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ABSTRACT
Misuseof measurementunits is a commonsourceof errorsin sci-
enti�c applications,but standardtypesystemsdo not preventsuch
errors. Dimensionalanalysisin physicscanbe usedto manually
detectsucherrorsin physicalequations.It is, however, not feasible
to performsuchmanualanalysisfor programscomputingphysical
equationsbecauseof codecomplexity. In this paper, we presenta
typesystemto automaticallydetectpotentialerrorsinvolving mea-
surementunits. It is constraint-based:we modelunitsastypesand
�o w of units asconstraints.However, standardtype checkingal-
gorithmsarenot powerful enoughto handleunitsbecauseof their
abeliangroupnature(e.g., beingcommutative, multiplicative, and
associative). Our systemcombinestechniquessuchastype infer-
enceandGaussianEliminationto overcomethisproblem.Wehave
implementedOsprey, a prototypeof the systemfor C programs,
andevaluatedit on varioustestprograms,includingcomputational
physicsandmechanicalengineeringapplications.Osprey discov-
eredunknown errorsin maturecode; it is precisewith few false
positives;it is alsoef�cient andscalesto largeprograms—wehave
successfullyusedit to analyzeprogramswith hundredsof thou-
sandsof linesof code.

Categoriesand SubjectDescriptors: D.2.4[SoftwareEngineer-
ing]: Software/ProgramVeri�cation—reliability, validation; F.3.2
[Logicsand Meaningsof Programs]: Semanticsof Programming
Languages—programanalysis

GeneralTerms: Languages,Reliability, Veri�cation

Keywords: GaussianElimination, constraint-basedanalysis,di-
mensionalanalysis,measurementunits,typesystems

1. INTRODUCTION
Scienti�c applicationsusemeasurementunits suchas meters,

seconds,or kilograms. Misuseof measurementunits in theseap-
plicationscanbe disastrous:it is believed that the Mars Climate
Orbiteris lostbecausedatadenominatedin theEnglishsystemwas
fed into thenavigationsystemwhichexpectedmetricunits[18]. In
orderto have correctcomputationalresults,it is importantto vali-
datedimensionalunit correctnessof aprogram.However, standard
typesystemsdonot enforcethecorrectuseof units.
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Physicistsroutinely usedimensionalanalysisto checkthe di-
mensionalunit correctnessof quantitiesin equations.Dimensional
analysisassumesthateachphysicalquantityhasameaningful,�x ed
unit of measureandtheunits of both sidesof an equationarethe
same.Althoughuseful,suchanalysiscanbedif�cult to carryout,
especiallyfor non-physicists. Many physical equationsinvolve
complicatedcomputation,andit is dif�cult to trackthe�o w of units
in thoseequations.Manuallyapplyingdimensionalanalysisto pro-
gramsthatcalculatesuchequationsis evenmorecomplicated.

We usetheconcreteexamplein Figure1 to illustrateunit errors
andexplain our analysis.For now, pleaseignorethoseshadedto-
kensstartingwith a $, suchas $unity : they areunit annotations
for our typesystem.Thecodecomputesanelectron's �nal energy
usingtheformula(adaptedfrom Brown's work on SIUNITS [4]):
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We brie�y explain the physicalmeaningof the variables: � is
the �ne structureconstant;r e is the radiusof an electron;NA is
theAvogadro's number;L r ad andL

0

r ad areTsai'sconstants;X 0 is
radiationlength; andf (Z ) is treatedaszeroin thecode.

The codehastwo unit errors,neitherof which canbe detected
by thestandardC typechecker: (1) Althoughthenameof thefunc-
tion radiationLength implies that theunit of its returnvalueis
thatof length , it is actuallya unit of ar ea density , for example,
kil ogr am*meter � 2. Thereturnstatementin radiationLength
shouldreturnthereciprocalof theoriginal expression;(2) Thear-
gumentof exp in thereturnstatementof finalEnergy shouldbe
unitl ess accordingto the � theoremin physics.1 Considering
this togetherwith the �rst error, the argumentshouldbe “ thick
* density / X0.” Unit errorsoccur for many reasons,suchas
misunderstandingphysicalmeaningof equationsor simply pro-
grammingerrors. It is dif�cult for programmersto apply manual
dimensionalanalysisto discover theseerrorsbecauseof function
calls,structures,pointers,andotherlanguageconstructs.It is thus
desirableto mechanizedimensionalanalysis.Although many ap-
proachesexist to supportautomaticdimensionalanalysis,thereis
not yet a practicalmethodfor verifying unit correctnessof largeC
programs.We defera detailedsurvey of relatedwork to Section7.

In thispaper, wedesignatypesystemfor automaticdimensional
analysis.In our system,we modelunitsastypesin programming
languagesandreducedimensionalanalysisto typechecking.How-
ever, thesemanticsof units is morecomplicatedthanthatof stan-
dard types. Units canbe operatedon with arithmeticoperations,
suchasmultiplication,division,andsquareroot,andthey form an

1Accordingto theBuckingham's � theorem[9] in physics,parametersand
returnvaluesof a transcendentalfunction(e.g., exponential,logarithmic,or
trigonometricfunctions)shouldbeunitl ess [26].



1 double pow(double , $unity double );

2 $unity double log ( $unity double );

3 $unity double exp( $unity double );

4 extern $unity double alpha , NA;

5 extern $meter double re;

6 typedef struct {
7 $kilogram double atomicWeight ;

8 $unity double atomicNumber;
9 } Element;

10 double radiationLength (Element * material ) {
11 double A = material ->atomicWeight ;
12 double Z = material ->atomicNumber;
13 double L = log ( 184.15 / pow(Z, 1.0/3) );
14 double Lp = log ( 1194.0 / pow(Z, 2.0/3) );
15 return ( 4.0* alpha *re* re ) * ( NA/A )
16 * ( Z*Z*L + Z*Lp );
17 }

18 double finalEnergy (Element * material ,

19 $kilogram*meter � 3 double density ,

20 $meter double thick ,

21 $kilogram*meter 2 *second� 2 double initEnergy )
22 { double X0 = radiationLength (material );
23 return initEnergy / exp( thick / X0 );
24 }

Figure1: Samplecodewith unit errors.

abeliangroup.2 Wethusneedmorepowerful algorithmsto perform
type checkingfor unit correctness.Our type checkingalgorithm
combinesboth standardtype checkingandGaussianElimination
methodsto validateunits. As a novel contribution,our systemcan
alsovalidatethe factorsusedfor convertingoneunit to anotherof
the samedimension. Our goal is to have a systemthat is sound
(doesnot missany errors),scalable(cananalyzelargeprograms),
precise(doesnot reportmany spuriouserrors),andusable(is easy
for programmersto use).

We have implementedOsprey, a prototypeof the systemfor C
programsmeetingthis goal. Ignoringcertainunsafefeaturesof C,
Osprey is sound:if it doesnot�nd unit errorsin aprogram,thenthe
programis guaranteedto befreeof unit errors.To validatetheother
claims (i.e., beingprecise,scalable,andusable),we have exten-
sively evaluatedOsprey on varioustestprograms,includingcom-
putationalphysicsandmechanicalengineeringapplications. Os-
prey discoveredunknown errorsin maturecode. It is alsoprecise
with few falsepositivesin ourexperiments.It is ef�cient andscales
to largeprogramswith hundredsof thousandsof linesof code. It
is alsoeasyto usebecauseit requiresonly lightweightannotations
(in theform of simpletypequali�ers) andis fully automatic.

The restof the paperis structuredasfollows. We �rst give an
overview of our system(Section2). We thenpresentdetailsof the
componentsin the system(Section3), followed by a discussion
of its implementation(Section4). Next, we show experimental
resultsandevaluationof Osprey (Section5) anddiscussits current

2An abeliangroupis a �nite or in�nite setof elementstogetherwith a bi-
nary operation(with multiplication asthe operationon units) satisfyinga
few properties:closure,associativity, commutativity, andexistenceof iden-
tity andinverses.

ERROR: The constraint :
u_20_thick = u_23_thick_DIV_X0 * u_22_X0

is reduced to:
meter 1 = meter 2kil ogr am � 1 .

Figure2: Sampleerror report for codein Figure1.

limitationsandpossiblewaysto enhanceit (Section6). Finally, we
discussrelatedwork (Section7) andconclude(Section8).

2. OVERVIEW OF OUR APPROACH
Our analysisis castasa constraint-basedtypeinferencesystem,

consistingof a de�nition of types,a setof type checkingrules,a
constraintgenerationphase,andaconstraintsolvingphase.Givena
program,constraintsaregeneratedbasedon thede�nition of types
andtypecheckingrules.Theconstraintsarethensolved,anderrors
will bereportedif theconstraintsareunsolvable. In thefollowing,
wepresentthetypesystemalongwith its prototypeimplementation
Osprey, to make it moreconcrete.

2.1 Users' View
To users,our systemworks like a standardtype system.Users

assigntypes(units)to programvariablesandotherobjects,andthe
systemcheckstypecorrectnessof theprogramandmayissueerror
reportsfor usersto �x theseerrors.

In practice,Osprey shouldbe familiar to usersbecausetheunit
annotationsareanalogousto types.Consideragainthesamplecode
in Figure1. Thetokensstartingwith a $ areunit annotations.The
units representedby theseannotationsshouldbeself-explanatory;
kil ogr am1*meter 2*second� 2 is actuallya unit of energy. Os-
prey providesaliasesandabbreviationsfor commonlyusedunits.
For example,thealiasesandabbreviationsunity , m, kg, s, andE
areusedto representunitl ess, meter , kil ogr am, second, andthe
aforementionedunit of energy, respectively. Our laterdiscussions
will usesomeof theseabbreviations.

Osprey issuestheerrorreportshown in Figure2 for thesample
code.In theerrorreport,u 20 thick representstheunit of thick
declaredon line 20; u 23 thick DIV X0representstheunit of the
expression“ thick / X0” on line 23; u 22 X0representstheunit
of “X0” declaredon line 22. Thedivision in theoriginal program
is rephrasedasmultiplicationin theerrorreport.

Sucha reportmeansthat the codecorrespondingto theseunit
variablescontainsa unit error. By examiningthecodein Figure1,
we seethat on line 23, the unit of the argumentfor exp mustbe
unitl ess (accordingto the � theorem,cf. Footnote1), and thus
u 23 thick DIV X0is unity andX0shouldhave thesameunit as
thick , i.e., meter , but in fact it is meter 2*kil ogr am � 1 accord-
ing to theerrorreport.After checkingtheorigin of thevalueof X0,
we know thateitherthereturnvalueof radiationLength or the
way we usethe function is problematic.Thus,sucherror reports
mayhelpusersto �x theerrorsmentionedin Section1.

2.2 Inter nal View
Figure3 depictsthe internalsof Osprey. We usea specialized

type de�nition for units (Section3.2) anda setof unit constraint
generationrules(Section3.3) for the constraintgenerationphase.
Becauseof the abeliangroupnatureof units, the generatedcon-
straintsmay involve equalities,multiplications,or inverses. The
constraintsthat involve only equalitiesare resolved by the con-
straintresolutionengine—Banshee[17]. We thenusethe(partial)
solution from this phaseandsimplify all constraintsusing a tai-
lored union/�nd (U/F) engineto reducethe numberof unit vari-
ablesandconstraints.Theresultis subsequentlyfed to a Gaussian
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Figure3: Inter nal structur eof Osprey.

Elimination(GE) engine(Section3.4). During this solvingphase,
whenever a unit error is discovered,anerror reportwill be issued
to inform usersof theerror.

3. TYPE SYSTEM FOR UNIT CHECKING

3.1 Dimensionsand Units
We �rst introducepropertiesof dimensionsandunits. Every di-

mensioncanbederivedfrom thesevenbasedimensionsin the In-
ternationalSystemof Units (SI) [12]. Eachbasedimensionhasa
correspondingbaseunit, but mayhave morethanoneunit. For ex-
ample,meter is the baseunit of length , while centimeter and
f oot arealsounitsof length . Eachunit of a dimensioncanusu-
ally beconvertedto otherunitsof thesamedimensionby multiply-
ing a unit factor. For example,0:01 is the unit factorconverting
centimeter to meter because1meter = 100centimeter . Unit
pre�xesin SI, suchaskil o andmil l i , areusedto derive unitsand
canbeviewedasunit factors.

3.2 Unit Types
Wemodelunitsastypesandde�ne a unit typelanguage:

ut ::= meter j kil ogr am j secondj ampere j kelvin

j mole j candela j unity j ut1 � ut2 j ut � 1 j f j �

cut ::= ut j ref (cut) j str uct(cut1 ; : : : ; cutn )

j lam(cut0 ; cut1 ; : : : ; cutn )

Theabeliangroupfor units is de�ned by thegrammarfor ut: The
�rst seven elementsare the seven baseunits; unity denotesthe
identity; multiplication is denotedby thesymbol� ; ut � 1 denotes
the inverseelementof ut; andthesymbolf denotesa unit factor.
We also introduceunit variables,� , to representunknown units.
Unit types without variables,such as meter and “kil ogr am �
meter � 2 � 2:2,” arecalledunit constants.

To expressprogramminglanguageconstructs,we alsointroduce
compositeunit types(cut). The last threeproductionrulesfor cut
de�ne unit typesfor pointers,structures,andfunctionsrespectively.
In lam, cut0 denotestheunit typeof areturnvalue;cut1 ; : : : ; cutn
denotethe unit typesof �elds (of a structure)or parameters(of a
function). Thesethreekinds of unit typeshave no real physical
meaning,but they arehelpful for tracking�o w of unitsover these
languageconstructs.For example,in thecodein Figure1, theargu-
mentmaterial to the function radiationLength is of the type
ref (str uct(kil ogr am; unity )) .

3.3 Unit Constraints
We now introduceunit constraints to modelthe�o w of units in

a program.Unit constraintsaremainly of two forms: ua = ub or
ua = ub � uc , whereua , ub, anduc areeitherunit variablesor
constants.Due to spaceconstraints,insteadof giving the formal
constraintgenerationrules in our system,we illustrateconstraint
generationin Osprey with thesamplecodein Figure1. Interested
readerscan�nd a formaldescriptionin thefull paper[13].

We follow the standardtechniqueof constraintgenerationin
constraint-basedprogramanalysis.The ideais natural:we essen-
tially performarecursivetraversalof theabstractsyntaxtree(AST)
of a programandgenerateconstraintsfor eachnodebasedon the
node's correspondinggenerationrule. Constraintgenerationrules
canberoughlyclassi�ed into two categories:declarationsandex-
pressions.The formerchangestheunit environment(which maps
programvariablesto unit types)andmay indirectly generatenew
constraints,while the lattergeneratesnew constraintsdirectly and
mayaffect theunit environment.

Figure 4 shows constraintsgeneratedfor somerepresentative
fragmentsof thecodein Figure1. As for notation,mappingsen-
closedin [] areto beaddedinto thecurrentenvironment,andcon-
straintsenclosedin fg areto begeneratedwhenthecorresponding
codeis beinganalyzed.We explainsomeof therows in the�gure:
Row 1 Theunit variablesu 2 log@return (for the returnvalue)

andu 2 log@1 (for theparameter)arebothunitl ess.
Rows 3 and 4 Thesetwo rows illustratehow structuresaremod-

eledin oursystem.Whena�eld is de�nedwithin astructure,
a new mappingfor thecorrespondingunit variableis added,
for example,the unit variableu 6 unamed@atomicWeight
for the �eld atomicWeight in the anonymousstructureis
mappedto kil ogr am; whena �eld is accessed,the corre-
spondingunit variableis usedto generateconstraints,suchas
theconstraintin row 4. A �eld of a structurecorrespondsto
a�x edunit variable,andthusdifferentinstancesof thestruc-
ture always have the sameunit. This kind of modelingof
�elds within a structureis called�eld-level �eld-sensitivity.

Row 5 This row shows how constantsaremodeled.A freshvari-
ableu 13 const#1 DIV const#2 (for the division) is cre-
atedanda new constraintamongthevariablesis generated.
Thevariablesu 13 const#1 andu 13 const#2 arefor the
secondandthird constantson line 13 andbothunity .

Rows 6 and 7 Theserowsshow theeffectsof thecallsto pow. Ac-
cordingto thefunctiondeclarationonline 1 in Figure1, there
is no unit annotationsfor the �rst parameterandthe return
value, and Osprey considersthem to be polymorphic(i.e.,
differentcallsto thesamefunctionaretreatedindependently
andthustheunitsof thepolymorphicelementscanbediffer-
entat thedifferentcall sites),while thesecondparameteris
unitl ess. Constraintsrelatingparametersandactualargu-
mentsaregeneratedat thecall sites. To distinguishthe two
call sites,differentinstancesof thepolymorphicvariablesare
needed. We can seein Figure 4 that the unit variable for
the �rst parameteru 1 pow@1 andthat for the returnvalue
u 1 pow@returnareinstantiatedusingthepositioninforma-
tion of the call sites,while the unit variablefor the second
parameteru 1 pow@2 is kept the same. Sucha technique
is calledsyntacticalinstantiationand is commonlyusedto
implementcontext-sensitive analysis.More detailson poly-
morphismandcontext-sensitivity aregivenin Section4.3.

Row 11 Thiscodeinvolvesafunctioncall andanassignment.The
function call is treatedthe sameasthe onesto pow, except
thatwe alsoneedto instantiatethesetof constraintsfor the
functionbody, usuallyreferredto asa functionsummaryand



Row Line # and SourceCode Modi�cation to Unit Environment GeneratedConstraints
1 2 $unity...log($unity... ); [u 2 log@return : unity , ;

u 2 log@ 1 : unity ]
2 4 $unity double alpha; [u 4 alpha : unity ] ;
3 7 $kilogram...atomicWeig ht; [u 6 unamed@atomicWeight: kil ogr am] ;
4 11 A =...-> atomicWeight ; f u 11 A = u 5 unamed@atomicWeightg
5 13 1.0/3 [u 13 const#1 DIV const#2 : � ] f u 13 const#1 DIV const#2 * u 13 const#2

= u 13 const#1 g
6 13 pow(Z,...) [u 1 pow@return 13 : � ] f u 1 pow@1 13 = u 12 Z,

u 1 pow@2 = u 13 const#1 DIV const#2 g
7 14 pow(Z,...) [u 1 pow@return 14 : � ] f u 1 pow@1 14 = u 12 Z,

u 1 pow@2 = u 14 const#4 DIV const#5 g
8 16 Z*Lp [u 16 Z MULLp : � ] f u 16 Z MULLp = u 12 Z * u 14 Lpg
9 16 ( Z...+...) ; f u 16 Z MULZ MULL = u 16 Z MULLpg
10 22 double X0 = ...; [u 22 X0 : � ] ;
11 22 X0=radiationLength... ; f u 22 X0 = u 10 radiationLength@return 22g

Figure4: Samplegeneratedconstraints.

generatedaccordingto thebody. Thecombinationof func-
tion summariesandsyntacticalinstantiationenablesperform-
ing inter-proceduralanalysisef�ciently . Dueto spacelimita-
tions,we donotshow thecompletesetof constraints.

Anothercommonsituationinvolvesuser-de�nedunit conversions.
For example,considerthefollowing code:

$millimeter double mm;
$inch double inch;
mm= inch*($f)25.4;

Suchaprogrammayproducephysicallymeaningfulresultsif 25.4
is usedasa unit factorfor converting inch to mil l imeter . In or-
der to validateunits,Osprey needsto know whether25.4 is such
a unit factoror just anarbitraryconstant.Therefore,a userneeds
to tell Osprey that 25.4 is a unit factorusing$f . Basedon such
annotations,Osprey generatesa constraintu mm= u inch*25.4
andveri�es thecorrectnessof this unit conversionduring thesub-
sequentconstraintsolvingphase.

3.4 Constraint Resolution
We now discusshow to solve unit constraints.Thegeneralform

of a unit constraintis:

u1 � : : : � un = v1 � : : : � vm

whereui 's andvi 's areeitherunit variablesor constants.In our
analysis,n + m is usually2 or 3 dueto thestructureof C abstract
syntaxtreesandtheconstraintgenerationrules.

Constraintsof theform u = v, whereu andv arebothvariables,
arestandardequalityconstraints.Given a setof suchconstraints,
Banshee[17] canef�ciently computean equivalenceclassrepre-
sentative(ECR) for eachunit variableu, andthe unit of u is the
sameasthat of its ECR. If all constraintsarein sucha form, we
cancompletelyrely on Bansheeto solve themin lineartime.

Constraintsthat involve multiplicationsandunit constants,such
asu1 = u2 � u3 andu = a (a representsa unit constant),require
differenttechniques.WandandO'Keefe[26] useGaussianElimi-
nation(GE) anda specializeduni�cation algorithmto solve equa-
tions. The algorithmin their paperhandlesfewer units, andtheir
systemis presentedfor the simply-typedlambdacalculus. Anto-
niu et al. [3] alsosuggestsolvingunit constraintsvia GE,but they
have not fully deployedthealgorithmfor two reasons:GE is cubic
time andincapableof reportingwhy a linearsystemis unsolvable.

In orderto have amoreusablesystem,especiallyvalidatingunit
conversionfactors,we believe GE for solving linear equationsis
necessary. We adaptAntoniu andSteckler's technique,exploit a
union/�nd algorithmto reducenumbersof unit variablesandcon-
straints,re-programthe linear systemsolver in the linear algebra

packageCLAPACK [2], andutilize theline numbersin thenaming
conventionillustratedin Figure4 to locatesourcesof unit errors.

Our algorithmsareshown asAlgorithms1 and2. Thefunction
REPLACE in Algorithm 1 replacesall variablesin a constraintwith
their ECRs. The constraintis thensimpli�ed with REDUCE such
thatit containsatmostoneunit constantandnorepetitivevariables.
The simpli�ed constraintis subsequentlyprocessedaccordingto
its form. For example,if the currentECRs of u1 andu3 arem
andm2*kg� 1 , respectively, thenu1 = u2 � u3 canbereducedto
kg*m � 1 = u2 ; u4 � u4 = u4 canbereducedto u4 = unity . The
ECRsareupdatedaccordingly. Errorsmaybeissuedif theunitsof
thetwo sidesof a constraintarenot thesame.

Algorithm 2 reducesa setof unit constraintsto linear systems.
Eachunit constraintcanbe transformedto eight linear equations
correspondingto the seven basedimensionsand one unit factor
by taking logarithm. For example, the aforementionedu mm=
u inch*25.4 canbetransformedto thefollowing linearequations:

u mmmeter � u inch meter = 0
u mmk ilog r am � u inch k ilog r am = 0

u mmsecond � u inch second = 0
u mmamper e � u inch amper e = 0

u mmk elv in � u inch k elv in = 0
u mmmole � u inch mole = 0

u mmcandela � u inch candela = 0
log10 u mmf actor � log10 u inch f actor = log10 25:4

Sucha transformationis performedby TOL INEAREQUATION in
Algorithm 2. The resultinglinear systemshave solutionsif and
only if thereareno unit errorsin the original program. We solve
the linearequationsvia LU Factorization[20]. The function LU-
FACTORIZATION decomposesa linear systeminto a unit lower-
triangularmatrix L andnon-unitupper-triangularmatrix U. For-
ward substitutionandbackward substitution[20] thentransformL
andU to diagonalmatricesin turn,via row operationsin linearal-
gebra,to obtaina solution. Theoriginal solver in CLAPACK has
appliedthesetechniques,but we have modi�ed it to handlenon-
squarematricesandsingularU whosediagonalelementscontain
zeros. Also, during backward substitutions,whenever an unsolv-
ableequation(i.e., the left-sidecoef�cients of theequationareall
zeros,while its right-sideis non-zero)is encountered,thenamesof
theunit variablesinvolvedin theequationarereportedto helpusers
to locatethesourceof errors.

3.5 Complexity and Soundness
The constraintgeneratorin our systemtakes linear time in the

sizeof theinput abstractsyntaxtree.Bansheesolvesequalitycon-



Algorithm 1 Union/FindAlgorithm for Simplifying Constraints
function UF(C : ConstrSet; R : ECRMap)

repeat
for all c 2 C do

c  REPLACE(c;R)
c  REDUCE(c)
if c matches̀a = a' or `u = u' then

C  C n f cg
elseif c matches̀u = a' then

R  R[ECR(u) 7! a];
C  C n f cg

elseif c is of theform `u1 = u2 ' then
R  R[ECR(u1) 7! ECR(u2)]
C  C n f cg

end if
end for

until R doesnot change
return (C; R)

end function

straintsin linear time. Eachiterationof the repeat/until loop in
Algorithm 1 takeslinear time. Becausethenumberof variablesin
a unit constraintis usuallyno morethanthree,the completeU/F
algorithmtakeslinear time andis capableof reducingmany vari-
ablesandconstraints(cf. Table1). Thetime andspacecomplexity
of GE arecubicandquadraticrespectively, in thesizeof thelinear
system,which is boundedby thesizeof theprogram.

Puttingeverythingtogether, our systemrequiresworst-casecu-
bic time andquadraticspace.NoticethattheGE stepis thebottle-
neckandthustheU/F stepis importantto reducetheorderof the
generatedlinearsystemsto improve scalability.

Ignoringcertainunsafefeaturesin C, suchastypecasts,unions,
andpointerarithmetic,ourtypesystemunderlyingOsprey issound:
it doesnotmissany unit errors.Althoughunit constraintsareof the
abeliangroupnatureandthey aresolvedusingGaussianElimina-
tion, the proof of soundnessfor our systemstill follows that for
CQual[8] andis omittedhere.

4. IMPLEMENT ATION

4.1 Unit Representation
A commonway to representunits is basedon exponentvectors

over baseunitsandunit factors.For example,m2*kg*s� 2 , a unit
of energy, can be representedas [2; 1; � 2; 0; 0; 0; 0] � 1. Thus,
arithmeticoperationson unitscanbe reducedto vectoradditions,
subtractions,or comparisons.Comparedwith this representation,
Cunis's [6] primenumber-basedrepresentationmaybemoretime
andspaceef�cient: distinct small prime numbersareusedto de-
notedifferentbaseunits, andeachrational is usedto representa
uniqueunit. For example,theabove unit canberepresentedasthe
rational12=25 = 22 � 31 � 5� 2 . However, theprimenumber-based
representationcannot representunitswith non-integerexponents,
e.g., the unit of the squareroot of energy. We usethe exponent
vector-basedrepresentationin Osprey.

4.2 Unit Envir onment
Osprey takesasan additionalinput a con�guration �le that al-

lows new de�nitions for unit pre�xes, unit aliases,and unit fac-
tors that canbeusedin unit annotations.For example,“#define
millimeter milli-meter ” de�nesmil l imeter ; “#define inch
meter 39.370079” de�nes inch because1 meter = 39:370079
inches. The de�nitions are suf�cient for unit validation on the
codein Section3.3(cf. Section3.4for theresultinglinearsystem).

Algorithm 2 GaussianEliminationfor SolvingUnit Constraints
function GE(C : ConstrSet; R : ECRMap)

D � basedimensions[ f factorg
for all d 2 D do

LSd  ;
for all c 2 C do

LSd  LSd [ TOL INEAREQUATION(c;d)
LSd  LUFACTORIZATION(LSd )
LSd  FORWARDSUBSTITUTION(LSd )
LSd  BACKWARDSUBSTITUTION(LSd )
R  UPDATEECRMAP(LSd ; R)

end for
return R

end for
end function

Usersprovideunit annotationsfor physicalquantitiesin theform
of typequali�ers [8]; thenumberof annotationsrequiredis usually
smallcomparedto thenumberof tokensin a program(cf. Table1,
column“AnnotationBurden”).

Weadapttheparserof CQual[8] togenerateabstractsyntaxtrees
andperformstandardsemanticcheckingfor programs. The unit
environmentis constructedduring constraintgeneration.We also
usethefollowing recursive functionto constructtheunit typefor a
variablex basedon its C type � whenno appropriateannotations
for x areprovided:

enrich(� ; x) ,

8
>>>>>>>>><

>>>>>>>>>:

ref (enrich(� 1 ; x))
if � = ref (� 1)

str uct(enrich(� 1 ; f 1); : : : ; enrich(� n ; f n ))
if � = str uct(f 1 : � 1 ; : : : ; f n : � n )

lam(enrich(� 0 ; x0); : : : ; enrich(� n ; xn ))
if � = lam(� 0; : : : ; � n )

� x otherwise

wherepointers,structs,andfunctionsaretransformedto reference,
structural,andfunctionalunitsrespectively; otherun-annotatedvari-
ablesaremappedto freshunit variables� x ; un-annotatednumerical
constantsaremappedto unity by default.

Specialcareis neededto avoid in�nite recursionswhendealing
with recursive typesusingenrich. For example,considerthe fol-
lowing structuredeclaration:

struct list { struct list *next; ... }

We can detectthat the unit type for struct list is a recursive
one (str uct(ref (str uct(ref (: : :)))) ) via tracking recordsof en-
counteredtypes,andusea dummyunit variableasa groundunit
(str uct(ref (� dummy )) ) to terminatetherecursion.Thisdecreases
the precisionof our analysisandmaycausefalsealarms,but it is
ef�cient andinessentialto unit checking.

Many library functionsshouldalsobeannotatedwith units.For-
tunately, webelievemostof themcanbetreatedin thesamewayas
transcendentalfunctionsor polymorphicfunctions.Therearesitua-
tionswhereuserscanusesideannotationsto improveOsprey'spre-
cision. For example,the library function“double sqrt(double
x) ” may needan annotationof the form “u sqrt * u sqrt =
u x” to relatethe returnvalue and the parameter;for the library
function “double pow(double base, double power),” users
may needto provide similar annotationsat call sitesto relatethe
returnvalueandthe�rst argument.

4.3 Context Sensitivity
Considerthefollowing exampleof a polymorphicfunction:



� 2 double square ( � 1 double a) { return a*a; }

$m double m1; $kg double k1;
m = square( m1); /* (1) */
k = square( k1); /* (2) */

The functionsquare cantake datain any unit asarguments.In a
homomorphicsetting,� 1 is a �x ed unit, althoughits exact unit is
not explicitly known. In this case,boththeunitsof m1andk1 �o w
into � 1 , which causesa unit clashanda falseerroralarmwould be
issuedat the call site marked (2). With polymorphism,� 1 and� 2

areviewed asgeneric-variablesandwould be instantiatedasdif-
ferentunit variablesat thetwo call sites.Now, theunitsof m1and
k1 �o w into differentinstantiatedvariablesandno errorwould be
issued.In practice,usersdonotneedto use� explicitly; any return
valueandparameterwithout annotationsaretreatedby Osprey to
bepolymorphic,just like thoseof powin Figure1.

In static analysis,a standardtechniqueto implementcontext-
sensitive analysisis throughfunction summariesand syntactical
instantiation. There are also techniquesbasedon the so-called
context-free languagereachabilityproblem[23]. However, these
techniquesusuallyhandlesimplerproblems,namelyatomic label
�o w problems[14, 22], and are not directly applicablefor unit
types. We thusadopttheapproachof functionsummariesandin-
stantiation.For example,thesummaryof square is f � 1 � � 1 = � 2g.
It may be instantiatedasf � 1 1 � � 1 1 = � 2 1g at call site (1), and
f � 1 2 � � 1 2 = � 2 2g at call site (2). Thesetwo setsof instanti-
atedconstraintsaremergedandbecomepartof thesummaryof the
functioncontainingthecallsto square.

Althoughit canbedone,instantiatedvariableswould not bein-
stantiatedagain in Osprey to preserve scalability. For example,
considerthefollowing simplefunctions:

double bar ( u double a) { return square( a); }
double foo ($m double b) { return bar (b); }
double hoo ($s double c) { return bar (c); }

wherea is annotatedwith aunit variableu, andb andc arerespec-
tively annotatedwith meter ($m) andsecond($s). Thesummaries
for thefunctionsaregivenbelow:

bar = f � 1 bar � � 1 bar = � 2 bar ; � 1 bar = ug

foo = f � 1 bar � � 1 bar = � 2 bar ; � 1 bar = ufoo = $mg

hoo = f � 1 bar � � 1 bar = � 2 bar ; � 1 bar = uhoo = $sg

Onecanseethatafalsealarmwill occurdueto theunit �o w from b
( meter ) to c ( second) via � 1 bar . Ideally, the� 1 bar and� 2 bar in
thelattertwo summariesshouldbeinstantiatedagainto avoid such
falsepositives,but suchmulti-level instantiationrequiresanalysis
basedon call graphsandis computationallyexpensive. Thus,we
restrictour implementationto one-level syntacticalinstantiationto
supportleaf polymorphismonly. Sucha restrictionis a simpleand
soundapproximationof full polymorphism.It alsooffersgoodpre-
cisionin practiceaswe performtheexperimentsin thepaper.

4.4 Constraint Resolution
Our systemmaynot discover any unit errorswhenthereareno

suf�cient unit annotationsin programs.For example,if therewere
noannotationsin Figure1, Osprey canobviously�nd asolutionfor
theunit constraintsof theprogram,e.g., by assigningunity to all
unit variables,andit would havemissedtheerrors.Wedeemthisa
usabilityproblemanddo thefollowing to mitigatetheproblem:al-
thoughnot alwaystrue,whenthereareno enoughannotations,the
generatedlinear systemwill have in�nite numberof solutions;in
suchcases,Osprey issuesawarningto tell usersthathow many ad-
ditional annotationsareneededto make thesolutionunique,while

thenumberis thedifferencebetweenthenumbersof unit variables
andunit constraintsduringtheGEphase.

5. EXPERIMENT AL EVALUATION
In this section,we evaluateOsprey in termsof scalability(Sec-

tion 5.2),precision(Section5.3),andusability(Section5.4).

5.1 TestProgramsand Results
We have run Osprey on varioustestprograms,including com-

putationalphysicsandmechanicalengineeringapplications,open
sourceprojects,and somelarge arti�cial programsto stresstest
its performance.Thetestprogramsareshown in Table1. For each
program,weshow linesof code(for bothsourceandpreprocessed),
annotationburden(ratio of numberof annotations(i.e., numberof
`$') over numberof tokensin theoriginal program(countedusing
thewcprogram)),timeandspacecostby Osprey, andthenumberof
unit variablesandconstraintsgenerated.Columnslabeled“U/F” or
“GE” show thecostsfor theunion/�nd stepor theGaussianElim-
ination stepduring constraintsolving. Currentlywe performthe
experimentson a �le-by-�le basis. Whentherearemultiple �les
in a program,the memoryconsumptionand the numberof unit
variablesandconstraintsaretakenasthemaximumacrossall �les
in the program. For otherdata,we take the sumover all �les of
the programbeing analyzed. All our experimentswere doneon
a machinewith a 2GHz Intel Xeon and1GB RAM (2GB virtual
memory),runningLinux kernel2.6.12.

We give somedetailson theprograms:(1) ex18.c andbig*.c
are test casesfrom C-UNITS [24]; 3 (2) fe.c comesfrom SIU-
NITS[4]; (3)coil02 , ghostscript , andgnuplot areopensource
projects(coil.c is the main partof coil02 , an electricalinduc-
tancecalculator);and(4) The restof theprogramsarepartof the
Chmechanismtoolkit [25], a setof linking librariesusedfor de-
velopingkinematicanalysisor synthesisalgorithms,written in Ch,
a supersetof C with classesin C++. We manuallytransformthe
Chcodeto CbecauseOsprey currentlydoesnot supportC++. The
big*.c programsarelargearti�cial single-�le programsinvolving
many arithmeticoperationson units. Although they do not pro-
ducephysicallymeaningfulresults,they are useful in evaluating
Osprey's scalability. We useghostscript andgnuplot for the
samepurpose;they have only a few computationsinvolving units,
andwe analyzethemwith no annotationsandtreatall functionsas
polymorphic.

5.2 Scalability
Table1 shows that Osprey is ef�cient andscalesto large pro-

gramswith hundredsof thousandsof lines of code. Becauseour
currentexperimentsare�le-by-�le, thesinglebig*.c �les arear-
ti�cial worst-casescenariosin termsof numbersof unit variables
andconstraints.TheGEphaseis currentlythebottleneckof Osprey
becauseof its quadraticspacecomplexity. If a programgenerates
many constraintsof the form u1 = u2 � u3 and they cannotbe
reducedby U/F, Osprey may not be able to solve them. For ex-
ample,big4.c containshundredsof thousandsof expressionsof
the form x=a*b, andOsprey fails during theGE phase.However,
we believe suchsituationsrarelyhappenin practice;alsothedata
for ghostscript andgnuplot justify Osprey'sscalabilityon real
code.As futurework, we planto incorporatesparselinearsolvers
to furtherimprove Osprey's scalability.

U/F is a key techniqueto make Osprey scale.It givesordersof
magnitudereductionin numbersof unit variablesandconstraints.
3The big*.c programsareslightly modi�ed from testprogramsin a dis-
tribution of C-UNITS.C-UNITS alsohasotherexamplesbesidesex18.c .
Osprey validatestheirunits,andwedonot includethemhere.



LinesOf Code Anno- TimeCost(s) PeakMemory PeakNumberof
Prepro- tation Gene- Solving Usage(MB) Unit Vars Constraints

Name Source cessed Burden ration U/F GE Gen Solving U/F GE U/F GE
ex18.c 18 17 6/62 0.001 0.001 0.00 36.7 77.8 29 0 50 0
fe.c 29 23 12/107 0.005 0.003 0.00 36.8 77.8 67 0 156 0
coil.c 482 398 12/1492 0.025 0.019 0.002 38.7 78.0 512 24 859 15
geared�vebar 667 1120 62/2234 0.100 0.044 0.003 43.7 78.7 1594 23 2720 26
crankslider 829 1071 105/3299 0.093 0.041 0.001 42.9 78.5 1419 4 2424 2
fourbar 3107 3166 264/10021 0.300 0.225 0.011 53.0 82.0 5637 39 10741 63
sixbars 4240 6564 331/13762 0.627 0.527 0.055 69.0 86.1 11150 139 21772 168
big0.c 2995 2705 0 0.190 0.254 0.00 49.8 81.8 4207 0 10510 0
big1.c 13017 11705 2/63716 0.936 1.60 0.00 88.3 93.3 18207 0 39009 0
big2.c 106985 96611 0 15.4 32.3 0.00 460.4 206.3 150283 0 322027 0
big3.c 499999 449384 1/2446636 235.2 733.0 0.00 1990.3 653.0 699041 0 1497939 0
big4.c 122886 122890 0 23.5 207.3 failed 752.3 failed 294921 135172 614411 135169
gnuplot 73366 348978 0 13.677 5.199 1.884 82.5 83.8 10149 494 15993 471
ghostscript 404669 2368515 0 165.8 24.3 8.1 154.8 116.0 53357 1291 107991 874

Table1: Experimental Results.

We alsoobserve thatthenumberof annotationshassigni�cant im-
pacton analysisperformance:themoreannotations,themoreunit
variablesandconstraintsthatmaybereducedby U/F. Thissuggests
thataddingmoreunit annotationsis betternot only for debugging
a programbut alsofor improving scalabilityof thetool.

5.3 Precisionand Err ors Found
Osprey discoveredtwo unknown errorsin realapplicationsand

threein testcodefrom othertools(oneis anunknown errormissed
by othertools).Weexplain thethreeunknown errors:

Err or 1 Here is the codefragmentin gearedfivebar to calcu-
late the couplercurve of a geared� ve bar, a term usedin
mechanicalengineering:

theta = linkLength / ( 1+lamda );
...
couplerPointPos(couplerLink, theta, ...);

wheretheta is of r adian ,4 linkLength is of meter , and
lamda is unitless.It is interestingthatthecodepasseddevel-
opers'testsbecausethecomputedvalueof theta is closeto
theactualvalueandgivesalmostmeaningfulresults.Devel-
opersof theChmechanismtoolkit havecon�rmed thatit is a
realerror, in particular, a misuseof a mechanicalformula.

Err or 2 This error is causedby misusingprogramminginterface.
The following codecomputesforcesandtorquesof a crank
slider, anothermechanicalengineeringterm:

double angularAccel(double theta2,
double omega2, double theta3,
double omega3, double alpha2);

...
int forceTorques(...) {

...
angularAccel(theta2, theta3,

omega2, omega3, alpha2);
...

}

wheretheta2 andtheta3 (bothparametersandarguments)
areannotatedasr adian , omega2andomega3asr adian *
second� 1 , andalpha2 asr adian *second� 2 . At thefunc-
tion call site, omega2andtheta3 arepassedin the wrong
order. This errorhasalsobeencon�rmed by thedevelopers.

4In fact,r adian is equivalentto unity , and1 degr ee = �
180 r adian .

It is dueto theirmisunderstandingof theprogramminginter-
face.Thedevelopersfed randomvaluesto theseparameters
duringtestingandmissedthebug.

Err or 3 This error is causedby usingthewrongunit factor. Here
is a fragmentof the(annotated)codein ex18.c :

$meter double mile2meter($mile double x) {
return ( x*($f)1682 );

}

Osprey issuesanerrorthattheunit of thereturnvalue(meter )
doesnot matchtheunit of x*1682 (meter *1:045). Indeed,
theunit factorfor convertingmile tometerisaround1609:344,
but thecodeaboveuses1682instead.Theability to discover
incorrectunit conversion factorsis a distinctive featureof
Osprey. To thebestof our knowledge,no othertool hasthis
capability.

Table2 summarizesthe numbersof errorsreportedby Osprey.
Theredundantreportsarechainreactionsto otherkindsof reports
andcanbeeliminatedif othersareeliminated.We seethatOsprey
is precisewith low falsepositives. Section5.4.2discussesmore
detailsabouttheerrors.

5.4 Usability
Wenow discusshow easyit is to useOsprey in termsof annota-

tion burdenandeffectivenessof errorreporting.

5.4.1 AnnotationBurden
Osprey requiressimpleunit annotationsin theform of typequal-

i�ers, anddoesnot requireannotationsfor all variablesin a pro-
grambecauseof the �e xibility offeredby our unit type inference
algorithm.Of course,userscanuseOsprey with no annotationsat
all, justaswhatwehavedonefor big f 0,2 g.c , ghostscript , and
gnuplot . Theannotationburdensfor thetestprogramsrangefrom
2% to 11%with largerprogramshaving lower ratios.

To further reduceannotationburden,Osprey cansuggest“criti-
cal” variablesfor usersto annotate.This is basedon theU/F step
thatcangroupvariableswith thesameunit together, thusonly se-
lectedrepresentativesfrom eachgroupneedto beannotated.

AlthoughOsprey requiresfew annotations,moreannotationsare
always desirable. The more annotations,the more potentialunit
errorsOsprey candiscover. More annotationsarealsohelpful to
discover errorsin theannotationsthemselvesbecauseof addedre-
dundancy. Thus,althoughnot necessary, we advocateannotating



Numberof
Program Error Real Redundant False Imprecise
Name Reports Errors Errors Errors Model
ex18.c 1 1 0 0 0
fe.c 2 2 0 0 0
coil.c 11 0 8 3 1
crankslider 5 1 0 4 1
fourbar 10 0 7 3 1
geared�vebar 6 2 4 0 1
sixbars 16 0 12 4 1

Table2: Err or reports for test programs.

Kind SampleCode(Numberof Errors)
Unit Mismatch fe.c(2) , crankslider(1) , geared�vebar(2)
FactorMismatch ex18.c(1)
ProgrammingStyle coil.c (3) , crankslider (4) , fourbar (3) ,

sixbars(4)
InherentError pow (1)
ErroneousAnnotation N/A
ImpreciseModel coil.c (1) , crankslider (1) , fourbar (1) ,

geared�vebar(1) , sixbars(1)
Warning N/A

Table 3: Classi�cation of Err or Reports.

asmany programobjectsaspossiblewhenusingOsprey. In addi-
tion, unit annotations,similar to datatypesof programvariables,
arerelatively stableto programre-organization:structuralchanges
will not requireannotationchangesaslong asdatain theprogram
have thesamesemantics.Thus,annotationsfor legacy codecanbe
reusedbecauseretro�tting legacy codeusually changesprogram
organization,not thealgorithmic/dataaspectsof theprogram.

5.4.2 Error Reporting
Whenever a unit error is found during the constraintsolving

phase,unit variablesandconstraintsinvolved in the error arere-
ported.Following thenamingconventionof variablesin our imple-
mentation,userscaneasilylocatethepositionsof thevariablesin
theoriginal program.Osprey candiscover thepositionswhereer-
rorsemerge,but generallycannotpinpointtheoriginsof theerrors
becauseit currentlydoesnot tracethe�o ws of unitsor row opera-
tions in GE. Thus,we heuristicallypick severalpossiblevariables
for the error reports: (1) During the U/F phase,variableswhose
units are inconsistentwith the units of their representatives; (2)
During the backward substitutionstagein GE, variablesin a row
directlycausingthelinearsystemto beunsolvable.Thesearehints
for usersto �nd therealoriginsof a particularunit error.

Table3 classi�esdifferentkindsof errorreports:

Unit Mismatch Thiscategorycoversall uniterrorsthatcanbedis-
coveredby manuallycheckingwhethertheunitson the two
sidesof an equationarethe sameor not. This kind of unit
errorsmay be causedby erroneousformulaein programs,
passingerroneousdatainto programs,amongothers.These
arerealerrors.

Factor Mismatch Erroneousunit factorscausethiskind of errors.
Sucherrorsmay becausedby carelesscomputationor pro-
gramming. It is an advantageof Osprey that it detectsthis
kind of errors.

Programming Style Thiskind of errorsis causedby violationsof
the basicassumptionsof standardtype systems.Somein-
termediaryvariablesmay be usedseveral times, taking on
differentunitsateachdifferentuse.Sucherrorsdonotaffect
computationalresults,but areconsideredbadprogramming

styleanderror-prone. This is analogousto usingan integer
asa character, pointer, andetc. at the sametime in C pro-
grams. Test programscoil.c and sixbars containsuch
errors,andwe classifysucherror reportsasfalsepositives.
Anotherbadprogrammingstyle is to storevaluesof differ-
ent units in the samearray. Our systemreportserrorsfor
suchcasesbecauseall elementsin an arrayareconsidered
having thesameunit, similar to standardtypesystems.Two
programs,crankslider andfourbar , containsuchcode,
andwe alsoclassifytheseerrorreportsasfalsepositives.

Inherent Err or Due to the abeliangroup natureof dimensions
andtheundecidabilityof generalproperties,whenever aunit
multiplicationoccursin apotentiallyunboundloop,oursys-
tem cannotdeterminethe exact unit andmay issuea false
alarm. For example,the unit of x in the following codeis
dif�cult to determinestaticallyandwill leadto afalsealarm:

$m double x = input;
for (i=0; i<unknownBound; i++)

x *= x;

Whentheloopboundcanbestaticallydetermined,suchfalse
positivescanbepreventedwith unrolling theloop andusing
differentinstancesfor x.

Err oneousAnnotation Similar to any otherformsof programan-
notations,user-providedunit annotationscanbeinconsistent.
Our systemis ableto discover suchinconsistencies.For ex-
ample,

$radian double x;
...
x = ($degree)180;

Osprey reportsthat x is assigneda unit (degr ee) different
from its previously assignedunit (r adian ).5

Impr eciseModel ToreduceconfusionandimproveOsprey'scom-
patibility with different C dialects,we adopta more strict
semanticmodelof C in our implementation.For example,
Osprey doesnotallow astructure,avariable,or afunctionto
sharethesamename.Sucha strategy maycauseadditional
falsepositives,but did not in ourexperiments.

Somecodemay requiremore preciseanalysistechniques,
suchaspath-sensitiveanalysis(theability to distinguishdif-
ferentprogrampaths)or instant-level �eld-sensitiveanaly-
sis (theability to distinguishdifferentinstancesof thesame
structure).For example,coil02 andtheChtoolkit usepar-
ticular �ags to determinetheunitsof variables:

if ( flag )
x = a*F; /* foot to meter */

else x = a;

whereF is theunit conversionfactorfrom f oot to meter .

Oursystemdoesnot supportthis styleandwould issuefalse
errors. A path-sensitive analysis,suchas the one by Das
et al. [7], maybe incorporatedto improve our system.But
it remainsto beseenwhethersuchenhancementsareworth-
while with respectto theaddedcomplexity. In addition,such
falsealarmscanalsobeclassi�edasabadprogrammingstyle
becauseunit typesof programvariablesshouldnotchange.

5BecauseOsprey usesunity for all un-annotatednumericalconstantsby
default, it maymisstheerror if x or 180 is not annotated.We believe this
is a usability problem,andthe usersbene�t morefrom sucha systemby
providing moreannotations.



Warning Osprey needsto handle�oating point numbers,e.g., to
computeunit factors.Thus,computationalimprecisionis a
potentialproblem. Nuancesamongunit exponentvectors
and unit factorsmay be discardedand causetwo different
units to be consideredequal,or vice versa. We arecareful
aboutthe numberof signi�cant digits during computations
andalwaysapplytraditionalsafecomparisonsbetween�oat-
ing point numbers,trying to have accurateresultswithin the
limitation imposedontheinternalrepresentationsof �oating
point numbers. We did not observe any issuesdue to this
kind of computationalimprecisionin our experiments.Such
an implementationissuemay make Osprey misscertainer-
rors,but thishasnoeffectonthesoundnessof theunderlying
typesystem.

6. POSSIBLE SYSTEM ENHANCEMENTS

6.1 Other Dimensionsand Units
Most units canbe representedusingexponentsandonefactor,

but someunitscannot,e.g., F ahr enheit andCelsius for degrees.
To convertF ahr enheit to K elvin , weneedmorethanonefactor:

K elvin = (F ahr enheit � 32) �
5
9

+ 273:16;

A possibleapproachto addresssuchunitsis to usepre-de�nedunit
conversionfunctions. For example,we may de�ne the following
functionto convert F ahr enheit to K elvin :

$kelvin double f2k($fahrenheit double f) { ... }

The type systemchecksthat thesefunctionsare called correctly
with argumentsof expectedunits. In addition, the correctnessof
suchfunctionsneedsto beveri�ed manually. This maynot bean
issuebecausethesefunctionsaregenerallyquitesimpleandcanbe
veri�ed onceandprovidedaslibrary functions.

Thereareothermodelsof dimensionsandunits,suchastherel-
ativistic model,thehigh-energy model,thequantummodel,or the
natural model[4]. Therearealsootherbasedimensionsandunits
outsideof physics,suchas bit in electronicsand dollar in eco-
nomicsthat our systemdoesnot model currently. We believe it
is straightforward to integratethesedimensionsandunits into the
currentsystemandmake it morewidely applicable.

6.2 Dimension­vs. Unit­Level Analysis
Dimensionalanalysismaybecarriedout at two levels: theunit

level andthedimensionlevel. At theunit level, two quantitiesare
consideredto be unit consistentif andonly if their units are ex-
actly the same(including factors). At the dimensionlevel, two
quantitiesareunit consistentif andonly if their dimensionsarethe
same.Unit-level analysisis usefulfor detectingunit errors,includ-
ing errorscausedby wrongunit factors.However, dimension-level
analysismaybemoreconvenientto use.Programmersmayprefer
mixing datain differentunitsandhaving thesystemautomatically
convert datato appropriateunitswhennecessary. Thenthey donot
needto manuallysupplyunit conversionfactors.

Tosupportdimensionlevel analysis,extramechanismis required
to enforcetheunit correctnessof programs.For example,

$meter float X; $foot float Y; X = Y;

The codeis incorrectat the unit level, while the dimensionlevel
may considerit correctandmustguaranteethe correctnessof the
computation. One naturalapproachis to supportautomaticunit
conversionthroughprogramtransformation.Forexample,X=Yshould
be automaticallytransformedto X=0.3048*Y because1 f oot =
0:3048meter . Two issuesarise.

Oneis aboutusabilityof suchasystem.Whenweseeanassign-
mentsuchasX=0.3048*Y, shouldtheassignmentbe transformed
or not? It dependson the meaningof 0.3048. Perhapsthe user
intendsto convert Y from f oot to meter via the assignment,or
0.3048 is justanarbitraryconstant.Thisconfusioncanbeavoided
by enforcingnecessaryprogrammingconventionsto decidewhen
automatictransformationis expected. For example,onemay re-
quire thatno unit factorsshouldbeusedby usersandtransforma-
tion is alwaysperformedwheninconsistentunitsareencountered.

Theotheris how to determinetheunit factorsfor programtrans-
formation.Wecannotspecifyall thein�nite numberof unit factors
statically. Hereis one�e xible, but perhapsnot ef�cient approach:
(1) Attach a unit factorvariableto eachexpressionin programs,
suchasX=($f) f *Y; (2) Performtheunit-level analysisandcom-
putesolutionsfor f ; (3) Usea solutionfor f asthe unit factorto
transformprograms.

Ourcurrentimplementationis at theunit level only. It would be
interestingto alsoincorporatedimensionlevel analysisinto Osprey.

6.3 Implementation Enhancements
Our currentimplementationof Osprey workson C code. Since

many scienti�c applicationsarewritten in C++, it will be interest-
ing to extend Osprey to supportthis language. We are collabo-
ratingwith scientistsat theLawrenceLivermoreNationalLabora-
tory (LLNL) to implementa C++ versionof Osprey basedon their
ROSEcompilerframework [21]. Weplanto applyoursystemto the
largecodebaseof scienti�c softwareat LLNL. Becausethelinear
systemsgeneratedin Osprey areusuallyvery sparse,we alsoplan
to leverageLLNL researchers'expertisein sparselinearsolversto
addresstheperformancebottleneckin Osprey.

To improve theusabilityof thesystem,it will beusefulto show
usersof Osprey not only where unit inconsistencieshappen,but
alsohowthey havehappened.Onepossibilityis to recordhow units
�o w duringconstraintsolvinganddisplaythis informationvisually
to theusertogetherwith thesourcecode,similar to CQual's PAM
mode[10]–agenericinterfacefor markingupprogramsin emacs.

Finally, adding whole programanalysissupportmay be use-
ful, especiallyfor programswith many cooperatingmodules. A
straightforwardapproachis to mergeunit constraintsfor eachindi-
vidualmoduleandsolve thecompleteconstraintsystemaltogether.
This nä�ve approachis unlikely to scale.However, becausemany
of theconstraintsareunrelated,onepossiblesolutionis to separate
theminto independentgroupsandsolve eachgroupindividually.

7. RELATED WORK
In this section,we survey relatedwork. Many approacheshave

beendevelopedto performautomaticdimensionalanalysis. One
commonapproachis via type systemenhancements.Wand and
O'Keefe[26] adddimensionsanddimensionvariablesto thesimply-
typedlambdacalculus,andemploy a uni�cation-basedalgorithm
to �nd the mostgeneraldimensionsfor every typabledimension-
preservingterm. Kennedy's dimensiontypes[16] aredesignedfor
ML-style languages.HeextendsthestandardML typesystemwith
polymorphicdimensiontypesandpresentsa uni�cation-basedal-
gorithmto infer dimensiontypes.

Our systemfollows the sameapproachandleveragesideasde-
velopedin thesestudies.Thereare,however, somekey differences.
First, our systemconsidersboth dimensionsand units and deals
with unit factorsandinteractionsamongdifferentunits,while they
only considerdimensions.Second,wehaveaprototypeimplemen-
tation for C, a popularlanguagefor programmingscienti�c appli-
cations,andtheirsarefor functionallanguages.Also, weusenovel
techniquesto make oursystemscalableto largeprograms.



Oursystemis alsorelatedto CQual[8], ageneralframework for
addingtypequali�ers to C.Theframework modelsthe�o w of qual-
i�ers throughaprogramusingsubtypingandtypeinference.How-
ever, standardtype quali�ers arenot expressive enoughto model
theabeliangroupnatureof dimensionsandunits.

Therearealsounit inferenceandcheckingsystemsfor otherlan-
guages,suchasXelda[3] for Excel. Xeldausesunit transformers
andconstraintgeneratorsfor Excel functionsto infer unitsof for-
mulaein a bottom-upfashion,propagatingunits from valuecells
(cells containinga number)to formulacells usingcell references.
The transformersand generatorsare analogousto our unit con-
straintgenerationrules,but they have not addresseduser-de�ned
data structuresand functions in generalpurposelanguages,and
substantive effort mayberequiredto designtransformersandgen-
eratorsfor all functionsin Excel. Also, Xelda doesnot validate
thecorrectnessof unit conversionfactors,althoughit supportsunit
coercionsif usersprovide thefactors;while our systemdoes.

Besidesof typesystemenhancements,otherformsof language
extensionshave alsobeenconsidered.The ideaof meta-classesis
oneof these.Speci�c typesarede�nedin theoriginalprogramming
languagesto denotedimensions,andspeci�c operationsarede�ned
to representthearithmeticnatureof dimensions.Unit inferenceor
checkingis doneby the original type systemsof the underlying
programminglanguages.Suchextensionsareusuallyprovided as
additionallibrariesfor theoriginal languages,suchasSIUNITS[4]
for C++basedon STL, MetaGenfor Java basedon MixGen [1]—a
Java extension,Keller's Library [15] for Eiffel, Hil�nger' s pack-
age[11] for Ada,andNovak'ssystem[19] for GLisp—anextension
of Lisp. This ideais feasibleaslong astheoriginal programming
languagesupportsuser-de�ned types. Although it may provide a
tighter integration of dimensionsand units into the original lan-
guage,but it is not as�e xible andrequiressigni�cant changesto
programmingstyleandre-designof legacy code.

Anothercommonapproachis to validateunit correctnessat run-
time. Cunis[6] incorporatesunit information into dataobjectsat
runtimefor unit checking.C-UNITS [24] is basedona framework
for programspeci�cationandveri�cation—Maude[5]. Thealge-
braicsemanticsof C ispartiallyimplementedin theframework,and
unit informationis providedasannotationsby users.Unit correct-
nessis checked when programsare simulatedin the framework.
The assume/assert-basedspeci�cation approachrequiresheavier
annotationsandis dif�cult to scaleto largeprograms.Webelieve a
typesystem-basedapproachis moreappropriatefor unit checking
becausetypesystemsareeasierto useandmorescalable.

8. CONCLUSIONS
We have presenteda type systemandimplementeda prototype

tool Osprey for validating unit correctnessof C programs. The
systemis constraint-basedandincorporatesnovel techniquesto be
scalable,preciseandusable. We have extensively evaluatedOs-
prey. It hasdiscoveredunknown errorsin maturecode.It is precise
with few falsepositives,andall of whichcanbeeasilyclassi�ed. It
is ef�cient andscalesto largeprogramswith hundredsof thousands
of linesof code. It is alsoeasyto use,requiringonly lightweight
unit annotations,andis fully automatic.We believe thatOsprey is
apracticaltool for improving qualityof scienti�c software,andwe
areactively pursuingopportunitiesto improve thetool andapplyit
on additionalproductioncode.
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