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Abstract component connections. We have earlier proposed a
design and made a prototype implementation for di-

Dimensional analysis and physical unit checking afensional inference and unit consistency check-
important tools for helping users to detect and cdfd[1] in the MathModelicf’] and OpenModelida]

rect mistakes in dynamic mathematical models. 1@ols. Such checking will help the users by repgrt
make tools useful in a broad range of domains itdt compile time if they have made a unit inconsis-
important to also support other units than the ®ncy error in their model. However, this becomes
standard. For instance, such units are commonlégs useful when modeling something that cannot be
biochemical or financial modeling. Furthermore, gxpressed in the dimensions as defined by the SI
two or more units turn out be in conflict after cke Standard. This is a common scenario for biochemical
ing, it is vital that the reported unit informatigs modeling based on the SBML standa®]. Such
given in an understandable format for the user, emodels frequently use the non-standard dimension
“N.m” should preferably be shown instead dfitem” for counting, e.g., molecules. MathModelica
“m2.kg.s-2", even if they represent the same uniftas a translator tg@] for translating SBML models
Presently, there is no standardized solution tallganinto Modelica (and vice versa). To make the transla
these problems for Modelica models. The contribtien tool more robust, user defined units should be
tion presented in this paper is twofold. Firstlye wconsidered in the dimensional analysis too. Another
propose an extension to the Modelica language tbatmple is in financial applications, where it é r
makes it possible for a library designer to defioéh quired to use the dimension “money”.

new base units and derived units within Modelica

models and packets. Today s nformation is | 30 2 IOV et e sy of ke and
plicitly defined in the specification. Secondly, w

describe and analyze a solution to the problem 8rﬂgu:g§ci?izzindhag\?v’ tlée.’zatrgi IS;‘igt]u:SereSsrs)?ocr?lcaﬂgP
presenting units to users in a more convenient wy SP . P pr ’
based on an algorithm using Mixed Integer Pr at the units mean, or how the checking should be

gramming (MIP). Both solutions are implementeé),erformed' This may result in that tools from diffe
tested, and illustrated with several examples. €nt vendors are not compatible, where some tools

) ) i ) ) . accept certain Modelica libraries, while otherecgj
Keywords: dimensional analysis, unit checking, di-  them due to unit inconsistency.

mensions, error reporting, language design _ _
Another problem is how to present the resulting

units (e.g. from unit inference) to the user, wbee
1 Introduction or more units are inconsistent. For instance, jptese
ing the unit “m2.kg.s-2A-1" to the user is not very

Modelica is a full fledged object-oriented equatioffNderstandable. Instead, the tool should trangee
based modeling language. However, its expressiffi© & more appropriate derived unit (or combinatio

ness can sometimes lead to models containing er@rglerved units and base units), like "Wb" or per-
that are hard to detect and isofafe haps “V.s". The preferred choice of these two might

be different depending on domain and context. For
One important area where modeling errors carstance, if this unit is reported in a domain cfidv

give devastating consequences is inconsistencynetic models, “Wb” might be preferred, but if it is

physical units and dimensions within equations angborted in a context where only units “V”, “A” and
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“Ohm” are used it is probably more appropriate 0 Besides the standard Sl units, it is easy for users
use “V.s". The presentation should not only contain and library developers to add both new base and
standard Sl units, but also extended units defined  derived units for a particular library.

the user and these could also be selected by reggyg goal is that both this work with extendabletuni
ing domain and context information. definition and our previous work on general unit

In this paper we propose a solution to these pr(ﬂﬁ]ECking should form a foundation for a new seman-
lems by specifying both base units and derivedsuriic description of units in the Modelica specificat
in a generic way, so that new dimensions easily dasen though we today have a running test implemen-
be added. We propose this as an extension to i@féon, the work is still at an early stage, andreno
Modelica language so that different Modelica tooWork on formalizing the semantics is required for
can behave alike. At the same time, the library daclusion in the specification. Moreover, our inten
veloper is also given a more powerful mechanism f&©n is not that unit checking should be a coré¢ plar
specifying nonstandard units in a uniform way. Seéle specification. Instead, we propose that such a
tion 2 presents the proposed Modelica language #nguage feature should be defined asoptional
tension that enables the model user to descritte bgpdule in the specification, enabling tool vendors to
base units and derived units. In Section 3 we showXplicitly choose and officially state if the furan-
new method of how a tool can interpret the dimeality of such a module is supported.
sional units inferred by the type checker and prisse _
unit errors to the user in a more readable fornis TR-1 ~ Requirements
is done by formulating a mixed integer programmin _ _ _
(MIP) problem that will select more appropriatd/€ hgve during the qleS|gn wprk of extendable.unlt
units depending on both context and potentiallp a|gef|n_|t|ons for Modelica considered the following
user preferences. We have made an implementafigatirements:

and an evaluation in the MathModelica and Open- Backwards compatibility. Models designed with

Modelica tools, described in Section 4. FinallycSe  the earlier definitions where the meaning of units

tion 5 contains related work and Section 6 congdude a5 implicit, should also work in a new envi-

the paper. ronment where the units are defined by the li-
brary developer.

e Only library definitions. Both base units and de-
rived units should be able to be added by library
developers, i.e., the tools should not have any
prior knowledge about defined units.

Declarative and easy to use. The new extension
for defining new units must be declarative in the
sense that the order of definitions should not
matter. It must also be easy to use, e.g., defined

2 Extendable Unit Definitions

The Modelica specificatiofilQ] includes a section
describing the syntax of unit expressions, i.ew ho
for example an expression such ‘d&g.m/s2"

should be parsed. However, besides a reference to
ISO standard 31/0-1992, no information is given re-
garding thesemantics of how to perform the actual . . .
unit checking. This general openness of the specifi units Sh?UId Ee state'd In a user friendly format
cation makes it possible for different tool vendturs such as “N.m’; not using its unit vector format.
implement their own way of handling unit checking, Weights for different domains. It should be pos-
giving implementation freedom, but also limits the sible to prioritize certain units for a specific-do
possibility for models to be exchanged and treated ~ main, to enable better error reporting.

the same way by different tools. + Prefixes are pre-defined. Prefixes, such as “m”

Instead of letting a reference to an I1SO standard for milli and “k” for kilo are pre-defined in the
define the meaning of base units (e.g. “V” and “s”) specification, i.e., these are not extendable.
and derived units (e.g. “N.m"), we propose in thisollowing these requirements, an overview of our
section that the definition should be stated diyeiot design proposal is outlined in the following three
the source code of Modelica classes. Possible besighsections.

fits with this approach are:

. . 2.2 Informal Syntax
* Tools from different tool vendors use and inter- S

pret exactly the same set of unit definitions.  Aqging new syntax to a language is the least istere
ing and challenging issue from a language design
point of view, but results nevertheless often imgéa
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debates at design meetings. Hence, the followiglgment :
proposed syntax is only for presentation purposke arunit_clause |
can most likely be changed in a version that is ac-, . .

cepted for inclusion in the Modelica specification. Where mean the rest of the right side of the

We introduce a new keywordlefi neunit, originalelement production.
which is used both for defining new base units and
derived units. For example, to define the threst fi2.4 Informal Semantics Overview
base units of the Sl-system, the following lines ca
be added to an arbitrary Modelica class. The semantics of the extendable unit definitionas
intended to be described in detail here. Instelael, t
intent is to give a brief overview of how a compile
. . can treat the unit definitions. A more complete and
defi neunit s; formalized description is postponed as future work
Derived units are defined by combining base units @onjunction with a language extension proposal for
other derived units. For example, to define the dite Modelica language design group.
rived unit Newton, the following line is added.

defi neunit m;
def i neunit kg;

From the syntax description, it is clear that unit
def i neuni t N(exp="m.kg.s-2"); definitions can be placed anywhere in the element
The expression consists here only of base units. Tection of a class. Hence, units can be definelinwit
syntax of the unit expression is the same as the sgny restricted class, e.g., packages, models, and
tax specified in the current Modelica standard. Howunctions. When checking equations and/or state-
ever, it would be very inconvenient if the derivethents within a model, two passes are performed. In
units always must be defined using base unitBe first pass, all components and sub-componénts o
Hence, we allow expressions also to include otiee model are traversed and unit definitions col-
derived units. For example, this line would define lected. This includes searching both the compohents
derived unit Pascal: scope and their parents’ scope. In the second pass,
def i : u ". the ordinary instantiation/elaboration takes place.
ef i neuni t Pa(exp="N/m2"); . . . .

_ _ During this elaboration, equations and statemengts a
Note that both a derived unit (N) and a base umjt (checked for unit consistency using the unit defini-
are used in the unit expression. tions collected in the first pass.

There is also an optional parameter weight thattne order of how the unit definitions are collected
can be used for specifying how important an unitj$ the first pass is not important. If the set ofitu

in the domain. This is used by the algorithm pregfinitions contains several elements with the same
sented in Section 3 for better error reportingndf it name, it is an error if their respective ueit-

weight argument is specified, a default value @ 1 yressjons are different. For example, if Newton (N)
used. The weight can also be specified explicifly ks gefined more than once, each definition musehav
using a named parameter. For example the same expression, i.€'m.kg.s-2" . After
defi neunit Pa(exp="N/m2", weight=2); elimination of identical unit definitions, the rdtng

states that Pascal is a unit that is more impoitantS€t Of unit definitions is used to generate anrirete
this library and will therefore have higher prigrit "ormalized representation of units. Following the

when used in error reporting. approach outlined in our previous wdiK, each unit
is then represented in a vector format. To be able
2.3 Formal Syntax generate this normalized form, it is required thiht

definitions and dependences between derived units
The def i neuni t extension can be defined in thand base units form a directed acyclic graph (DAG).
EBNF grammar of the Modelica specification, bilence, derived units are not allowed to be defsed
adding the following production: that they form cyclic structures. If such a cyclic
structure is detected, an error should be repoFfed.
example, the following definitions should be re-
jected:

defi neuni t Ul(exp="m.U2");

) ) o def i neuni t U2(exp="U3/s");
Theunit_clause s then used inside the elemenf ¢ ounit U3(exp="U1.kg"):

production as follows:

unit_clause :
def i neuni t IDENT
["(" named_arguments ")" ]
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minimize
NU

If several unit definitions exist with the samez
name and expression, but with different weights, U
these weights are used later in pass two for betgﬂbject toZdim(j)x' =dim
error reporting. The weights for unit definitionsthv ! !
the same unit name are multiplied together, formiWhere

p,x,  wherep, =Wi(1+|dim(j) ~ dim, )
i

j=1

the new weight. For example, if the following défin

tions of Pascal exist: NU is the number of units (base and derived)

def i neuni t Pa(exp="N/m2", weight=1.5); * w;is areal number >0

def i neuni t Pa(exp="N/m2", weight=2); * dim(j) is the dimensional vector for the j:th
The resulting unit definition is: unit

defi neuni t Pa(exp="N/m2", weight=3); * X is the sought exponent for each unit

In the current implementation a library must redefi ~ * [Vl is the L2 norm of vector v
all types that should be treated with a differeiiihis formulation works fine as long agig a posi-
weight factor. For example, if a library would like tive integer value. If negative values were allowed
have higher weights on Pascal, types that are usihgse would contribute negatively to the objective,
Pa, such asPressure , must be redefined in theand thus favor negative exponents over positive
library. The main rationale for this design choise ones. So, to allow negative exponents in units we
better performance of the instantiation/elaboratishust handle them separately. This can be done by
process of the compiler. instead setting up the problem as:
2NU

minimize)_ p, X,
3 Reporting Units =1

where
The unit checker described in previous wWatkuses 1
a vector of seven rational numbers; one for eaeh @, =—(1+|dim(j) —dim, |)
mension. The reason for using rational numbers is t W;
be _able to h_andle sqrt  function or exponent_s Of.Wj+NU =w, 1<j<NU
arbitrary rational numbers, e.g., x*(2/3), which is o .
very commonly used in engineering equations. @iM(j + NU) =—dim(j) 1<j<NU
this work, the length of this vector is determirtad ] 2N )
the number of dimensions added to the system. THabject tozdlm(J)Xj =dim,
library developer adds all definitions of base sinit 1=
and derived units to the standard library, inclgdiWith the formulation above we double the problem
the standard Sl units (see Section 2). Every wnitsize and represent negative exponents with a set of
thus described by a vector of at least 7 elemé&its. separate variables. The weights for the newly intro
instance, the unit Watt (“W”) corresponding to thduced variables are identical to its positive corre
base units “m2.kg.s-3” is described by the vectspondent exponent, and the dimensional vector is
(2,1,-3,0,0,0,0). The problem is, given a sought unegated.
with dimension vector dip{the target unit), to find &  |f the dimensional units only were described with
linear comblnatlon_of units (both de_rlved_and basﬁ"‘)tegers (e.g. as done in Dymola ¥&]), this formu-
that matches the dimension vector diBut, in order |5tion would be sufficient. However, because we al-
to select more appropriate units we should prefgy Rational numbers as exponents and because it is
units that are close to the target unit. Also, wewsd 4t |ikely that derived units should be expressed
pr_efer_to use derived units instead of base_ uaﬂs,omy by integers, we need to reformulate the prob-
this will probably be closer to what an engineer efm \we let the variables of base units be of type
pects. Real (or preferably rational) and the derived ubis

of type integer, thus leading to a mixed integer- pr
As a first attempt, we can formulate the problem asgramming problem.

For a target unit, t, that has dimensional vectoy d
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3.1 Example

which correspond to unit “s.Pa.J”, i.e. it preféos

use unit “Pa” in the result.

Let us consider an example. For simplicity we limit
the example to use three base units (m,s,kg) and 8l2  Use of Rational Numbers

fine four derived units according to Table 1 below.

Table 1. A subset of the Sl units.

So far we have not used any rational numbers in our

Unit Vector representation y
examples. So how does rational numbers affect the

m (1,00 proposed solution?
kg (0,1,0) Since we formulated the problem as a MIP (Mixed
s (0,0,1) Integer Programming), it can allow both integerivar

(1,1,-2) ables and real variables. The idea is to limitdee
Pa 1.1-2) rived units to integer values, so that units lik&-*

- (1/3)" are not produced. Otherwise it will be hémd

J (2,1,-2) the user to find out what is missing to correct the
w (2,1,-3) error, since the user himself has to translatedtte

rived units into base units and then apply the expo
nent.

Suppose that a unit of a certain term is infered t AS an example we will take the unit “W(1/2)",
“m.kg2.s-3", corresponding to the vector represenighich corresponds to the unit vector (1,1/2,-
tion (1,2,-3).. If we use (1,1,1,1,1,1,1) as weight- 3/2,0,0,0,0) The solution when derived units are in

tor the problem becomes:

minimize p x
subject tomx =dim,

tegers and base units are reals becomes: “kg-
(1/2).s(1/2).N”. If the problem is solved with all
variables as real valueghe solution is instead:
“N(1/2).Gy(1/4)” which is much harder for a user to
interpret.

1001 -1 2 2 -10 0 -11 -2 -2 An alternative formulation could be to instead for-
0101 1 1 1 0 -10 -1-1-1 -1J mulate the linear programming problem using only
001-2-2-2-30 0 -12 2 2 3) integers, by multiplying the base unit vector bg th

p=1+ greatest common divisor among the rational num-

(13 ¥11 v21 41 V6 V3 V2 V17 V19 3 38 34 V43 3/g)

dim, = (1,2-3)

bers, and then solve the corresponding integeaiine
programming (ILP) problem. The solution must then
be divided by the greatest common divisor. The

T_he m matrix sets up the constraints for the d'meﬁ‘r‘oblem with this formulation is that it can notag
sions, the first seven columns corresponds to @he \yntee that derived units are only expressed iménte
ues in Table 1 above, and the seven last CO'“”‘mSé}fponents. For example, given the unit vector
their negated values. The criteria veqgoogives the (5/2 3/2 9/2.0,0,0,0), the corresponding MIP solu-
weight for each variable as the distance of the disn phecomes “m-1/2.kg-1/2.s-1/2.N.J". However,
mension vector of that dimension to the target W‘ansforming to ILP gives “Pa.J.W.Gy", which re-

mension _plus one. The reason for adding one to thets in “Pa(1/2).J(1/2).W(1/2).Gy(1/2)’, which is
distance is to be able to control that even selg@@i hard for a user to understand.

perfect match can be avoided by using weights. For

instance, the first element has a valuelef\/f% 3.3 Adjusting Weights According to Context

since the distance (norm) from (1,0,0) to (1,2pi8) ) _
As illustrated by the example above, the weights fo

each unit can be modified to control the solution.

one is
1++/13 (1+\/(1—l)2 +(0-2)*+(0--3)%). This can be used to guide the solver into selecting
units that are preferred for a given context. For i

\(/(\)/hleg fgl\gnogotglsl Brg%leon)w it will give the Valuesétance, let us consider a simple equation for taicu
U ing the power:
which correspond to the unit “kg.s-1.N".

—_ 2
By adjusting the weight vector different resulte arp =R
obtained. For instance, if we increase the weight o
for “Pa” the results instead become:

(0,0,1,0,1,1,0,0,0,0,0,0,0,0)

! The real values are "Rationalized” before predema
by approximation to rational numbers with smalegers.
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Suppose the variables P and | have defined units of try next derived unit. Repeat until all derived
“W” and “A” respectively. The resistance is infedre units reported has been tried.

to “m2.kg.s-2.A-2" elsewhere (i.e. missing a s-1 Gt us try this idea on our example. As stated abov
be “Ohm). If this problem is solved it will regard the first run of the problem gave “F-1.0hm.H" as
less of weights result in “Wb", since that will ts resyit. We first increase the weight of “F” andurer

in a perfect match, giving the lowest cost (sirtee tThjs gives “Ohm3” as we expect. Same result is also
distance is zero, the cost will belywHowever, a given if we increase weight for “H". However, if we
user might be more familiar if units closer to “W’increase the weight of “Ohm”, the result becomes

and “A” is used. By adjusting the weights (increasg_1 s-1.H”, which is clearly not a good choice.
ing “W” and “A”, and decreasing the weight of the

rest of the derived units so they are smaller than

weights of base units), the result instead becomgrs: Implementation and Evaluation
“s-1.A-2.W”. Of course, if it instead is evidenbfm

the context that Ohm is the preferred unit, we atouA prototype for reporting units has been imple-

decrease its weight and increase the rest of the Q@ntaq in Mathematica and a full implementation is

rived units, resulting in: *s-1.0hm". now completed in the MathModelica/OpenModelica
In conclusion, the resulting unit can be controlleggontend.

by modifying the weights of derived units. To find

out the weights one could look at the current cantet. 1 Testing the Modelica Standard Library

the unit is defined in. For instance, in an eleetri

component that does not have any units from tiike unit checking and error reporting functionality

magnetic domain declared, the weights of the unitave been tested in MathModelica on the Modelica

“Wb”,"T" and “H” could be decreased. Standard library v 2.2.1, which is the latest vanmsi
The possibility we have chosen is to let the Iibrawhere unit checklng corrections (pased on Dymola

developers themselves define the weights accordfffg>'o" 7.0 unit checking funct|onql|ty) of therkiny

to their preferred units. This is the suggested e not been performed. The unit checker_ reported

proach described in Section 2, e same problt_ams as Dymola_l did on version 2._2.1

and after applying the corrections made in version

2.2.2, the affected models passed the unit chdak. T

gives an indication of that both tools behave cor-

rectly, or at least they behave in the same manner.

One problem with the proposed solution is that theHowever, there are some cases in the standard li-
same minimal value can be obtained by either seldgtary where Dymola does not report unit errors, but

ing a mixture of several derived units or by sehect MathModelica and OpenModelica does. One such

multiples of only one derived unit. For exampld, l€ase is the use of the builtéxp function, which is

us consider the unit vector for “Ohm3”, which cerreused in e.g. Semiconductor models in the Electrical

sponds to the vector (6,3,-9,-6,0,0,0). With ongs package. The problem can be illustrated with this

weight, the result becomes “F-1.0hm.H”; this is nsimple model:

preferable. If weights of units are adjusted acicyd nodel UnitProblem

to previous section this might be avoided, butsit i

not always the case that a context of units mag heReal i(unit="A");

(the context may be empty). Real v(unit="V") = 2.4;

An alternative is to make an automated adjustm%nt
on the units to try to minimize the use of derived’
units. This can be expressed by the following alge= exp(v);
rithm:

34 Minimizing the Number of Used Derived
Units

uati on

end UnitProblem;

L (R;L:TJ;Z? p')\felzll?efrreo dbﬁg;gmg; standard We'ghtBymoIa does not report any errors for this mpdel,
. _ ' _ even though the exp function should have a dimen-
2. If several derived units are reported, increaggnless argument and give a dimensionless return
weight on one of them and rerun MIP prolajye. Thus, since the MSL is primarily developed
lem. If less derived units are reported, keggith Dymola, the unit conversion corrections that a
the adjusted weight and repeat 2, otherwiggne for other models are not done for models con-
taining exp, log , and other dimensionless built-in
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functions. This is also reflected in thodelica. 6 Conclusions

Math library where these functions are declared as

unspecified unit with e.g.input Real x; in-  We have showed a new method of solving the prob-
stead of dimensionless, using input lem of presenting inferred and inconsistent units b
Real x(unit="1"); the unit checker in a format that is more understan

To correct these defects we propose to make the %Ql_e fqr the user. The method is based on formlng a
ponent function, logarithm function, and othersa,tthm'xed Integer p(ogrammlng_(MIP) p_roblem to dt"-‘c'de
are dimensionless to be declared with unit “1”HetWh'Ch base units and derived units to use in the

MSL, and that the usage of these functions in tﬁgr;ergu:r'f:g?ennsvi\gah t(ght?]eulf/leor(.je\l/i\i:(; r;iveu;iovfr:g;e
llbrary are corrected so a dimensionless unit uér:it definitions can be stated within ar? rgsidcte
passed and returned from these functions. y

class, making it possible to define new user define
units that are not part of the standard Sl units.

A prototype has been implemented in Mathe-
The unit extendibility has been tested and evatlat®atica, followed by a complete implementation in
by adding unit definitionsdefineunit ) for all SI MathModelica and OpenModelica. The same unit
base units and derived units accordingSio These €rors on the Modelica standard library that Dymola
definitions have been added Stunits.mo  in the have detected were also reported by our tool, teut w

Modelica standard library. Preliminary tests shoﬂSo detected more inconsistent units, and proposed
that this approach is backwards compatible cofifIther corrections of the standard library.

pared to having these definitions built-in, i.enitu
checking works as expected even if the Sl units are
defined in the standard library. Models have aldo

been tested, where additional base units (e.gra cu .

Graduate School in Computer Science), MathCore
Engineering, the Swedish Research Council (VR),
and the Biobridge project supported by the European
Preliminary tests have been conducted for evalgati@ommission in the sixth framework programme.

the usability and readability of errors when diéiet

weights are used in different libraries. Howevaer; f
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