs if we keep array equations
and gives that T has unit “1” from r1=transpose(T)*T*
r2 (where r1 and r2 are positions). The latter is the only
case where naively keeping array equations made any dif-
ference. In this specific case the unit is correct (and the
derivation is even correct in general for this specific array
expression), but given that T is the orthogonal transforma-
tion matrix we even know that T T ·T = I3, and thus that
transpose(T)*T does not matter in that equation. This
indicates that at least for MSL skipping array equations in
the second part of the full algorithm has neglible impact.

The useful results were for models such as Secon-
dOrder which has der(yd)= w*(w*(k*u-y)-2*D*yd),
where we can find the unit for both D and w; even if we
cannot find either unit directly.

The ones of less practical use were UniformNoise
from the Clocked part which has y = u + noiseMin

+ (noiseMax - noiseMin)*noise; where we see that
noise.unit="1". The unit for that variable is of limited
use as it is a protected variable (so no impact on other vari-
ables and not intended for plotting), and unit="1" isn’t
useful for unit conversion.
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The one with incorrect result was the most interesting
and it is the Motor model used in the R3Robot example
where we have:

parameter Real w=4590 "Time constant of
motor";

parameter Real D=0.6 "Damping constant of
motor";

...
Modelica.Electrical.Analog.Basic.Inductor

La(L=(250/(2*D*w)))...;
Modelica.Electrical.Analog.Basic.Resistor

Ra(R=250)...;
Modelica.Electrical.Analog.Basic.Resistor

Rd2(R=100)...;
Modelica.Electrical.Analog.Basic.

Capacitor C(C=0.004*D/w)...;

Just applying the algorithm gives the conclusion that
u[D] → Ω−1 (or Siemens), and u[w] → s−1, which is
based on assuming that literal numbers have unit “1” in-
side equations (but unknown unit when they appear alone).
Since the unit is seemingly correct for w it would be tempt-
ing to consider the entire result correct. However, looking
carefully shows that 0.004=1/250, and an obvious thought
is that all three uses of 250 likely have unit Ohm. Testing
this by replacing 0.004 by 1/250 and then replacing those
three uses of 250 by a common parameter gives the result
u[D] = 1, u[w] = s−1; and a damping constant 0.6 (with
unit “1”) make perfect sense.

The SI-standard, (BIPM 2019), recommends against “s-
1” due to the ambiguity of whether it is a frequency (“Hz”)
or angular frequency (“rad/s”), numerically they differ by
a factor of 2π . However, it is not possible to resolve this
ambiguity automatically and thus the non-recommended
“s-1” is safest. Manual checking (and also the name w)
shows that it is an angulary frequency, “rad/s”. The extra
factor “rad” may seem to be unit-incorrect, but this sup-
plementary unit is dimensionless, and thus the capacitance
and inductance are unit-correct even if they do not contain
a factor “rad”.

Normally the parameter with value 250 would explic-
itly be declared as a resistance parameter, but that could
also be inferred. A pull-request has been prepared that de-
clares w and D with proper types with units, and also add
the resistance parameter; as that is a more understandable
model. Just adding the resistance parameter would still
require Hindley-Milner to infer the units for w and D.

3.3 Impact of unit inference and check

The new algorithm was tested on different libraries and the
variables were split into different categories. Variables in
common models are counted multiple times, but the spe-
cial variable time was excluded. Only models that passed
unit check were considered for the inference statistics.

Library MSL MSL
Version 4.0.0 3.2.3
Scalars 336899 329763
Declared 238268 (70.7%) 239798
Simple 9171 (2.7%) 9325
Advanced 44 (0.01%) 39
Arrays 73553 55222
Homogenous 57312 (77.9%) 38384
Heterogenous 191 (0.3%) 308
Simple 4869 (6.6%) 1035
Advanced 0 0
Elements 40 (0.05%) 55
Tot. Classes 6299 5954
Inference 1083 931
Errors 67 147
Adv. Errors 0 2

And some smaller libraries for comparison.
Library ThermoFluid- VehicleInterfaces
Version Stream 1.1.0 2.0.1
Scalars 43163 9692
Declared 33582 4287
Simple 1268 143
Advanced 0 0
Arrays 3198 10579
Homogenous 2774 8508
Heterogenous 0 0
Simple 15 712
Advanced 0 1
Elements 0 0
Tot. Classes 2156 252
Inference 106 28
Errors 40 14
Adv. Errors 0 0

The "simple" are scalar and homogenous arrays in-
ferred by the simple algorithm. The "advanced" refer to
the additional ones found by the algorithm proposed in
this paper. For MSL the "advanced" cases are the pre-
viously mentioned squared variables in electrical models,
and the seven additional cases – which are counted mul-
tiple times due to model re-use. The "elements" refer to
arrays where units of some elements are inferred by the
simple algorithm. The "declared" and "homogenous" and
"heterogenous" are variables that are declared with units.

Although counting all variables the same is oversim-
plified it still gives an indication of the impact. The per-
centages do not fully capture the advantages, e.g., the sim-
ple algorithm only inferred the unit for 6.6% of the arrays
in MSL 4.0.0, but that represents 30% of the arrays that
lacked a declared unit.

The number of arrays where elements have different
units (both declared as "heterogenous" and deduced as "el-
ements") underestimates their already small number. The
reason is that algorithm is not designed to find them, and
e.g., state-space vectors are not detected as having ele-
ments with different units.

The "tot. class" include a large number of documenta-
tion classes, interface classes (where no inference is pos-
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sible), and other classes without units and thus the classes
with unit inference is more interesting. The "errors" are
the number of classes containing errors, where a single
error may be reported for multiple classes. As the unit-
proposal is yet to be approved, the "errors" do not neces-
sarily indicate quality problems.

MSL 3.2.1 had two models with advanced errors, they
were both due to the gain k having unit "1" in the PI-block,
which is used in the Controller in the NoiseExamples.
That has later been removed in general, and did not in-
dicate any error in the tested model. Note that the number
of classes, including the classes with inferred units have
increased in the later MSL version – while the number of
errors has decreased.

4 Combined algorithm
The array issues imply that a combined algorithm would
be to run Hindley-Milner corresponding to the simple al-
gorithm (including arrays — both simple array equations
and one-sided; and without combining unit-exponents and
substituting unknown units), then combine exponents and
run the full Hindley-Milner on the remaining unit equa-
tions only involving scalar variables. We would generally
propose this as it is simple to explain and gives reasonable
results.

However, a more detailed analysis shows that also sim-
ple equations involving arrays can be kept in the second
phase, as long as one only combines exponents for scalars
and only uses substitutions with scalars in the right-hand-
side. (The reason is that if an array has a unit depending
only on the unit of scalar variables multiplied by a fixed
unit then it must be a homogenous array.) One could even
extend this from only scalars to scalars and homogenous
arrays, where operations such as sum(v), max(v), or v*u
(where u is homogenous) imply that v is homogenous.

As the practical tests only found one case with any ben-
efit from naively keeping array equations the difference
between these variants will be minor.

One can construct cases where the difference between
these algorithm matters, e.g.,

Real x;
Real v[3];
Real w[3](each unit="m");

equation
v*v=1; // Normalize
v*x=w;
...

Considering equations involving arrays is needed to find
the unit for v and x. Without any special logic for v*v,
we can solve the second equation for u[v]→ m/u[x], and
substitute that in the first equation to give u[x] → m and
thus u[v]→ 1.

5 Future Work
The most important future work for the Modelica Lan-
guage is to get an agreement on the unit rules. For tools
the important part is implementing these rules.

For libraries (not only MSL) the first part is to remove
any unit errors and in some cases incorrect units. A par-
ticular consideration is to use rational exponents consis-
tently, both in units-string (added by Modelica Associ-
ation (2025a)) and in models. For models this implies
one should use sqrt(x) instead of x^0.5 and nthRoot

(V, 3) instead of V^(1/3) (also introduced by Model-
ica Association (2025a)). Automatically handling some
common rational exponents (with diagnostics) is possible
and helpful for users, but using sqrt and nthRoot more
clearly shows the intent.

Unit handling in equations involving arrays could be
investigated further. An obvious improvement would be
to prove that some operations require homogenous input
(such as sum and cross) and view their inputs as homoge-
nous everywhere.

Combining this approach with the analysis on sub-
components for partial result as by Broman, Aronsson,
and Fritzson (2008) would be interesting. Having the pos-
sibility to store the inferred units in the model seems like
a natural possibility for the future, but it seems redundant
and if too automated it may include dubious units like “s-
1” instead of either “rad/s” or “Hz”.

5.1 Proposed Extensions
Adding a generic type for the dimensionless case to
Modelica.Units.SI would make it easy to clarify the
many cases where a variable is known to be dimension-
less (there are already a number of types for specific di-
mensionless quantities).

Having the possibility to disable unit-checking for a
specific equation, or all equations in a model has been
found useful. That basically means that no unit-equations
are added for the corresponding equations. Testing of the
Buildings 10.0.0 library, (Wetter et al. 2014), similarly re-
vealed a need to disable the the new rules for literals on
the package level.

For converting between different prefixed SI-units,
or non-SI-unit it would be beneficial to have a function
UnitConvert(a, fromUnit, toUnit, factor) that
just returns a*factor, that should be the unit-conversion
factor from one unit to another. (Also proposed by
Lambert and Tidefelt (2024)) Having a special name it
clarifies the intent of convertering between the units, and
including the units and the factor it is trivial to implement
for tools that don’t implement units – while still allowing
tools to verify that the factor is correct. The intent is
important as one cannot assume any parameter with such
a unit is a conversion – e.g., an up-hill road could have
slope of 100 mm per m.

6 Conclusions
This paper shows how to unify the simple unit-algorithm
from Mattsson and Elmqvist (2008) traditionally imple-
mented in Dymola with Hindley-Milner unit-inference. It
shows that this will give the benefits of both – preserv-
ing understandable units and locality for the large num-
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ber of simple cases – including arrays, while also getting
units for all the remaining scalar cases. The understand-
able units make it easy to input and interpret values for
variables without a declared units, including switching to
compatible units for display. Any errors will also (with
rare exceptions) be localized to specific equations, where
the units for all involved variables are easy to trace. Even
if the number of additional variables with inferred units
is small, it is still worth in terms of providing a stronger
theoretical basis – especially considering the effort.

Based on experience in Dymola it is even simpler to
implement than the complete simple unit-inference. The
algorithm has been test-implemented in Dymola 2025x
Refresh 1, and will also part of 3D Experience Platform
2026x.

It also shows that only implementing a conventional
Hindley-Milner approach would require more care, both
to get good unit strings and either not work for arrays or
require scalarization for arrays (without any clear benefit).
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A All used unit rules
• Addition, u[z] = u[x],u[y] = u[x] for z = x + y,
z = x - y, z = x .+ y, z = x .- y,
z = min(x, y), z = max(x, y), z=rem(x, y)2,
z = mod(x, y)2, and z = homotopy(x, y)2.

• Multiplication3, u[z] = u[x] · u[y] for z = x * y,
z = x .* y, and z = cross(x, y).

• Division3, u[z] = u[x]/u[y] for z = x / y, and
z = x ./ y.

• Trigonometic function, u[z] = 1,u[x] = rad for
z = sin(x), z = cos(x), and z = tan(x).

• Inverse trigonometic function, u[z] = rad,u[x] = 1 for
z = asin(x), z = acos(x), and z = atan(x).

• Differentation, u[z] = u[x]/s for z=der(x).

• Dimensionless function, u[z] = 1, u[x] = 1 for
z = log(x), z = log10(x), z = exp(x),
z = sinh(x), z = cosh(x), and z = tanh(x).

• Propagate first argument, u[z] = u[x] for z = -x,
z = skew(x), z = fill(x, . . .), z=hold(x),
z = noEvent(x), z = noClock(x), z = min(x),
z = max(x), z = abs(x), z = sample(x, . . .)

(clocked version), z = superSample(x, . . .),
z = subSample(x, . . .), z=backSample(x, . . .),
z = shiftSample(x, . . .), z = previous(x),
z = scalar(x), z = vector(x), z = matrix

(x), z = promote(x), z = transpose(x),
z = diagonal(x), z = delay(x, . . .), z = pre(

x), z = actualStream(x)2, and z = inStream(

x)2.

2Implemented after testing
3With special treatment of literals
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• Smooth, u[z] = u[y], for z = smooth(p, y).

• Reinit, u[x] = u[y] for reinit(x, y).

• Root, u[z]n = u[x] for z = nthRoot(x, n) (if we
can evaluate n) and with n = 2 for z = sqrt(x).

• Relations u[x] = u[y] for z = x > y, z = x >=

y, z = x < y, z = x <= y, z = x == y, and
z = x != y.

• Time-units, u[z] = s, for z=time, and z=interval()

• Truncated division u[z] = 1, u[x] = u[y] for
z = div(x, y)2.

• Rounding u[z] = 1, u[x] = 1 for z = floor(x)2,
z = ceil(x)2, and z = integer(x)2.

• Arctan2 u[z] = rad, u[x] = u[y] for z=atan2(x, y)2.

• Semilinear u[z] = u[m] · u[x], u[x] = u[y] for
z = semiLinear(m , x, y)2.

• Integer power, u[z] = u[x]n for z=x^n if integer ex-
pression n (and ignored unless we can evaluate n).

• Non-integer power, u[z] = 1, u[x] = 1, u[y] = 1 for
z=x^y if y is not an integer expression.

• Sample, u[x] = s, u[y] = s for sample(x, y)2 (non-
clocked version).

• Condition, u[z] = u[x], u[y] = u[x] for z=if c then
x else y if c is not an evaluated expression.

• Only propagate arrays if either side has homogenous
unit, u[z] = u[x1] = . . .= u[xn] for z = {x1, . . ., xn}

, z = [x1, . . ., xn], z=[x1; . . .; xn], and z = cat

(p, x1, . . ., xn) (ignoring p).

• Array subscripting z = x[i] if i is literal then treat
u[xi] as scalar, otherwise only propagate from ho-
mogenous u[x] to u[z],

• Special case for literals and zeros(. . .) (the latter to
handle equation a.f + b.f = zeros(3);).

• Connect-statements are handled by checking the
equations generated from the connection-sets, the de-
tails will only impact diagnostics for incorrect mod-
els.

B Gcd-case
For completeness we will present the gcd-case for the al-
gorithm, even if we haven’t seen any practical models re-
quiring this.

model GcdCase
Real x;
parameter Real y=1;
Real area(unit="m2");
parameter Real T(unit="s");

equation
der(area)=x^4*y^6;
T*area=x^4*y^(-6);

end GcdCase;

After some substitutions we get the unit-equations:

1 = u[x]4 ·u[y]6 · s
m2 (33)

1 = u[x]4 ·u[y]−6 · 1
s ·m2 (34)

for the first equation we introduce a new variable
u[z]→ u[x] ·u[y] (35)

giving (36)

1 = u[z]4 ·u[y]2 · s
m2 (37)

1 = u[z]4 ·u[y]−10 · 1
s ·m2 (38)

importantly we solve the same equation again for y

u[y]→ (m2 · s)1/2 ·u[z]−2 (39)

1 = u[z]24 · s4

m12 (40)

giving

u[z]→ s1/6

m1/2 (41)

u[y]→ s−1/6 (42)

u[x]→ m1/2 (43)

The example is as contrived as it looks, but it shows that
the case can be handled. The introduced variable has ex-
ponents corresponding to truncated integer division for all
of the other exponents, which corresponds to one step in
the normal algorithm for greatest common divisor. It stops
when the new smallest exponent divides all others, and
that exponent is the greatest common divisor (in this case
2).
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Abstract
There are many situations in which a Modelica model
needs to handle quantities which are not expressed in the
often preferred unscaled SI units. Applying correct unit
conversions is extremely important in such situations, and
the risk of human error needs to be mitigated using unit-
aware technology. Considering the power of unit check-
ing mechanisms in several Modelica tools today, one can
be surprised that unit conversion in Modelica still needs to
be performed using error-prone user-written formulas and
functions. It is demonstrated how automatic and implicit
unit conversion can be introduced in Modelica, and that
this can be done safely. The benefits of this approach are
illustrated in a variety of examples and applications.
Keywords: unit checking, unit conversion, Modelica

1 Introduction
1.1 Why model with units?
Units of measurement, in this work simply referred to
as units, play an important role in the modeling domains
where Modelica is used for several reasons. An often cited
reason is that attention to units of measurement would
have avoided some spectacular engineering failures in the
past due to mixing up numbers in metric units with num-
bers in non-metric units. Another reason is that use of
units of measurement allows dimensional analysis of pro-
grams, allowing certain errors in expressions and equa-
tions to be detected during model translation. Units of
measurement also enrich the presentation of computed re-
sults, and give hints regarding the kind of quantity that
computed numbers represent. A key convenience of work-
ing with unit aware tooling is also the possibility of sepa-
rating the units used in numeric computation and storage
of results, from the units used to conveniently enter pa-
rameter values and display results.

1.2 The use of unit conversion in Modelica
If all units in the world of Modelica models were equiv-
alent to unscaled SI base units, there would be no reason
to have support for unit conversion. However, many Mod-
elica models exist in a context where also other units are
used, and in such tool chains there needs to be proper sup-
port for keeping track of and converting between units in
order to avoid the sometimes subtle but catastrophic con-
sequences of interpreting numeric values with an incorrect
understanding of the associated units. In a complex envi-

ronment where a Modelica model is interfaced with sur-
rounding systems, it is hard to imagine a better place for
performing the necessary unit conversions than inside of
the Modelica model – it would be unreasonable to expect
that all of the surrounding systems should be capable of
adapting their interfaces to a choice of units governed by
the Modelica model.

1.3 Unit conversion in Modelica today
There are two common approaches to performing unit
conversions in Modelica models today, namely unit con-
version factors (possibly embedded in gain blocks) and
unit conversion functions. The Modelica Standard Library
contains a selection of unit conversion functions as well as
examples of using gain blocks with conversion factors.

The approach of using a dedicated function for every
supported unit conversion does not scale well to the gen-
eral task of performing conversion between any pair of
conversion compatible units.

With the conversion factor approach, conversions are
often created as needed instead of being provided as a col-
lection of predefined conversions. This makes the method
of using displayUnit = "1" a viable technique for man-
ually setting the correct value of the conversion ratio – the
correct value is 1 when expressed in the unit "1", reflect-
ing that there is no scaling in terms of value of quantity:

Real x(unit = "m");
Real y(unit = "yd");
final constant Real m_per_yd(

unit = "m/yd", displayUnit = "1")
= 0.9144;

equation
x = m_per_yd * y;

However, when a conversion factor is used in equations
like above there is a high risk that the value will rarely be
seen expressed in the display unit, making it a potential
source of error.

On the other hand, when the conversion factor is em-
bedded in a gain block, the gain block with a gain dis-
played as 1 may appear as unnecessary clutter to an un-
trained eye, or to someone who is not familiar with the
need for explicit unit conversion in Modelica. If the
displayUnit is removed, the gain block might appear
less like unnecessary clutter due to no longer displaying
a gain of 1, but at the cost of no longer making it obvious
that the block is merely performing a unit conversion, not
actually scaling the value of quantity.
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1.4 State of the art
General purpose computer algebra systems with unit han-
dling tend to allow implicit unit conversion. For instance,
all of the following computer algebra systems support
adding values of quantity expressed in different units:
Wolfram Language, Maple (through the Units package),
Python (through the Pint package), Julia (through the
Unitful.jl package), and JavaScript (through the Math.js
library). Further, none of the systems allow adding, say,
a length to a numeric value. (Wolfram Language – Quan-
tity 2025; Maple – Tutorials Part 10: Units 2025; Pint
– Tutorial 2025; Unitful.jl – Conversion/promotion 2025;
Math.js – Units 2025)

An interesting feature of Unitful.jl which is particularly
relevant for the current work is the FixedUnits concept.
It is a mechanism for locally taking control over the im-
plicit unit conversion by disabling it.

Likewise, in systems for causal modeling, the
widespread Simulink software offers implicit unit conver-
sion between connected blocks. There is also a block for
explicit unit conversion, but no block for getting automatic
unit conversion at a particular place in a model.(Simulink
– Converting Units 2025)

On the more formal side, Kennedy (1997) argues that
one reason for annotating programs with units of mea-
surement rather than physical dimensions is that it enables
compilers to automatically inject unit conversions.

When it comes to Modelica, unit handling is less de-
veloped, explained partly by the added complexity that
comes with not having prescribed causality of computa-
tions, but probably partly also due to the difficulties caused
by not having a syntax for attaching units to numeric lit-
erals. Early developments include Mattsson and Elmqvist
(2008) and Aronsson and Broman (2009), but to date the
only thing which has been formalized in the Modelica lan-
guage is the string syntax for expressing units. That said,
the use of display units is well established, allowing val-
ues of a variable to be displayed or entered in a different
unit than the unit used for the underlying numeric repre-
sentation. This means that existing Modelica tools already
have capabilities for unit conversion, but these capabilities
are not leveraged by the Modelica language.

Several Modelica tools implement unit checking with
unit inference, and even though implementation details
differ, there are no major controversies regarding whether
a model is using units consistently or not. It is an on-
going work to standardize unit checking in Modelica, so
that a model considered consistent by one tool will also be
considered consistent by other tools. To our knowledge,
no Modelica tool is currently supporting a non-standard
extension for allowing automatic or implicit unit conver-
sions.

1.5 Limitations
This work does not elaborate the handling of units with
offsets – typically temperature units – for which there is

a difference in the interpretation of a unit depending on
whether a value of quantity is relative or absolute. The
limitation is a matter of presentation; the unit handling
framework in which the current work has been imple-
mented also supports the distinction between relative and
absolute values of quantity, but a discussion of its design
in this regard would overshadow the cetral topic of this
work.

The unit symbols required to be recognized according
to the Modelica specification are not even sufficient to sup-
port the Modelica Standard Library – for instance, the unit
of the Pressure_bar type is the “non-standard” (that is,
not supported by the Modelica specification) "bar". In or-
der to more closely relate to real world applications with
need for unit conversion, examples in this work also make
use of non-standard units such as "lb". All of these and
many more are supported out of the box by the computer
algebra systems mentioned in subsection 1.4, and the au-
thors believe that Modelica one way or another will need
to develop in the same direction. In the meantime, there
are several ways in which a Modelica tool could provide
support for non-standard units. For example, the unit han-
dling framwork used here supports all units appearing in
the Modelica Standard Library and a conservative selec-
tion of additional well established units out of the box, and
also supports per-library customization through vendor-
specific Modelica annotations. It is a limitation of this
work that the question of how to ensure a consistent se-
lection of non-standard units across tools is not addressed,
but the proposed ideas for unit conversion would remain
relevant also with only current Modelica’s standard units
since the standard supports the use of unit prefixes (as in
"mm") as well as several unit symbols for time and volume.
For example, "L/min" is a standard Modelica unit which
might require conversion to, say, "m3/s".

2 Notation and preliminaries
2.1 Notation
Concrete units will be written in the style of their Mod-
elica string representation. For example, "m" represents
the meter, and "1" represents the unit of a dimensionless
number.

A numeric value refers to a real number without unit.
For instance, 1.5 is a numeric value. Numeric value is not
the same as dimensionless number, as the latter has a unit
of "1".

The combination of a numeric value and a unit is de-
noted a value of quantity. (In other contexts, this may also
be referred to as a value or a quantity, but both these terms
already have conflicting established meanings in the Mod-
elica context.)

Objects with unit (values of quantity, variables, expres-
sions, etc) belong to a quantity space, which is either an
affine space or vector space. Values of quantity in affine
space are often said to be absolute, while values in vector
space are sometimes said to be relative.

Implicit Unit Conversion in Modelica 
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A numeric literal is said to have empty unit.

2.2 Simple non-standard operators for unit
handling

In order to not distract from the central topic of this work
in the following sections, a few simple non-standard oper-
ators for unit handling will be taken for granted.

2.2.1 Construction of value of quantity
The non-standard expression withUnit(x, u) constructs
a value of quantity with numeric value x and unit u. The
expression x shall have empty unit.

Example:

Real x = withUnit(1.0, "m");

When withUnit is used with literal operands, the ex-
pression is referred to as a unitful literal.

There are several appealing alternatives for using spe-
cial syntax instead of calling the operator by its name as
above. In this work, a unitful literal may be constructed
by providing the unit in the form of a quoted identifier fol-
lowing the numeric literal:

Real x = 1.0'm';

2.2.2 Fixed unit conversion
The expression inUnit(v, u) is used to express the value
of quantity v in the unit u. The expression v shall not have
empty unit. The unit u shall be given by a constant ex-
pression and be conversion-compatible to the unit of v.
The inUnit is an affine function of its first operand, and a
tool can inline calls early to reduce the need for symbolic
processing rules.

Example:

Real x(unit = "m") = 1.0;
Real y(unit = "yd") = inUnit(x, "yd");

This operation only uses the same sort of information
that Modelica tools need to possess in order to support
display unit conversions, with the difference that the in-
formation is needed during model translation rather than
when editing values or plotting results.

2.2.3 Extraction of numeric value
The expression withoutUnit(v, u) obtains the numeric
value of the value of quantity v expressed in the unit u.
The expression v shall not have empty unit. The unit u
shall be given by a constant expression and be conversion-
compatible to the unit of v. The returned numeric value
has empty unit.

For example, this can be used to make a unit-safe func-
tion for an empirical relation which only holds for a par-
ticular choice of units, while the function interface is free
to use a more common choice of units:

function empirical
input Real u(unit = "kg");
output Real y(unit = "kg") =
inUnit(y_lb, "kg");

protected

Real u_lb = withoutUnit(u, "lb");
Real y_lb =

someEmpiricalRelationInPounds(u_lb);
end empirical;

3 Unit checking machinery
This section gives a very brief overview of the constraint-
based approach to unit checking which is the founda-
tion for the extended semantics proposed in this work.
It is based on ideas found in Hindley-Milner type sys-
tems.(Hindley 1969; Milner 1978) The description in this
section describes the machinery without support for im-
plicit unit conversion, currently in use in Wolfram System
Modeler for checking unit consistency in agreement with
common (still not standardized) understanding of how
units should be used in current Modelica. A more detailed
description of the machinery is outside the scope of this
work, but is available in the form of a pull request within
the Modelica Change Proposal MCP-0027 Unit checking
(currently in the state In Development).(Lambert and Tide-
felt 2024) Although currently not standardized, the unit
semantics resulting from the machinery presented in this
section will be denoted the current semantics. In subsec-
tion 6.2, it will then be shown how the machinery can be
extended to support automatic and implicit unit conver-
sion.

In addition to the unit of an expression, the machin-
ery also keeps track of the quantity space. Similar to unit
checking, there are rules for quantity space checking, and
the rules may be used for inference of quantity space.
While details of the quantity space handling are outside
the scope of this work, it should be mentioned that it is
largely independent of the handling of units. In particular,
the constraint-based approach to unit checking described
in this work is carried out without modification also when
quantity space is considered, but it must be remembered
that unit inference does not consider – and hence does
not determine – unit offsets. For vector quantity space,
unit offsets are irrelevant, and hence units inferred by unit
checking are fully accurate. For affine vector space on the
other hand, unit offsets matter, and in principle it is a re-
sponsibility of quantity space checking to determine them.
Alternatively – and this is by far the most common situa-
tion and corresponding to the limitations of this work – if
an inferred unit has zero offset and all conversion compat-
ible units also have zero offset, then knowing the quantity
space is neither needed to conclude that the correct off-
set would be zero in case of affine quantity space, nor to
perform correct unit conversion. Hence, it would be need-
lessly strict to make unknown quantity space an error in
this situation, and it can be seen that quantity space check-
ing can be safely ignored as long as units with offset are
not considered.

Unit checking is carried out by solving a set of unit
equivalence compatibility constraints. The unknowns are
a combination of unit variables associated with variables
in the model, and auxiliary variables introduced during the
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process of collecting the constraints. A constraint is a rela-
tion between two unit meta-expressions, a very simple ex-
pression language with operations for multiplication, rais-
ing to a power, and differentiation.

In order to make unit inconsistency an error according
to the Modelica specification, it needs to be a tool inde-
pendent property of a model. To this end, the collection
of unit constraints takes place at an early stage of model
translation where expressions and equations still have a
close and dirrect correspondence to the original Modelica
input. (Alternative approaches to unit checking applied
at later stages of model translation might be easier to im-
plement, but be difficult to define in such a way that unit
consistency would become a tool independent property of
a model.)

The literals of the meta-expression language, denoted
meta-literals, consist of the concrete units, the empty unit,
and the undefined unit. The concrete units correspond to
well-formed Modelica unit strings. A constraint is triv-
ially satisfied if either side is empty or undefined, and the
inference will never determine a unit variable as empty or
undefined. Hence, after completed unit inference, each
unit variable will either be determined as a concrete unit
or left undetermined.

The notation varu is used for the unit variable associ-
ated with the model variable var.

4 Shift of mindset
4.1 The unit equivalence mindset
In current Modelica there is an unstated mindset based on
unit equivalence. For example, it is generally expected
that this model shall pass unit checking:

Real x(unit = "J/s");
Real y(unit = "W") = x;

That is, the unit of y ("W") does not need to be written
identically to the unit of its binding equation ("J/s").

Adding expressions with equivalent units comes down
to just adding numeric values:

Real x(unit = "J/s") = 1.0;
Real y(unit = "W") = 2.0;
Real z = x + y;

It suffices to assume that there is no unit inconsistency in
order to conclude that the numeric value of z is 3.0. Units
only serve as complementary information to the numeric
values, but have no impact on the computation of numeric
values. A unit for z can be determined by unit inference,
and it is not perceived as a problem that the exact form
of the unit is not uniquely defined; knowing that the in-
ferred unit for z will be equivalent to both "J/s" and "W"

is enough.
When all expressions have units, and units are used con-

sistently, mathematical field axioms are fulfilled. For ex-
ample, let

Real x(unit = "s");
Real y(unit = "s");

Real z(unit = "s");
Real u(unit = "m");

Then the following properties hold:

• Commutativity: x + y = y + x

• Associativity: (x + y) + z = x + (y + z)

• Distributivity: u * (x + y) = u * x + u * y

When empty literals are present, there is a tradeoff be-
tween convenience and possibility of detecting unit incon-
sistencies. Standardization of unit checking is pointing in
the direction of avoiding the “wildcard effect” of literals
in multiplicative expressions:

// OK, 1 .0 e f f e c t i v e l y has un i t " s " :
Real a(unit = "s") = x + 1.0;
// Error , 1 .0 e f f e c t i v e l y has un i t "1":
Real b(unit = "m.s") = u * 1.0;

Unfortunately, this means that multiplication does not dis-
tribute over addition in Modelica:

Real c = u * (x + 1.0); // OK
Real d = u * x + u * 1.0; // Er ro r

The semantics proposed in this work will preserve the
important properties of commutativity and associativity.
Likewise, distributivity will be preserved when all expres-
sions have units.

To fix the problem with general distributivity in Model-
ica will require another approach with is outside the scope
of this work, namely broad adoption of unitful literals, so
that all remaining literals written without unit can be as-
signed the unit "1". For example, u * (x + 1.0's') =
u * x + u * 1.0's'.

4.2 The value of quantity mindset
As long as units are used consistently, the particular
choices of units become less important, and it becomes
possible to view the relations in the model in terms of re-
lated values of quantity rather than the numeric values that
would vary with the choice of units. This mindset requires
trust in two things:

• Correctness of annotated as well as inferred units.

• That consumers of translated models pay proper at-
tention to units, annotated as well as inferred.

It is of particular importance that a numeric value together
with a unit of measurement is understood as just one of
infinitely many equivalent representations of the same un-
derlying value of quantity.

To establish the required trust is beyond the scope of
this work. However, recent developments in unit checking
in common Modelica tools as well as awareness of gained
quality of existing Modelica libraries thanks to unit check-
ing support in tools, is expected to build up such trust over
time.

Implicit Unit Conversion in Modelica 
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5 From error to automatic resolution
This section presents a sequence of models, giving a natu-
ral progression from how an equation which is erroneous
according to current semantics, eventually can be inter-
preted as valid thanks to an implicit unit conversion. De-
tails of the implicit unit conversion will be given in sec-
tion 6.

5.1 Unit inconsistency is an error
A prerequisite for this work is that inconsistent use of units
is an error.

Real x(unit = "m") = 1.0;
Real y(unit = "yd");

equation
// P r e r e q u i s i t e that t h i s i s an e r r o r :
x = y;

Thanks to being an error to start with, it will be possible
to define semantics without breaking backwards compati-
bility.

5.2 Explicit unit conversion
The inconsistency can be resolved using inUnit for ex-
plicit unit conversion:

Real x(unit = "m") = 1.0;
Real y(unit = "yd");

equation
x = inUnit(y, "m");

5.3 Explicit automatic unit conversion
A non-standard operator named autoUnit will be used to
denote explicit automatic unit conversion. The operator is
similar to inUnit, except that the target unit of the con-
version is determined from the context.

Let e be an expression of the form autoUnit(e1), and
let unit(e) denote the unit of the expression e. Similar to
additive operators, a unit variable is conceptually intro-
duced for unit(e). No unit constraints are associated with
the autoUnit expressions, but all of the following shall
hold after completed unit inference:

• unit(e) is a concrete unit.

• unit(e1) is a concrete unit.

• unit(e1) is convertible to unit(e).

After completed unit inference, autoUnit(e1) is replaced
with inUnit(e1, unit(e)).

Applying autoUnit to resolve the unit inconsistency
above:

x = autoUnit(y);

5.4 Implicit unit conversion
Finally, as an alternative to explicitly introducing
autoUnit calls to resolve unit conflicts, it only remains
to let the tool implicitly introduce inUnit calls where a
unit inconsistency between conversion-compatible units

would otherwise result. Considering that different ways
of resolving a unit conflict using unit conversion may re-
sult in different interpretation of empty unit expressions
as values of quantity, it must be ensured that implicit unit
conversion does not cause any actual or apparent ambigu-
ity of computed values of quantity. How to ensure this is
the topic of section 6.

Now, the equation originally considered to be in error
is instead interpreted as having implicit unit conversion:

x = y;

6 Well-defined values of quantity
This section describes how the unit checking machinery
can be extended to support implicit unit conversion with-
out introducing ill or even poorly defined values of quan-
tity. In order to serve as a viable extension of current Mod-
elica, the design will meet the following criteria:

• No change of semantics for models free of unit errors
according to current semantics.

• No actual or apparent ambiguity of computed values
of quantity.

• Preserved associativity and commutativity of addi-
tion.

The first of these items is obtained by only allowing im-
plicit unit conversion where the current semantics would
have detected a unit inconsistency. Therefore, existing
Modelica programs free of unit inconsistency will remain
unaffected by the introduction of implicit unit conversion
in the language.

The last two items are related, and will be addressed in
the following.

6.1 The potential source of ambiguity
When a potential unit inconsistency is resolved using
inUnit, it is important to be aware that different choices
may lead to different interpretations of empty unit expres-
sions. Consider the following expression, without allow-
ing implicit unit conversion:

1.0'cm' + 0.5 + 1.0'm'

The expression has a unit inconsistency which can be re-
solved using unit conversion. Here, the conflict will be
resolved using inUnit. It would also be possible to use
the more convenient autoUnit, but this might have ob-
scured the fact that the problem is unrelated to the auto-
matic choice of unit.

All of the following are valid ways of resolving the unit
inconsistency:

inUnit(1.0'cm', "m") + 0.5 + 1.0'm'
inUnit(1.0'cm' + 0.5, "m") + 1.0'm'
1.0'cm' + inUnit(0.5 + 1.0'm', "cm")
1.0'cm' + 0.5 + inUnit(1.0'm', "cm")
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Note how the interpretation of the literal 0.5 is affected
by where inUnit is applied. This demonstrates that the
explicit use of inUnit (or autoUnit) gives control over
the interpretation of empty unit expressions.

This is also where the danger of implicit unit conver-
sion lies; if the inconsistency was automatically resolved
by the tool introducing inUnit somewhere in the expres-
sion, the interpretation of 0.5 would seem ambiguous, es-
pecially to someone who expected addition to be commu-
tative and associative. The authors believe that even if a
unique choice of unit for 0.5 could be defined without
sacrificing commutativity and associativity, the rules for
implicit conversion would become too unintuitive to be
of practical relevance with human users in mind. Instead,
implicit unit conversion needs to be constrained so that the
interpretation of empty unit expressions remains as intu-
itive as in current Modelica.

In subsection 6.2, the rules for implicit unit conversion
will be defined so that the problematic cases above can be
rejected.

6.2 Extensions to unit checking machinery
This section describes how the unit checking machinery
from section 3 is extended to support implicit unit con-
version. The unit semantics resulting from the extended
machinery is denoted the extended semantics.

It is observed that in almost all situations where a unit
constraint is introduced according to the current seman-
tics, at least one side of the constraint corresponds to an
expression which could be wrapped in inUnit(. . .) to re-
solve a unit inconsistency. The two exceptions are unit-
attributes and connect-equations.

The unit-attribute exception is not a problem, since
there are good reasons anyway to constrain the unit in-
ference by giving these constraints priority over all other
constraints in the sense that a unit variable is always
solved from its unit-attribute constraint in case one ex-
ists. It follows that these constraints are never resolved
using implicit unit conversion. Besides ensuring that unit
-attributes are obeyed exactly for the variable they belong
to, this also provides an important mechanism for delim-
iting the potential issues associated with allowing implicit
unit conversion.

A connect-equation constraint is an exception since
neither operand of connect is allowed to be an inUnit

(. . .) expression, and this exception will be dealt with to-
wards the end of this section.

The extended semantics for the non-exceptional cases
is that unit constraints are now introduced in the form
of directed equivalence compatibility of two unit meta-
expressions. When x is required to be equivalence com-
patible to y, the direction from x to y shall indicate that x
corresponds to an expression that can be unit converted if
needed. When a unit constraint free of unit variables is
obtained during inference, it is first checked whether it is
equivalence compatible. If it is, there is no need of unit
conversion and the constraint can safely be dropped. Oth-

erwise, if it is not convertibility compatible, there is a unit
inconsistency that implicit conversion cannot resolve. In
the remaining case, implicit unit conversion is tentatively
injected on the source side of the constraint in order to
establish equivalence compatibility. After completed unit
inference, the tentatively introduced conversions are ana-
lyzed to ensure that they do not introduce ambiguous val-
ues of quantity. This analysis is denoted robustness anal-
ysis and will be described below.

Computations where all Real expressions have units,
and the units are used consistently, have uniquely defined
values of quantity as outcome – the alternative would have
been a serious flaw of the current semantics. Similarly,
computations where all Real expressions have empty
unit, are interpreted as operations on real numbers, and
since no units are present, there is no risk of ambiguity
due to automatic unit conversions. The risk of ambiguity
arises where the two kinds of computation meet, due to the
Modelica convention of treating an empty unit expression
as if it had a unit which fulfills a unit constraint with a
concrete unit on the other side.

In the extended semantics, units determined by the unit
inference machinery are only uniquely determined up to
convertibility. For example, a variable could end up get-
ting the unit "J" or the unit "kN.m" depending on how
the unit constraints are processed, but the ambiguity in the
unit of a variable isn’t by itself causing ambiguous val-
ues of quantity. The ambiguous values of quantity arise
when an ambiguous unit is used to interpret an empty unit
expression as a value of quantity.

Ambiguous units originate where a tentative unit con-
version is introduced, since it is generally not uniquely
defined where the conversion must be introduced. Such
a unit constraint is denoted an origin of ambiguity. The
ambiguity of the constraint gets propagated to any unit
variable solved from the constraint. If a unit variable is
found to be ambiguous, the ambiguity gets propagated to
all unit constraints where the unit variable is present. If
the variable x has a unit-attribute, then xu does not prop-
agate ambiguity and is said to be robust by definition. If
the propagation of ambiguity back and forth between con-
straints and unit variables reaches a constraint where the
empty unit is on one side of the constraint, then an am-
biguous value of quantity has been detected, a situation
which will be denoted a robustness conflict.

Thus, robustness analysis comes down to showing that
there are no robustness conflicts. This problem is naturally
studied on the bipartite incidence graph of unit constraints
and unit variables. A constraint where one side is empty
or undefined is said to be an origin of fragility. Existence
of a robustness conflict is equivalent to existence of a path
in the graph from an origin of ambiguity to an origin of
fragility, after excluding the variables which are robust by
definition. Such a path is denoted a robustness conflict
path.

Note that the origins of ambiguity in a robustness analy-
sis graph depend on the order in which the unit constraints
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are processed during unit inference, so other implemen-
tations are likely to produce different graphs. However,
if one implementation marks a constraint as an origin of
ambiguity, another implementation will also mark a con-
straint as origin of ambiguity within reach from the former
constraint. Hence, the existence of a robustness conflict
path will not depend on the order in which the constraints
are processed.

Returning to the exception of connect-equations, the
only difference in the handling compared to other equa-
tions is that the introduction of inUnit(. . .) to resolve
unit conflicts is delayed until the connection set equations
have been generated. For instance, the robustness anal-
ysis makes no difference between unit constraints com-
ing from connect-equations and unit constraints coming
from other equations; the need for implicit unit conversion
in the constraint of one connect-equation will be an ori-
gin of ambiguity, and as all the connectors in the connec-
tion set will be connected in the robustness analysis graph,
the ambiguity will reach the entire connection set. At the
time of elaborating the connection set equations, it must
be remembered that the established unit consistency of the
connect-equations is only for convertibility, not equiv-
alence. For each generated flow or potential equation a
common unit for the equation is selected among the ones
which are already present; this will ensure that no implicit
unit conversion in the connection set equation will take
place when all units are equivalent. Then all terms of the
flow or potential equation are conceptually converted to
the common unit using inUnit(. . .) (which will be a no-
op in case the term already has a unit which is equivalent
to the common unit).

6.3 Examples
Examples in this section will be illustrated using the fol-
lowing conventions for the display of a robustness analysis
graph:

• Constraint vertices are placed to the left, and variable
vertices to the right.

• An origin of ambiguity is colored in blue, and an ori-
gin of fragility is colored in orange. The remaining
constraint vertices have dark gray color.

• A variable which is robust by definition is colored in
light gray, while other variables have dark gray color.

• All edges incident to robust variables are colored in
light gray (they cannot be part of robustness conflict
paths). Edges reachable from an origin of ambiguity
are drawn with an arrow in the direction of increasing
distance to the origin of ambiguity. The remaining
edges are drawn with dashed line and without arrow.

• In a constraint, empty is presented as ∅, and
undefined as ?.

With this representation, existence of a robustness con-
flict path corresponds to an orange vertex with an incom-
ing arrow. A robustness conflict path can then be recon-
structed by following the directed edges in reverse direc-
tion until a blue vertex is reached. Note that the robust-
ness analysis graphs presented below correspond to one
of many possible orders of processing the unit constraints,
but that while other implementations are likely to find
other origins of ambiguity, the existence of a robustness
conflict path does not depend on the order in which the
constraints are processed.

u3 ∼ xu

xu ∼∅
yu ∼∅
u3 ∼ u2

zu ∼ u3

yu ∼ "mm"

xu
yu
zu

u2

u3

Figure 1. Robustness analysis graph without conflict path.

Consider the following simple model with explicit au-
tomatic unit conversion:

Real x(unit = "m") = 0.1;
Real y(min = 1.0'mm') = 10.0;
Real z = x + autoUnit(y);

The robustness analysis graph in Figure 1 contains ori-
gins of fragility, but no origins of ambiguity since all unit
constraints are fulfilled without implicit unit conversion.
Without any origins of ambiguity there cannot be any ro-
bustness conflict.

Now consider the same model again, but without
autoUnit:

Real x(unit = "m") = 0.1;
Real y(min = 1.0'mm') = 10.0;
Real z = x + y;

The robustness analysis graph in Figure 2 contains a ro-
bustness conflict path leading to the fragile constraint for
the binding of y.

u2 ∼ xu
xu ∼∅
yu ∼∅
u2 ∼ yu
zu ∼ u2

yu ∼ "mm"

xu
yu
zu

u2

Figure 2. Robustness analysis graph with conflict path.

By adding a unit-attribute for y, the robustness conflict
path is cut by the removal of the node yu. Then, add the
literal 1.0 the sum:

Real x(unit = "m") = 0.1;
Real y(unit = "mm") = 10.0;
Real z = x + 1.0 + y;
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The robustness analysis graph in Figure 3 contains a ro-
bustness conflict path also this time.

u3 ∼ u2

u2 ∼∅
xu ∼∅
yu ∼∅
u3 ∼ yu
zu ∼ u3

u2 ∼ xu

xu
yu
zu

u2

u3

Figure 3. Robustness analysis graph with conflict path.

Now change units so that unit conversion is not needed:

Real x(unit = "m") = 0.1;
Real y(unit = "m") = 0.01;
Real z = x + 1.0 + y;

This is robustness analysis applied to existing Modelica
models in a nutshell; there are plenty of origins of fragility,
but no origins of ambiguity. As expected, the robustness
analysis graph in Figure 4 has no robustness conflict path.

u3 ∼ u2

u2 ∼∅
xu ∼∅
yu ∼∅
u3 ∼ yu
zu ∼ u3

u2 ∼ xu

xu
yu
zu

u2

u3

Figure 4. Robustness analysis graph without conflict path.

Robustness analysis doesn’t require that all unit vari-
ables have been determined:

Real x = 2.0; // Undetermined un i t
Real y = 3.0; // Undetermined un i t
Real z = 1'm' + 100'cm';
Real u = x + y * z;

As expected, the robustness analysis graph in Figure 5 has
a robustness conflict path.

u2 ∼ xu

u3 ∼ "m"

xu ∼∅
yu ∼∅

u2 ∼ yu zu

uu ∼ u2

zu ∼ u3

u3 ∼ "cm"

uu

xu
yu
zu

u2

u3

Figure 5. Robustness analysis graph with conflict path.

A consequence of the desire to avoid the “wildcard ef-
fect” of empty literals in current Modelica is that mul-
tiplication does not distribute over addition when empty
literals are present:

Real x(unit = "m") = 2.0;
Real y(unit = "m") = 3.0;
Real u = x * (1.0 + y); // 6 .0 'm2 '
Real v = x * 1.0 + x * y; // I n c o n s i s t e n t

Since there is a constraint which cannot be resolved us-
ing implicit unit conversion, robustness analysis is neither
needed nor applicable.

The following equation is considered consistent in units
according to current Modelica, and is therefore also con-
sidered valid with the extended semantics:

Real x(unit = "m");
equation
x = 2.0;

Note how the literal 2.0 gets its unit from the other side
of the equation. The robustness analysis graph in Figure 6
has no robustness conflict path.

xu ∼∅ xu

Figure 6. Robustness analysis graph without conflict path.

Now try to adding the same value of quantity to both
sides of the equation:

Real x(unit = "m");
equation
x + 300.0'mm' = 2.0 + 300.0'mm';

Looking at the right-hand side alone, the addition of
300 millimeters has changed it from 2000 millimeters to
302 millimeters, a quite unpleasant surprise. It is reassur-
ing to see that the robustness analysis graph in Figure 7
has a robustness conflict path.

u2 ∼ "mm"

u3 ∼∅
u3 ∼ "mm"

u2 ∼ u3

u2 ∼ xu

xu

u2

u3

Figure 7. Robustness analysis graph with conflict path.

Consider subtracting the same literal without unit from
both sides of an equation:

Real x1(unit = "m");
Real x2(unit = "m");

equation
x1 + 1 = 1.0'mm';
x2 = 1.0'mm' - 1;

The solutions to the two equations are not the same, that
is, the solutions for x1 and x2 are poorly defined values of
quantity. Again, it is reassuring to see that the robustness
analysis graph in Figure 8 has two independent robustness
conflict paths.
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u2 ∼ "mm"

u2 ∼∅
u3 ∼∅

x2u ∼ u3

u3 ∼ "mm"

u2 ∼ x1u

x1u

x2u

u2

u3

Figure 8. Robustness analysis graph with two independent con-
flict paths.

Ambiguity can spread through multiplicative con-
straints:

Real x = 1'cm' + 1'm';
Real y;
Real z = y + 1.0;

equation
1.0'J' = x * y;

The robustness analysis graph – omitted due to space con-
straints – contains a robustness conflict path via yu.

Variation of the previous example:

Real x = 1'cm' + 1'm';
Real y;

equation
1.0'J' = x * (y + 1.0);

The robustness analysis graph in Figure 9 has a robustness
conflict path. That giving y a unit-attribute does not help
is a sign of the conservativeness of the proposed seman-
tics.

u2 ∼ "m"

u3 ∼∅
xu ∼ u2

u3 ∼ yu
"J"∼ xu u3

u2 ∼ "cm"

xu
yu
u2

u3

Figure 9. Robustness analysis graph with conflict path.

The trivial resolution of the conflict is to attach the in-
tended unit to the literal:

1.0'J' = x * (y + 1.0'kN');

When units are undefined, the possibility of implicit
unit conversion must not invalidate models that are valid
according to current conventions:

function f
input Real u;
output Real y = u;

end f;

Real x(unit = "m") = 2.0;
Real y(unit = "mm") = 300.0;
Real u = y + f(x);
Real v = u + 1.0;

Intuitively, however, f(x) should have had unit "m", and
there should be a need for unit conversion resulting in an

origin of ambiguity incident to uu, which in turn would
reach the origin of fragility from u + 1.0. What actu-
ally happens is that f(x) has undefined unit, meaning that
there is no origin of ambiguity in the model and that the
model is accepted also according to the extended seman-
tics.

Now take a model which is inconsistent according to
current Modelica:

Real u = 1.0'cm' + f(2.0'm');
Real v = 1.0'cm' + u + 1.0'mm';

The function call’s undefined unit will lead to an origin of
fragility, and the need for implicit unit conversion means
that there will be at least one origin of ambiguity in the
robustness analysis graph. Without any robust variables
in the graph, it is easy to see that a robustness conflict
path exists. This is in agreement with what would hap-
pen if f(2.0'm') was inlined, so that there would be no
undefined units in the model.

While robustness analysis of equation-based models is
essential for illustrating the principles, the final example
in this section is a component-based model where implicit
conversion is needed in a connection set. Unlike some of
the nontrivial examples above, it is representative of the
simple way in which implicit conversion matters most to
applications. That is, unit-attributes are present near the
place of implicit conversion on both sides, shielding any
origins of fragility in other parts of the model from being
reachable from the origin of ambiguity:

Sources.Constant a(k(unit = "m/h") = 1);
Math.Gain b(u(unit = "mm/s"), k = 1);

equation
connect(a.y, b.u);

7 Applications
In the following, let Convert be the block version of
the inUnit operator, that is, a block for explicit conver-
sion to a given unit. Similarly, let Value, NumericValue
and AutoConvert be the block versions of the withUnit,
withoutUnit and autoUnit operators.

7.1 Eliminating conversion blocks
In current Modelica, a unit conversion block can be cre-
ated by careful parameterization of a gain block:

final Gain from_MW_to_W(
u(unit = "MW"),
y(unit = "W"),
k(unit = "W/MW", displayUnit = "1") = 1e6

);

While the use of displayUnit = "1" helps entering
and verifying that the value of k is correct for the current
choice of source and target units (compare subsection 1.3),
the setup is still error-prone and users who are not familiar
with gain blocks used to perform unit conversion could
find the use confusing.

With inUnit or autoUnit, defining a reusable unit
conversion block is straight-forward, but unnecessary
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when implicit unit conversion is allowed. Instead of us-
ing a unit conversion block between a source with unit
"MW" and a sink with unit "W", the source and sink may
be connected directly. While this may appear strange with
the unit equivalence mindset, it is the natural way of con-
necting the blocks with the value of quantity mindset.

Sometimes, the shift of mindset alone may be enough
to eliminate a conversion block. Here, if the sink would
have been an integrator for computing total amount of
work based on input power, the value of quantity mind-
set makes it less important whether the unit of the total
work is "W.s" or "MW.s". For instance, a user might pre-
fer to use a display unit such as "J" or "kW.h", and then
the underlying unit will not matter for the presentation.

7.2 Working with table data
When table data is expressed in different units than what
is used in the rest of a model, there are several interesting
options based on the proposed extended semantics. As
before, the starting point is to ensure that the table compo-
nent for accessing the data has connectors with correctly
specified unit-attributes.

By putting a Convert block after a table output, it is
possible to read table data in an explicit choice of unit. In
a model made without declared units, a NumericValue

block can be used instead of the Convert block to ac-
cess the table data in the undeclared units assumed by
the model. In a model with declared units, a Convert

block will generally be redundant in view of implicit unit
conversion, but if there is a preference of unit conver-
sion to happen as close as possible to the table block, an
AutoConvert block can be used to pinpoint the transition
between the table’s units and the units used in the rest of
the model.

Similar options exist handling the need for unit conver-
sion of table inputs.

7.3 FMI import
Although the creation of an FMU wrapper model for each
imported FMU opens up the possibility of adding unit con-
version blocks in the wrapper model, the recommended
approach is to use FMU’s units in the interface of the
wrapper model. With this approach, working with FMUs
is even easier than working with table data, since the
FMI standard makes it a responsibility of the FMU import
mechanism to set up correct units in the wrapper model
interface.

7.4 Connecting with external processes
The typical way of connecting a Modelica model to an
external process is to use a library providing blocks for
reading and writing data over some process communica-
tion protocol. Again, the important part of the setup is
to ensure that the block instances for reading and writing
data have correctly configured unit-attributes. When sup-
ported by the communication protocol, the library should
verify that the units configured for the read blocks agree

with incoming data, and that the units configured for write
blocks are transmitted with the written data.

7.5 Combination with unitful literals
Consider setting a length parameter to 40 feet. In current
Modelica, it is not easy for a human looking at the source
code to see that the parameter has a simple value in the
displayUnit:

parameter Real p
(unit="m", displayUnit="ft") = 12.192;

By combining constructs proposed in this work, the in-
tent of the parameter setting can be made clear also to hu-
mans looking at the source code by writing 40'ft' di-
rectly in the declaration equation. Further, if the preferred
unit for plotting the result is not feet, the displayUnit

can be changed independently of the unit used to set the
parameter value.

It is observed that adding dedicated graphical user inter-
face support for this way of expressing declaration equa-
tions would provide a clean solution to the problem of
how many digits to present when display unit conversion
is lossy due to finite precision, such as in the common case
of having degrees as display unit for angles in radians.

7.6 Comparing a ratio to a threshold
Consider some variants of (attempting to) compare a ratio
to a threshold:

Real x = 1.0'm';
Real y = 1.0'cm';
Boolean b1 = x / y > 50;
Boolean b2 = inUnit(x / y, "1") > 50;
Boolean b3 = x / y > 50'1';

In the first case (b1) one gets the quite surprising result
that one meter is not more than 50 times longer than one
centimeter. The second variant is the most verbose, but
gives the desired result and does not rely on implicit con-
version. The third variant is the most compact thanks to
relying on implicit conversion.

8 Future work
It might come as a surprise that the proposed extended
semantics considers the following a robustness conflict:

Real x1 = 1.0'm' + (1.0'mm' + 1.0);

That is, not even parentheses can be used to remove am-
biguity. One idea for future work is therefore to make the
robustness analysis aware of the parentheses.

Depending on how the methods proposed here for lo-
cally taking control over the implicit unit conversions are
received, there could be reasons to explore other options as
well. This would include the FixedUnits approach taken
by Unitful.jl, but the Modelica setting also offers the pos-
sibility of specifying an annotation on the level of a class
or equation for disallowing implicit unit conversion.

The relation between evaluable variability and unit con-
version needs clarification. Here, more work is required
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to analyze the tradeoff between complexity of interleav-
ing parameter evaluation and unit inference, and the limi-
tations that would come with more restrictive approaches
with less implementation effort.

There are currently several tool-specific mechanisms
for defining additional unit symbols beyond the ones re-
quired by the Modelica specification, but a standardization
effort is needed to make use of these units portable across
tools. Alternatively or as a complement, the need for cus-
tomization could easily be mitigated by adding many more
well established units to the Modelica specification, and
having well established units in the specification would
also reduce risk of conflicting custom definitions or mul-
tiple symbols being introduced for the same unit.

When understanding of unit checking for units without
offset in Modelica has matured, the time would be ripe for
a discussion about units with offset, that is, the topic of
quantity space checking. With quantity space checking,
it becomes possible to detect an inconsistency when com-
puting the difference between two absolute temperatures
in degree Celsius and kelvin. When combined with im-
plicit unit conversion, the inconsistency is automatically
resolved by converting one operand to the unit of the other
before carrying out the subtraction.

In the long run, it would be interesting to pursue a de-
velopment in another direction, namely to support moving
the Modelica ecosystem away from the legacy of allowing
expressions with empty unit to be interpreted as values
of quantity based on units taken from the context. This
would align unit handling in Modelica with unit handling
in other popular languages, and could eventually com-
pletely eliminate the need for the robustness analysis pre-
sented in this work. By only keeping the possibility of
interpreting empty unit expressions as values of quantity
with unit "1", the threshold comparison in subsection 7.6
could finally be correctly expressed simply as x / y >

50.

9 Summary and conclusions
It has been demonstrated how implicit unit conversion can
be safely allowed in Modelica. The crucial difference to
other languages and software for unit aware computation
is the Modelica legacy of allowing expressions without
unit to be interpreted as values of quantity based on units
taken from the context. When implicit unit conversion
is allowed, this creates a risk of interpreting such expres-
sions based on units which are not uniquely determined. A
simple and conservative condition for rejecting programs
in risk of ambiguously determined values of quantity has
been presented. The condition will allow implicit con-
version in typical situations where it is useful, as well as
never reject any Modelica program which is valid accord-
ing to current unit semantics. In addition to implicit unit
conversion, a set of basic operators for working with units
and values of quantity has been proposed. These operators
add value on their own, and can also be used to locally take

control over the implicit unit conversions.
The importance of understanding a model in terms of

related values of quantity rather than merely seeing units
attached to variables as decorative ornaments has been
stressed. Without this understanding, implicit unit con-
version in Modelica would make as little sense as it would
in any of the other languages and softwares that allow im-
plicit unit conversion today.

The usefulness of the proposed unit semantics has been
demonstrated in several real world examples of Modelica
use, and the safety of the approach has been illustrated
with numerous minimal test cases.
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Abstract
Modelica models exhibit excellent cross-platform com-
patibility (they can be compiled and simulated on any
platform supporting Modelica). However, experiments
have revealed that simulation results of the same Modelica
model may vary across different platforms (under identi-
cal simulation algorithm configurations). The root cause
of such discrepancies lies in model translation uncertainty
introduced by improper modeling practices, such as insuf-
ficient initial constraints or ambiguous state variables se-
lection. Different Modelica tools may have different trans-
lation strategies. Therefore, model disambiguation should
be performed to ensure consistent simulation results. It
can be addressed by three parties: through language im-
provements, such as the proposal of relevant annotations,
by vendor tools; and by the modelers through manual in-
tervention. This paper presents a model disambiguation
technology in MWORKS.Sysplorer that enables modelers
to automatically correct model text based on translation
information, eliminating uncertainties and ensuring model
portability across Modelica platforms.
Keywords: Model Disambiguation, Cross-platform, Mod-
elica, MWORKS.Sysplorer

1 Introduction
Modelica’s declarative and object-oriented modeling ap-
proach lowers the barrier to modeling complex sys-
tems. Specialized model library vendors, research teams,
and open-source communities provide foundational model
components, which users then leverage to build their own
research objects. These foundational components often
come with default configurations, such as default start
values and state variables selection (Mattsson and Söder-
lind 1993). Modelers must adjust these settings according
to their specific application scenarios, including design-
ing necessary initial constraint equations to ensure their
Modelica model satisfies well-defined mathematical con-
straints.

Although Modelica platforms can still translate and
simulate models based on default configurations, such
models may yield different simulation results across dif-
ferent platforms. These discrepancies can arise from plat-
forms selecting different state variables or applying non-
equivalent initial constraint conditions. Additionally, most

modern Modelica platforms support nonlinear equation
tearing techniques, but implementation differences may
lead to the selection of distinct nonlinear iteration vari-
ables. When nonlinear equations have multiple solutions,
variations in the chosen iteration variables and their initial
estimates can further affect simulation outcomes.

To ensure Modelica model portability across platforms,
potential translation ambiguities must be resolved during
the modeling phase. However, most modelers have limited
knowledge of Modelica’s translation and solving theory,
making it difficult to construct ideal models. Moreover,
for complex models (e.g., those with hundreds or thou-
sands of state variables), relying on modelers to eliminate
uncertainties is neither reliable nor cost-effective.

The paper is organized as follows. Section 2 uses a se-
ries of extremely simple examples to systematically dis-
sect the sources of model translation uncertainty. Section
3 presents MWORKS.Sysplorer’s model disambiguation
technology and proposes standardized Translation annota-
tion semantics for Modelica specifications. Section 4 em-
pirically demonstrates the practical effects of model dis-
ambiguation through experimental validation.

2 Model Translation Uncertainty
Model translation uncertainty primarily stems from three
aspects: lack of initial equations, selection of state vari-
ables, and nonlinear tearing. We will provide a detailed
explanation using a series of extremely simple examples
(though lacking engineering significance) in separate sub-
sections, demonstrating how it leads to inconsistent simu-
lation results.

2.1 Lack of Initial Equations
An initial system in Modelica remains valid even with
missing but consistent equations (Pantelides 1988), as
tools automatically supplement them. Modelica speci-
fies that start values should be used to supplement initial
values. If no start value is available, default values are
applied (0 for Real and Integer types, false for Boolean
types). When selecting m equations from n candidates
with 0 < m < n, uncertainty arises. Different tools have
significant discretion in how they perform this completion,
and the underlying mechanisms they employ are generally
not the same. Vendors should report supplemental infor-
mation to alert modelers.
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2.2 Start Value Recommended Priority
As “Start Value Recommended Priority”(see §8.6.2 (Mod-
elica Association 2023)) states, the start values from mod-
els closer to the top level are considered more reliable.
However, some vendor tools may not follow this recom-
mendation for various reasons. Subsequent tool upgrades
adopted this specification-recommended strategy for se-
lecting start values, resulting in incompatibility with older
versions.

Listing 1. An example of model translation uncertainty caused
by lack of initial equations with multiple start value

model Case1
model M
Real x(start = 1);

equation
der(x) = 1;

end M;
M m;
Real y(start = 2) = m.x;

end Case1;

In Listing 1, tools adopting Modelica’s recommended
start value selection strategy will set the initial value of
x to 2. However, older versions may initialize x with 1
instead. Considering that not all modeling tools support
this feature uniformly, MWORKS.Sysplorer’s will elevate
start values to initial conditions by adding “fixed=true” at-
tributes when performing model disambiguation.

2.2.1 Lack of initial equations for state variables

Listing 2. An example of model translation uncertainty caused
by lack of initial equations for state variables

model Case2_1
Real x;
Real y;

equation
x + y = 1;
der(x) - der(y) = 0.5;

end Case2_1;

Noted that not all differential variables will be identified
as state variables. In Listing 2, both x and y are differential
variables, and they are subject to the algebraic constraint
x + y = 1. As a result, the system has only one degree
of freedom, meaning only one of them can be selected as
a state variable. The system does not provide additional
information to determine which variable x or y is the better
choice as the state variable.

Listing 3. A mathematically equivalent example to Listing 2

model Case2_2
Real x;
Real y;

equation
y + x = 1;
der(x) - der(y) = 0.5;

end Case2_2;

Changing x+y = 1 to y+x = 1 in Listing 2 yields List-
ing 3, which are mathematically equivalent, but get dif-

ferent result in Dymola 2024x trivial version. This is be-
cause Dymola selects y as the state variable in Listing 2,
while choosing x as the state variable in Listing 3. As a
result, the initial value (x,y) = (1,0) in Listing 2, while
(x,y) = (0,1) in Listing 3. The root cause is that the orig-
inal model lacks an initial condition, and the selection of
state variables affects how default conditions are supple-
mented.

Listing 4. An alias example to Listing 2

model Case2_3
Real x;
Real u;

equation
x + u = 1;
der(x) - der(u) = 0.5;

end Case2_3;

Similarly, by renaming y to u in Listing 2, we obtain
Listing 4. When simulating with MWORKS.Sysplorer, y
is selected as the state variable in Listing 2, while x be-
comes the state variable in Listing 4. The default values
of the state variables are used as the initial conditions, re-
sulting in completely different outcomes.

To eliminate this uncertainty, modelers can: (1) Assign
a start value to either x or y in Listing 2 to explicitly de-
termine the state variables selection. However, if both are
given start values, they return to an equally weighted con-
dition, providing no additional information to prioritize
one over the other. (2) Use the StateSelect attribute (see
§4.8.7.1 (Modelica Association 2023)), such as StateSe-
lect.prefer, to explicitly specify the preferred state vari-
able. But if both variables are marked with this attribute,
the ambiguity persists.

Since the fixed mechanism alone cannot reliably re-
solve such conflicts (particularly when multiple variables
carry additional constraints), Sysplorer adopts the follow-
ing strategy when performing model disambiguation: (1)
Automatically applies “fixed=true” to elevate start val-
ues to initial conditions. (2) Uses “StateSelect.always”
to enforce unambiguous state variables selection. Addi-
tional note: In cases of dynamic state variables selec-
tion, MWORKS.Sysplorer will only automatically pro-
cess a subset of differential variables with “fixed=true”
when performing model disambiguation.

2.2.2 Lack of initial equations for discrete variables

Listing 5. An example of model translation uncertainty caused
by lack of initial equations for discrete variables

model Case3
Integer x;
Integer y;

equation
when sample(0, 0.1) then

x = pre(x) + 1;
y = pre(y) + x;

end when;
initial equation
y = x + 1;

end Case3;

Model Disambiguation Technology in MWORKS.Sysplorer 
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In Listing 5, both x and y are discrete variables with
only one initial equation provided, requiring an additional
initial condition to be supplemented. The key issue lies in
whether to set x = 0 or y = 0 as the supplemental condi-
tion. Although mathematically equivalent, when the ini-
tial equation y = x+ 1 is reformulated as x = y− 1, both
MWORKS.Sysplorer and Dymola2024x exhibit changes
in their automatically supplemented conditions. This ulti-
mately leads to inconsistent simulation results.

To eliminate this uncertainty, modelers can similarly as-
sign start values to either x or y in Listing 5, which ex-
plicitly uses the start value as the initial condition. How-
ever, when both variables have start values specified, the
system returns to an equally weighted condition where
no additional information exists to determine which start
value should take precedence as the initial condition. The
fixed attribute mechanism alone cannot reliably resolve
this conflict when both variables carry additional con-
straints. To address this, MWORKS.Sysplorer automat-
ically applies “fixed=true” to elevate the start values to
initial conditions.

2.3 Necessity of Start Values for Nonlinear
System

The uncertainty in model solving arises from the existence
of multiple solutions in nonlinear systems. Currently, the
specifications do not provide clear recommendations for
the selection of nonlinear iteration variables (i.e., nonlin-
ear tearing), which may lead to inconsistencies in nonlin-
ear tearing across different versions. Consequently, the
initial iteration values may vary, resulting in different so-
lutions or even cases where one version succeeds in find-
ing a solution while another fails.

Listing 6. An example of necessity of start values for nonlinear
system

model Case4_1
Real x;
Real y = x - 2;

equation
(x - 0.78) * (x - 1.57) * (x - 3.14) = 0;

end Case4_1;

In Listing 6, the direct simulation yields a result of 0.78.
However, when x’s start value is set near 1.5, the simula-
tion result becomes 1.57 and when x’s start value is set
near 3, the result changes to 3.14.

This demonstrates that the tool cannot autonomously
determine which solution the modeler intends to obtain,
and consequently performs iterations based on the pro-
vided start value. This observation underscores the critical
necessity of specifying start values as initial estimates for
nonlinear systems.

2.4 Nonlinear Tearing

Listing 7. An example of nonlinear iteration variables selection

model Case4_2
Real x;

Real y;
equation
x - y = 2;
(x - 0.78) * (x - 1.57) * (y - 1.14) = 0;

end Case4_2;

Listing 6 and Listing 7 are mathematically equiv-
alent, but yield different simulation results in
MWORKS.Sysplorer: x=0.78 in Listing 6 versus
x=1.57 in Listing 7. This discrepancy occurs because x is
explicitly determined as the nonlinear iteration variables
in Listing 6 while both x and y qualify as potential
nonlinear iteration variables, and MWORKS.Sysplorer
defaults to selecting y In Listing 7.

Providing a start value for x forces its selection as the
iteration variables. However, when both x and y have
start values, the system reverts to the original ambiguous
state. Nonlinear iteration variables has no StateSelect at-
tributes like state variables. So MWORKS.Sysplorer in-
novatively employs annotation markup to explicitly spec-
ify which variable should serve as the nonlinear itera-
tion variables. This annotation-based approach effectively
eliminates the ambiguity, and the entire process can be au-
tomatically handled by the model disambiguation technol-
ogy in MWORKS.Sysplorer.

2.5 More Words about Nonlinear Tearing
Note that, it is possible that some variables appear in both
the nonlinear system and the initial nonlinear system. For
instance, variable y in Listing 8 falls into this category

Listing 8. An example of nonlinear iteration variables selection

model Case5
Real x;
Real y;
Real z;

equation
der(x) = sin(time);
x^2 + y^2 = z^2;
z = x * sin(y) + y * cos(x);

initial equation
x + y + z = 1;

end Case5;

2.6 More Words about State Variables Selec-
tion

Even when the initial equations have sufficient initial con-
ditions, the selection of state variables can still introduce
uncertainty. In Listing 9, if y is chosen as the state vari-
able, then x and z form a nonlinear system. However,
if x is selected as the state variable, no nonlinearity ex-
ists. This discrepancy leads to non-negligible differences
in simulation results between platforms that choose x as
the state variable and those that select y.

Listing 9. An example of model translation uncertainty caused
by state variables selection

model Case6
Real x(start = 0);
Real y(start = 0.5);
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Real z;
equation
der(x) + der(y) = 1;
z = sin(x)^2 + 1;
z = x + 2 * y + time;

initial equation
x = 0;

end Case6;

In Listing 9, if the “stateSelect=StateSelect.always” at-
tribute is added to x and y separately, and simulations are
performed for each case, the results are as shown in Fig-
ure 1.

Figure 1. An example of inconsistency caused by State Variable
Selection

2.7 A graphic example about State Variables
Selection

We provide a simplified circuit model (which may lack
physical significance) to demonstrate that even when us-
ing a drag-and-drop component assembly method, incon-
sistent selection of state variables can lead to divergent
simulation results.

Figure 2. A graphic example about State Variables Selection

The circuit model Figure 2 contains 9 inductors with
algebraic constraints, but only 4 of them can have their
currents (which must be linearly independent) selected as
state variables. MWORKS.Sysplorer selected L6.i, L7.i,
L8.i, and L9.i as state variables, while OpenModelica
chose L1.i, L4.i, L5.i, and L8.i. This difference in se-
lection leads to inconsistent initial conditions between the
two platforms, for instance, L1.i has an initial value of
20A in MWORKS.Sysplorer, but 0A in OpenModelica.

3 Model Disambiguation Technology
MWORKS.Sysplorer utilizes the results of the first simu-
lation to perform the following actions during model dis-
ambiguation in the second translation:

1. Add the “fixed=true” attribute to variables that were
supplemented with initial values in the report.

2. Add the “stateSelect=StateSelect.always” attribute to
state variables listed in the report.

3. Record vendor-customized annotations for nonlinear
iteration variables and initial nonlinear iteration vari-
ables, and assign them corresponding start values.

4. If the above modifications involve protected vari-
ables, vendor annotation could be used, otherwise,
they would conflict with Chapter 4.1 of (Modelica
Association 2023).

The following model Listing 10 represents the dis-
ambiguated version of all models mentioned in the
previous section. Specifically, Case2_1_protected,
Case4_2_protected, and Case5_protected correspond to
modified versions of Case2_1, Case4_2, and Case5 re-
spectively, where all model variables have been set as pro-
tected variables.

Listing 10. An example of disambiguated model

model DisambiguationModel
Case1 m1(m(x(stateSelect=StateSelect.

always,fixed=true)));
Case2_1 m2(y(stateSelect=StateSelect.

always,fixed=true));
Case2_1_protected m2_p;
Case3 m3(x(fixed=true));
Case4_1 m4(x(start=0.78));
Case4_2_protected m4_p;
Case5 m5(x(stateSelect=StateSelect.always

),y(start=0.349110989362788),z(start
=0.4190691332521359));

Case5_protected m5_p;
Case6 m6(y(stateSelect=StateSelect.always

),x(start=0));
Case7 m7(L7(i(stateSelect=StateSelect.

always,fixed=true)),L9(i(stateSelect=
StateSelect.always,fixed=true)),L6(i(
stateSelect=StateSelect.always,fixed=
true)),L8(i(stateSelect=StateSelect.
always,fixed=true)));

Model Disambiguation Technology in MWORKS.Sysplorer 
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annotation(__MWORKS(Translation(m2_p(y(
stateSelect=StateSelect.always,fixed=
true)),m5_p(x(stateSelect=StateSelect
.always),y(start=0.349110989362788),z
(start=0.4190691332521359)),m4_p(y(
start=-0.43000000000000005)),
INonLinearVariables={m5.y, m5.z, m5_p
.y, m5_p.z},MNonLinearVariables={m4.x
, m4_p.y, m6.x, m5.y, m5_p.y})));

end DisambiguationModel;

The following are keynotes when doing model disam-
biguation:

1. If the original model is read-only, you can create a
new model that references it, then perform disam-
biguation in the new model.

2. If the model fails to solve in the first place, disam-
biguating its state becomes rather meaningless, and
the modelers need to modify the model themselves.

3. After Performing model disambiguation, modelers
can still manually fine-tune the model by editing the
text. Regardless of whether the original model is
modifiable, it is recommended to create a new model
for disambiguation to clearly track all modifications.

4. After Performing model disambiguation, providing
explicit start values will accelerate the solving of the
initial value system.

5. MWORKS.Sysplorer uses vendor-specific annota-
tions to explicitly define the selection of nonlinear
variables.

6. A variable may appear in both the nonlinear system
and the initial nonlinear system, so MNonLinear-
Variables and INonLinearVariables are used to con-
trol them separately. MNonLinearVariables means
nonlinear iteration variables during model simula-
tion, while INonLinearVariables means nonlinear it-
eration variables during Initialization.

7. Unlike Modelon (Kari 2022), which considers both
iteration variables and residual equations to resolve
ambiguity caused by nonlinear tearing, we focus
solely on iteration variables for the following rea-
sons: configuring annotation is difficult when equa-
tions aren’t at the simulation model’s top level; dif-
ferent tools process iteration and residual equations
maybe inconsistently; and our practical experience
demonstrates that restricting iteration variables alone
sufficiently eliminates model ambiguity.

8. If the modeler modifies the model after model dis-
ambiguation, causing variables in the annotations to
become invalid, a warning message must be issued.
There are two typical handling methods: directly ig-
noring the annotations or striving to satisfy the an-
notations. The tool may offer an option to let the
modeler choose the preferred approach.

9. While other platforms don’t recognize
MWORKS.Sysplorer’s vendor annotations, the
model disambiguation provides deterministic initial
values and relatively accurate compatible initial
guesses for nonlinear iterations - making it highly
probable to maintain result consistency across other
platforms.

3.1 Annotation of Translation
Since the minimal tearing problem is NP-hard (Karp
2009) (Elmqvist and Otter 1994), most simulation
platforms prioritize translation efficiency by employing
greedy or heuristic algorithms to approximate minimal
tearing. Even if vendors develop improved heuristic
strategies, concerns over version compatibility often dis-
courage modifications, hindering tool advancement.

Generally, better heuristics should facilitate nonlinear
system solving. A typical scenario where models solv-
able in the original tool fail in new tools occurs because
when initial modeling in the original tool, users would
supplement appropriate start values as nonlinear itera-
tion initial guesses if missing values caused solving fail-
ures, after switching to new tools with different tearing
strategies, some models may lack required start values
due to altered variable selection, necessitating manual re-
supplementation.

Therefore, we propose that the Modelica specification
incorporate Translation Annotations to govern nonlinear/-
linear tearing and initial-value system tearing, thereby
eliminating strategy-induced inconsistencies for model-
ers. For tool vendors, the implementation priority should
be:

1. First satisfy the tearing requirements specified in the
annotations.

2. Then prioritize variables based on start value hierar-
chy (top-level variables take precedence).

3. Finally pursue minimal tearing under equal condi-
tions.

This strategy ensures tearing consistency across all
compliant platforms when users provide comprehensive
annotation specifications. The benefits are threefold:

1. Better interoperability between different vendors’
tools.

2. Enhanced control for modelers over system solving.

3. Optimal utilization of each tool’s translation and
solving capabilities.

Ultimately, this advancement moves Modelica closer to
the ideal of "Write once, run on any Modelica tool" - sig-
nificantly improving model portability and reducing main-
tenance overhead. However, even with identical model
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descriptions and unified nonlinear/linear tearing through
translation annotations, achieving simulation results that
differ only by rounding errors across platforms under
identical settings remains a significant challenge. Key per-
sistent discrepancies include:

1. Inconsistent precision tolerance interpretations
across platforms

2. Divergent implementations of nonlinear/linear
solvers

3. Algorithmic variations in implicit integration meth-
ods

4. Discrepancies in variable-step size adjustment strate-
gies

5. Interpolation method variations

6. Event handling policy differences

7. Integrator restart strategy implementations

While writing this paper, we observed that both Open-
Modelica (Fritzson et al. 2022) and Modelon (Kari 2022)
employ vendor-specific annotations for tearing, which ex-
hibit subtle differences not only between themselves but
also when compared with MWORKS.Sysplorer. This phe-
nomenon demonstrates that such requirements are rela-
tively common. Therefore, we hope the Modelica Associ-
ation could provide an official annotation standard to elim-
inate inconsistencies across different implementations.

4 Experimental Results
When simulating the model “LoadTestExpRecovery”
from the model library OpenIPSL-3.0.1 (Vanfretti
et al. 2016), it was found that the results from
MWORKS.Sysplorer and OpenModelica were com-
pletely inconsistent, for example, the variable “pw-
Line2.P12”. After investigation, the inconsistency was
traced to differences in nonlinear tearing. Since it was
hard to control OpenModelica’s nonlinear selection at
the modeling level, we instead used custom annotation
in MWORKS.Sysplorer to control nonlinear tearing, as
shown in the Listing 11.

Listing 11. An example of control nonlinear tearing using
Translation annotation

model LoadTestExpRecovery_Disambiguated
extends LoadTestExpRecovery;
annotation (experiment(Interval=0.03,

StartTime=0,StopTime=15), __MWORKS(
Translation(INonLinearVariables={
order3_Inputs_Outputs1.e1q,
order3_Inputs_Outputs1.vd,
order3_Inputs_Outputs1.vq,pwLine2.n.
ii,pwLine2.n.ir,pwLine2.n.vi,pwLine2.
n.vr,pwLine2.p.ii,pwLine2.p.ir,
pwLine3.n.ii,pwLine3.n.ir,pwLine3.n.

vi,pwLine3.n.vr,pwLine3.p.ii,pwLine3.
p.ir,pwLine4.n.ii,pwLine4.n.ir,
pwLine4.p.ii,pwLine4.p.ir},
MNonLinearVariables={
order3_Inputs_Outputs1.vd,
order3_Inputs_Outputs1.vq,pwLine2.n.
ii,pwLine2.n.ir,pwLine2.n.vi,pwLine2.
n.vr,pwLine2.p.ii,pwLine2.p.ir,
pwLine3.n.ii,pwLine3.n.ir,pwLine3.n.
vi,pwLine3.n.vr,pwLine3.p.ii,pwLine3.
p.ir,pwLine4.n.ii,pwLine4.n.ir,
pwLine4.p.ii,pwLine4.p.ir})));

end LoadTestExpRecovery_Disambiguated;

The final simulation results of Listing 11 are consistent
with OpenModelica, see Figure 3 below.

Figure 3. An example of inconsistency caused by State Variable
Selection
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Abstract
This paper presents the use of data reconciliation to im-
prove the characterization of the operating state of exper-
imental installations in an industrial context. It focuses
on the development of a data reconciliation approach us-
ing the OpenModelica prototype to study: the detection
of the defects in an experimental hydraulic test loop; and
to validate measurement data of an HVAC testing facil-
ity. Data reconciliation is shown to be effective for the
most pronounced defects intentionally introduced in the
system. Regarding the characterization of HVAC mea-
surements, data reconciliation identified two initially un-
noticed invalid experiments.
Keywords: data validation, data reconciliation, default
detection, uncertainties, measurements, Modelica, model
reuse, industrial experiments

1 Introduction
Control of measurement equipment and associated acqui-
sition chains is a key element for monitoring and diagno-
sis of industrial installations, in particular in the domain of
electricity production, where constraints related to safety
and resilience for securing the supply of energy networks
require a sound and accurate knowledge of the true operat-
ing state of the system. To that aim, several experimental
installations exist in premises of EDF Lab to improve the
characterization of uncertainties associated with the ex-
amination of the main circuits of interests by testing new
methods, using either direct measurements (via new sen-
sor technologies) or indirect measurements (via the com-
plementary use of knowledge models).

This article falls into this second category showing how
a physical simulation model combined with statistical as-
sessments can be used to:

• detect deviations from nominal operation and alert
operators of the occurrence of possible faults

• validate measurement campaigns.

In practice, the work focuses on the use of a technique
known as Data Reconciliation (DR). The aim is to obtain
an estimate of the most likely state of the system by cor-
recting the measured values on the actual installation so
that the reconciled values are consistent with the equations
governing the behaviour of the system.

While data reconciliation exists for several decades and
its application to energy systems is ruled by a German
standard (VDI 2048 2017), it is finding a renewed interest
in the nuclear field for Measurement Uncertainty Recap-
ture (MUR) and potential associated power uprates (EPRI
2020).

Dedicated tools (VALI, PROCESSPLUS, Thermal Sys-
tem Monitoring Enterprise, BILCO ...) exist to perform
data reconciliation, but they require the physical models to
be specifically developed for that purpose. They use their
own proprietary language and are sometimes restricted to
a specific domain (e.g. material processing industry). This
makes data reconciliation costly and difficult to use. A
possible answer to that problem is to apply data reconcil-
iation on existing Modelica general purpose models, de-
veloped and validated for system operation.

This is why DR has been implemented in OpenModel-
ica enabling the reuse of simulation models by automat-
ically extracting the equations that should be considered
for binding the measured variables together.

The principle and use on a simple example has been
documented in (Bouskela et al. 2021). This paper presents
first Data Reconciliation algorithm (Section 2) and then
shows its applicability on two industrial experiments: one
to control liquid flow rate measurements (Section 3) and a
second to measure air flows (Section 4).

2 Data Reconciliation Theory
Industrial processes are usually monitored with a number
of measurement equipments which can be more or less
isolated on different sections of the circuit and of differ-
ent technologies leading to differences in terms of rep-
resentativeness, accuracy and reliability. The problem is
to determine whether all these measurements, which are
necessarily subject to error, are physically and statistically
consistent with each other and whether they are a reliable
mirror of the installation.

Data reconciliation is an optimization process that al-
lows numerical correction of measurement values so that
they satisfy the physical equations of the system (the
model). If the corrections are too significant, the measure-
ments are invalidated: in that case reconciliation alerts to a
possible instrumentation defect (e.g., poor calibration or a
faulty sensor), a process defect (e.g., an unmodeled leak)
or a poor knowledge of sources of measurements uncer-
tainties (e.g., lack of correlation effects). If the measure-
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ments are validated, the reconciliation exploits the redun-
dancy of information to reduce uncertainties and obtain an
estimate as close as possible to the true state of the system.

2.1 Mathematical Foundations
Data reconciliation aims at improving the accuracy of
measurements by reducing the effect of random errors in
the data. The main difference between data reconcilia-
tion and others techniques for propagating uncertainties
such as Quadratic Combination or Monte Carlo simula-
tion (Baudin et al. 2017; EPRI 2020) is that data recon-
ciliation uses a model to express the physical constraints
on the variables of interest. The measured values of these
variables are then adjusted such that the estimates satisfy
the constraints: the variables are thus reconciled.

Let {X t
0, . . . ,X

t
d} be a vector of d physical quantities

constrained by a set C of r equations or auxiliary condi-
tions derived from physical laws. These quantities must
satisfy Equation 1 to ensure consistency.

C : Rd → Rr

0 =C(X t)
(1)

Measurements X̂ of X t inevitably have uncertainties,
which are commonly modeled by a random variable X
with a multivariate Gaussian distribution characterized by
its mean vector µ and its variance-covariance matrix Σ.

π(X) = N (µ,Σ) (2)

The contradiction vector U of a given state {X0, . . . ,Xd} is
given by:

U =C(X) (3)

The objective of data reconciliation is to define a condi-
tional probabilistic distribution of measurements, called
the reconciled distribution, such that Equation 1 is satis-
fied by the random variable X |C(X) = 0. This reconciled
distribution is a multivariate Gaussian characterized by a
mean vector µ ′ and a variance-covariance matrix Σ′.

π (X |C(X) = 0) = N (µ ′,Σ′) (4)

(Bouskela et al. 2021) present a detailed methodology for
solving this optimization problem using Lagrange multi-
pliers as stated in (VDI 2048 2017). The optimization
problem consists in minimizing the following objective
function in order to determine the set of reconciled val-
ues µ ′:

J(µ ′) = (µ ′−µ).Σ.(µ ′−µ)⊤ (5)

The variance-covariance matrix of reconcilied values de-
rive from the general formula of uncertainty propagation:

Σ
′ = ∂µ µ

′.Σ.∂µ µ
′⊤ (6)

Relevancy of the reconciled distribution can be as-
sessed using local and global test : χ2, reflecting the rel-
evancy of the estimated reconciled distribution based on

prior measurements uncertainty knowledge. The global
test involves verifying the following statistical hypothesis,
where r denotes the number of degrees of freedom and
p represents the significance level associated with the χ2

distribution:
J(µ ′)≤ χ

2
r,p (7)

The improvement vector v is defined as:

v+µ = µ
′ (8)

Local tests, measurement by measurement, can help to
identify measurements with a too large improvement
pushing the most probable reconciled value to be out of
its confidence range defined by the prior measurement
knowledge as presented in Equation 9.

|µ ′
i −µi|< Σ

v
iiλp (9)

where µi is the ith measurement, µ ′
i is the ith reconciled

measurement which is also the mean of the ith marginal of
the reconciled distribution and λp is the confidence inter-
val width, usually taken as 1.96 corresponding to 95% of
the possible values. Σv is the variance-covariance matrix
of the improvement v defined as:

Σ
v = ∂µ vΣ∂µ v⊤ (10)

2.2 Measurement Uncertainty: GUM
The measurement of physical quantity inevitably has an
uncertainty which has to be estimated. Let X t

i the true
value of physical quantity to measure, X̂i the correspond-
ing measurement with an uncertainty εi

Xi = X̂i + εi (11)

εi is a random variable with a null mathematical expecta-
tion which can by decomposed in elementary uncertainty
sources as follows:

εi = ε
0
i + . . .+ ε

n
i (12)

One can follow the guide (ISO/IEC GUIDE 98-3 2008) to
establish a model of the random variable εi by proposing a
multivariate statistical distribution π(εi). Typically, there
are five sources of uncertainty: sensor calibration, sensor
environment impact, sensor acquisition chain, measure-
ment methodology, and repeatability uncertainties. The
first four are epistemic uncertainties, which must be de-
termined a priori, usually based on sensor provider doc-
umentation or calibration reports. The last source, if it
exists, is a stochastic uncertainty that must be evaluated
by empirical samples collected during measurement.

When the uncertainty sources are assumed to be Gaus-
sian, it is necessary to specify the variance-covariance ma-
trix of the uncertainty sources, denoted as Σ. Estimat-
ing the correlation is a challenging aspect that can signif-
icantly impact uncertainty propagation. In practice, with-
out empirical samples, the correlation is often assumed to
be either null or total.
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Complex measurements of quantities Y can be based
on several measurements of elementary quantities that are
combined with a function g.

Y = g(X) (13)

Uncertainty propagation with methods such as first-order
Taylor series expansion or Monte Carlo simulation aims
to estimate the statistical distribution of Y . In the context
of data reconciliation, estimating the multivariate distri-
bution of Y , which is assumed to be a multivariate Gaus-
sian distribution, is a crucial step that must be performed
meticulously. This includes accurately estimating the cor-
relation between the uncertainties of different measure-
ments. The construction of this multivariate distribution
can be achieved using OpenTURNS (Baudin et al. 2017),
as illustrated in Figure 1.

2.3 Data Reconciliation in OpenModelica
The main added-value of performing DR in OpenModel-
ica lies in the reuse of models initially developed for other
purposes than data validation or diagnosis.

In particular the equational nature of the Modelica lan-
guage is used to automatically extract from a complete
simulation model (i.e. a square system of equations with
the same numbers of equations than unknowns) a minimal
subset of auxiliary equations that will bind the measured
variables together (i.e. here a non-square system of equa-
tions since the redundancy of measurements is exploited
for the reconciliation).

The extraction algorithm has already been fully de-
scribed in (Bouskela et al. 2021) and is now available in
the standard release of OpenModelica.

For the sake of clarity, Figure 1 summarizes the main
steps required to perform a complete data reconciliation
process in OpenModelica. For more details and illustra-
tion on the simple example of a splitter, the user is invited
to read the documentation accessible online (OpenModel-
ica Documentation: Data Reconciliation 2021).

On Figure 1 light blue refers to steps implemented in
OpenModelica while dark blue highlights steps performed
in a third-party tool dedicated to uncertainty quantification
(in this case OpenTURNS (Baudin et al. 2017) but other
tools can be chosen). Basically, the user :

1. states the reconciliation problem by specifying
which variables should be reconciled and which
equations should be voluntary not be considered as
an auxiliary condition (typically the boundary con-
ditions). This is done by decorating the Modelica
model with dedicated annotations;

2. defines the set of measurements and quantifies their
corresponding uncertainties (potentially with the
help of a dedicated tool). The numerical informa-
tion to be reconciled can be provided in the form of
a csv file;

3. launches the DR functionality which will extract
the auxiliary conditions and computes the reconciled
data. Based on the results, a report is generated in
the form of an html file with reconciled outputs and
statistical tests.

4. analyses the validity of reconciled data with respect
to the initial assumptions.

Simulation 
model

Measured 
values ෠𝑋

No

Yes

Extract 
physical laws

Auxiliary conditions 
C 𝑋 = 0

Reconcile data

(Validated) 
Reconciled values

 𝜋 ധ𝑋 = Ν 𝜇′, Σ′  

closer to the true state

Identify the 
source of errors

Check compliancy with 
statistical assumptions

Build A priori 
multivariate 

Distribution law 
𝜋 𝑋 = Ν 𝜇, Σ

Quantify sources 
of uncertainties 
and correlations

Tag variables 
of interest

Variables to 
be reconciled 

𝑋

Tag boundary 
conditions

BC annotation(__OpenModelica_BoundaryConditions = true);

X(uncertain = Uncertainty.refine);

Correct 
model error

Remove faulty 
sensors

Improve 
knowledge on 
measurement 
uncertainties

measured_data.csv

correlation_coefficients.csv

report.html

Analyze a posteriori 
distribution laws

Report

Figure 1. Data reconciliation workflow in OpenModelica

3 Flowrate Measurement with EVER-
EST Facility

3.1 Description of the test loop
3.1.1 Global Description
EVEREST (Thibert et al. 2019) is a closed loop facility
with a liquid flow rate regulation (Table 1). The fluid is
clean demineralized water. EVEREST consists of three
parts: a flow metering reference section, an operation sec-
tion and a modular flow metering test section ( Figure 2).
Table 1 shows the EVEREST design specifications.

The test bench provides a steady water stream with
Reynolds numbers as low as 5.104 up to 2.106. Flow cir-
culation is provided by a variable centrifugal pump (315
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Prime features Details
Calibration test type Closed regulated loop
Flow meter reference Master meters method
Test section pipe size From DN40 up to DN350
Pipe compositions Stainless steel
Fluid Demineralised water
Pressure range From 1 up to 10 bar
Fluid temperature range From 20°C up to 40°C
Environment Temperature From 10°C up to 35°C
Flow rate range From 5 m3.h−1 up to 1200

m3.h−1

Flow metering uncertainty 0.2% (volume and mass
flow rate)

Table 1. Overview of the design specification of EVEREST

Figure 2. EVEREST test facility layout design

kW). Depending on the geometrical configuration of the
test section, the flow can range from 25 m3.h−1 up to 1100
m3.h−1. Thanks to regulation systems, a steady flow rate is
maintained in the reference and the test sections. The heat
produced by the pump is absorbed by the pumped liquid
flowing in the pipes. Due to the EVEREST loop configu-
ration, this phenomenon consequently increases the fluid
temperature. To compensate this phenomenon, the water
temperature is regulated thanks to a plate heat exchanger
(215 kW). The cooling system including the fan coils unit
is located at the outside of the experimental hall. The fluid
temperature can thus be maintained at a specific value ac-
cording to the desired test conditions, generally between
20°C and 40°C. The fluid pressure is regulated at a set-
point between 1 bar up to 10 bar thanks to a pressuriser.

The EVEREST loop is designed to minimise its envi-
ronmental impact by managing efficiently its water con-
sumption. Three water storage tanks are used to fill and
empty the circuits between two test campaigns requiring
different pipe configurations.

3.1.2 Reference Flow Rate

The reference flow rate is calculated from four different
master meters based on the Coriolis technology. Two
meters are used for low flow rate calibration tests, from
50m3.h−1 up to 350m3.h−1. They are installed on a
DN100 stainless steel pipe. The other two devices oper-
ate under high flow rate calibration tests conditions, from
150m3.h−1 up to 1200m3.h−1. They are installed on a

DN250 stainless steel pipe. This configuration aims at de-
creasing uncertainty over the whole loop flow rate range-
ability, so each meter is used in its nominal operative flow
rate.

For each reference line, one Coriolis meter is used as
the reference flow rate while the other is used as a “drift
detection” meter. This choice allows monitoring and de-
tecting any reference sensor drift between two consecutive
calibrations.

The EVEREST reference flow rate can be calculated
either as a volume or as a mass flow rate. The EVER-
EST test loop has been ISO17025 accredited with a vol-
ume (resp. mass) flow rate uncertainty of 0.2% from 25
m3.h−1 (resp. t.h−1) up to 1100 m3.h−1 (resp. t.h−1).

3.1.3 Modular Test Section

The flow metering test section is located at the end of
EVEREST (see Figure 3) and resides completely inside
the building. Devices to be tested are mounted on stainless
steel pipes, they can be invasive as well as non-invasive ac-
cording to the sensor technology. This section constitutes
an available space with a length of 25 m, a width of 5 m
and with a high ceiling of 5 m.

Figure 3. EVEREST test facility test section

This test section is designed to perform calibration tests
not only under ideal thermo-hydraulic conditions (fully
developed and swirl-free velocity profile thanks to a long
straight pipes at the upstream of the tested meter) but also
calibration tests under non-ideal thermo-hydraulic condi-
tions due to the presence of various fittings located up-
stream or downstream of the tested meter.

Summerizing, the test section of the loop allows the re-
creation of numerous process pipe geometries or to install
a reduced scale mock-up of typical industrial components
for metrological purposes. This flexibility is a key feature
of the loop as it allows EDF R&D to investigate the impact
on the accuracy of flowmeters installed in real industrial
conditions.

3.2 Detection of Defects
As described in §3.1, the EVEREST test loop is a rep-
resentative and reliable experimental test facility. There-
fore, it is an interesting use case for Data Reconciliation
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in order to improve the reliability of the facility’s state es-
timation. Indeed, the test loop being modular, deliberately
machined defects can be introduced into the system to im-
pact its behaviour. The defects are introduced upstream
the mass flow rate measurement and are shown in Fig-
ure 4. They are representative of what could be found in
thermal hydraulic installations, such as weld bead defects
(trapezoidal or rectangular) or changes in diameter at the
junction of two pipes (referred to as step defects). Those
defects have more or less impact on the flow and are sorted
by order of impact in Figure 4, with the one having no de-
fect showing no impact, and the change in diameter having
the greatest impact on the flow. Thus, the goal is to deter-
mine whether data reconciliation will allow the detection
of these defects.

Figure 4. Diagram of the different defects introduced in the
EVEREST test loop: no defect, trapezoidal weld bead defect,
rectangular weld bead defect, change of diameter (also refered
as step defect) sorted by order of impact from the one having the
less impact (no defect added), to the one having the more impact
on the flow (step defect).

A data reconciliation approach using the OpenModel-
ica prototype is thus developed to study the detection of
these defects thanks to an experimental test campaign on
the loop. This workflow is inspired from (EPRI 2020).
First a Modelica model of the facility is developed using
manufacturer’s data of the different equipment and cali-
brated by inversion of n parameters based on n historical
measurements from the facility. Initial tests of data recon-
ciliation are run to make sure that the data reconciliation
problem is well-posed. Those first steps ensure a good
numerical representativity of the installation and that the

data reconciliation problem is well-posed. Once the initial
phase completed, test campaigns are conducted, both with
and without defects, to allow comparison with a control
test. The data reconciliation algorithm is run and chal-
lenges the prior uncertainties with the posterior results. If
the results are significantly different (in the sense of a χ2

test as described in §2.1), it can be concluded that an in-
consistency has been detected: either the model is incor-
rect or the measurements are false.

A readily available ThermoSysPro (El Hefni and
Bouskela 2019) model of EVEREST test loop shown Fig-
ure 5 was adopted and calibrated. Test campaigns are then

Figure 5. ThermoSysPro model of the EVEREST test loop
with the different measurements used (Pressure, Temperature
and MassFlowRate).

conducted, starting with a characterisation test, followed
by one defect at a time. For each test campaign (each
defect), different thermal hydraulic conditions are tested
(variation of mass flow rates) both with and without the
defect. A test campaign for one defect thus consists of
105 measurement sets (with and without the defect). Ef-
fectiveness of defect detection with data reconciliation can
be evaluated in many ways. For instance, the global and
local tests for data reconciliation can be used in order to
identify if a test is detected as faulty by comparing it to
a threshold λ as described by Equation 9. If so, the con-
fusion matrix for such a case can be written as shown in
Table 2. For industrial use case defect detection, it is de-
sirable to have as few False Positive (FP) as possible.

Confusion
matrix

Test with a defect Test with no defect

Detected
with a
defect

True Positive (TP) False Positive (FP)
False alarm

Detected
with no
defect

False Negative (FN)
No detection

True Negative (TN)

Table 2. Confusion matrix for defect detection

With numerous measurements to evaluate the effective-
ness of defect detection using data reconciliation, new in-
dicators can be computed. Sensitivity and Specificity are
defined. Sensitivity (or true positive rate) is the proba-
bility of detecting a defect for a test containing a defect
(Equation 14). Specificity (or true negative rate) is the
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probability of not detecting any defect for a test that does
not contain any (Equation 15). In a perfect scenario, Sen-
sitivity and Specificity should be equal to 1 as all defects
would be detected and no false alarms would appear.

Sensitivity =
T P

T P+FN
(14)

Speci f icity =
T N

T N +FP
(15)

For each test campaign, the data reconciliation algo-
rithm is applied to each measurement set. As the result of
the Sensitivity and Specificity for each set depends on the
threshold λ , it is plotted with respect to λ . Starting with
the defect having the greatest impact on the flow, Figure 6
shows the Sensitivity and Specificity against the threshold
for the step defect. It can be seen that with the default
value of λ = 1.96, this defect can be detected perfectly as
Sensitivity and Specificity are equal to 1.
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Figure 6. Sensitivity and Specificity against threshold λ for the
Step defect. The defect can be detected perfectly with λde f ault =
1.96 as Sensitivity and Specificity are equal to 1.

However, the default value of λ does not always lead
to a perfect diagnosis. Indeed as shown on Figure 7, the
rectangular weld bead defect can be detected perfectly, but
not with λde f ault = 1.96. Indeed with this default value,
the Sensitivity is equal to 0.35. λ should be in the interval
[1.05;1.35] so that the diagnosis is perfect. This difference
has an impact on the diagnosis as more False Negatives
would have been found.

Finally, for the trapezoidal weld bead defect, which has
the smallest impact on the flow, it is seen on Figure 8 that
the defect can not be perfectly detected as no range of
threshold λ gives a Sensitivity and Specificity equal to 1.
However the threshold could be reduced so that the Speci-
ficity is still high, but that some True Positives have been
found.

Thus, data reconciliation can detect defects that were
intentionally introduced in the system. On the most pro-
nounced defects as the step defect, the impact is such that
global and local tests fail with the default threshold value
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Figure 7. Sensitivity and Specificity against threshold λ for the
Rectangular Weld Bead defect. The defect can be detected per-
fectly, but not with λde f ault = 1.96, but with λ ∈ [1.05;1.35].
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Figure 8. Sensitivity and Specificity against threshold λ for the
Trapezoidal Weld Bead defect. The defect can not be detected
perfectly.

of λde f ault = 1.96. However with less serious defects,
λde f ault is not always appropriate. The optimal threshold
λoptimal , depends on the defect that is studied and should
be fixed to a value minimising the number of false alarms.

4 ZEPHYR Facility for Testing HVAC
Cooling Coil with Latent Exchanges

4.1 In search for good measurement data
The modular test facility ZEPHYR provides air at a pre-
cise flow and temperature. On hot days, the air is cooled
by a heat exchanger and under humid conditions, conden-
sation can occur. To predict the performance of this heat
exchanger at very high temperature and humidity, a vali-
dated simulation model is needed. While several theoret-
ical models are available, all of them need "good" input
data to calibrate their parameters. Therefore, an experi-
mental test campaign on the cooling coil of the main Air
Handling Unit of ZEPHYR and illustrated on Figure 9,
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Fan
Droplet

separator

instrumented
Cooling coil

Figure 9. Instrumented cooling coil of Air Handling Unit of
ZEPHYR laboratory

was developped to create a set of validated measurement
data.

4.2 Experimental campaign
Sensors were installed on the (cool) water side and the
(hot) air side of the heat exchanger. On the water side,
input and output temperatures as well as the flow are mea-
sured. Air measurements at the inlet include temperature
and humidity, and at the outlet, temperature and flow. For
latent heat, the quantity of condensate is measured. Addi-
tionally, the uncertainty of each calibrated sensor has been
determined, primarily from data sheets and measured data
points. The uncertainty distribution of each sensor can be
considered Gaussian. The outlet temperature at one point
can be considered representative, because the uniformity
of the outlet air temperature was confirmed using an opti-
cal fiber installation with approximately 60 measurement
points evenly distributed across the entire cross-section.

Over fifteen steady-state experiments were conducted
over two days, with varying flows and inlet temperatures
(coolant and air). One of these experimental data points is
shown in Table 3.

Label Description Value σ Units

Qw Coolant flow 7.91 0.09 kg/s

∆Tw Coolant temperature
difference

1.62 0.03 ◦C

Qa Air flow 5.82 0.09 kg/s

Tai Inlet air temperature 29.0 0.30 ◦C

Tao Outlet air temperature 20.0 0.47 ◦C

RHai Inlet air relative humidity 42.9 1.5 %

Qc Condensate flow 1.62 0.03 kg/h

Table 3. Example of sensor data : values and uncertainty (k=1)

It can be observed that the uncertainty on the air side

is higher than on the coolant side. One reason for this
is that the inlet air was taken from outside the building,
causing the temperature and humidity to change gradually
throughout the day.

While the amount of condensate at the exit can be mea-
sured precisely, the phenomena related to condensation on
the plates inside the heat exchanger are complex. Discrep-
ancies, such as the transport time and the thickness of the
condensate layer, may lead to invalid experimental data.
The idea was to apply data reconciliation to eliminate
these invalid experiments and simultaneously improve the
accuracy of the measurement set. Since this set contained
some level of redundancy, data reconciliation based on ba-
sic conservation laws was possible.

4.3 Driving equations
The purpose of this paragraph is to model the thermal ex-
changes inside an HVAC exchanger that cools humid air
coming from outside, as illustrated in Figure 10. The air
temperature inside the exchanger can drop below the dew
point, caused by the relatively cold surface temperature
of the coils, and produce condensation. The main energy
balance equations are :

Pw = Qw(hwi −hwo)

Pa = Qaihai −Qchc −Qaohao

0 = Pw +Pa

Qai = Qao +Qc

(16)

where h denotes the fluid enthalpy, Q the massflowrate
and P the thermal power exchanged between the two flu-
ids within the exchanger. The subscript a denotes air, w
denotes water, c denotes condensate, i denotes inlet, and
o denotes outlet. Psychrometric charts of humid air are

Air Flow

Figure 10. Scheme of the studied HVAC cooling coil with latent
exchanges

typically used to visualize the thermodynamic processes
occurring within the HVAC cooling coil, as shown in Fig-
ure 11.
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Figure 11. Typical thermodynamic process within an HVAC
cooling coil

4.4 Data Reconciliation
Using the conservation equations Equation 16 and the ex-
perimental measurements listed in Table 3, it becomes ev-
ident that one measurement is redundant and can be de-
duced from the others. The enthalpy of the humid air and
water, assuming the total pressure is equal to atmospheric
pressure, is computed using T and RH for air, and T
for water, utilizing the media package of the Modelica
Standard Library as declared below:

Listing 1. HVAC Modelica media

replaceable package MediumAir = Modelica.
Media.Air.MoistAir;

replaceable package MediumWater = Modelica.
Media.Water.StandardWater;

Condensate rate is computed from the other measure-
ments, solving a non linear system to respect mass and
energy balances involving condensate rate. Measurements
are declared as presented in Listing 2

Listing 2. Declare measurment for data reconciliation

/ ∗ Measurement∗ /
Modelica.SIunits.MassFlowRate Qa_mes(

uncertain=Uncertainty.refine, start=1)
"Air flowrate [kg/s]";

Modelica.SIunits.MassFlowRate Qe_mes(
uncertain=Uncertainty.refine) "water
flowrate [kg/s]";

Modelica.SIunits.Temperature Tai_mes(
uncertain=Uncertainty.refine) "air
inlet temperature [K]";

Modelica.SIunits.Temperature Tao_mes(
uncertain=Uncertainty.refine) "air
outlet temperature [K]";

Modelica.SIunits.Temperature Twi_mes(
uncertain=Uncertainty.refine) "water
inlet temperature [K]";

Modelica.SIunits.TemperatureDifference
DeltaTw_mes(uncertain=Uncertainty.
refine) "water temperature rise [K]";

Real RH_ai_mes(uncertain=Uncertainty.refine
) "air inlet relative humidity [-]";

Modelica.SIunits.MassFlowRate Q_c(uncertain
=Uncertainty.refine) "condensate rate [
kg/s]";

In this case, the number of obtained auxiliary conditions
r is equal to one. The results of the data reconciliation
for two typical experiments are presented on Figure 12
produced by interfacing OpenModelica data reconcili-
ation with an OpenTURNS (Baudin et al. 2017) https:
//openturns.github.io/ module as illustrated in
Listing 3.

Listing 3. Perform data reconciliation with OpenTURNS and
OpenModelica

1 covarianceMatrix = priorDistribution
.getCovariance()

2 priorMeasurements =
priorDistribution.getMean()

3 dataR = otDataR.DataReconciliationOM
(modelName, VarNames,
priorMeasurements,
covarianceMatrix, casePath,
simuMatPath)

4 dataR.reconcileData()
5 reconciledDistribution = dataR.

getPosteriorDistribution()

For the first experiment, the data is considered consis-
tent, the result of the local being positive, which is qual-
itatively in agreement with the prior and posterior Gaus-
sian distribution of the measurements. For the second ex-
periment depicted on Figure 12, the prior and posterior
distribution are clearly inconsistent. One can notice that
the results of the data reconciliation process indicate that
the air temperature measurement may be potentially in-
correct, while the condensate rate measurement shows lit-
tle variation between the prior and posterior distributions.
This result is strongly driven by the specified prior distri-
bution. The condensate rate measurement, relying on the
mass of the condensate collected over a period, is speci-
fied as a measurement with a very low prior uncertainty
while some uncertainty sources can have been misidenti-
fied due to the complex condensation phenomena occur-
ring within the exchanger. It underlines that output of data
reconciliation process has to be carefully analysed to iden-
tify correctly defectuous sensors in case of measurements
set declared as non consistent.

Measurement with uncertainty before and after recon-
ciliation are illustrated in Figure 13 and Figure 14. It can
be observed that experiment number 8 leads to inconsis-
tent measurement after data reconciliation, as the cooling
coil outlet state is above the saturation curve. Therefore,
this experiment has been discarded.

5 Conclusions and future work
The implementation of data reconciliation with Open-
Modelica has been successfully tested on two industrial
experimental installations. For the EVEREST test loop
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