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ABSTRACT

Misuseof measurementinitsis a commonsourceof errorsin sci-

enti ¢ applicationsput standardype systemsio not preventsuch
errors. Dimensionalanalysisin physicscanbe usedto manually
detectsucherrorsin physicalequationslt is, however, notfeasible
to performsuchmanualanalysisfor programscomputingphysical
equationsbecausef codecompleity. In this paper we presenta

type systento automaticallydetectpotentialerrorsinvolving mea-
surementnits. It is constraint-basedve modelunitsastypesand

o w of unitsasconstraints.However, standardype checkingal-

gorithmsarenot powerful enoughto handleunits becausef their

abeliangroupnature(e.g., beingcommutatve, multiplicative, and
associatie). Our systemcombinestechniquesuchastype infer-

enceandGaussiarkEliminationto overcomethis problem.We have

implementedOspre, a prototypeof the systemfor C programs,
andevaluatedit on varioustestprogramsjncludingcomputational
physicsandmechanicakngineeringapplications.Ospre discor-

eredunknavn errorsin maturecode; it is precisewith few false
positives;it is alsoef cient andscaledo large programs—wéhave

successfullyusedit to analyzeprogramswith hundredsof thou-

sandsf linesof code.

Categoriesand Subject Descriptors: D.2.4[Software Engineer

ing]: Software/ProgranVeri cation—reliability, validatiory F.3.2
[Logics and Meaningsof Programg: Semantic®f Programming
Languages-program analysis

General Terms: LanguagesReliability, Veri cation

Keywords: GaussiarElimination, constraint-basednalysis,di-
mensionaknalysismeasuremeninits, type systems

1. INTRODUCTION

Scienti ¢ applicationsuse measurementinits such as meters,
secondspr kilograms. Misuseof measurementnitsin theseap-
plicationscanbe disastrous:it is believed that the Mars Climate
Orbiteris lostbecauselatadenominatedn the Englishsystemwas
fedinto the navigationsystemwhich expectedmetricunits[18]. In
orderto have correctcomputationatesults,it is importantto vali-
datedimensionalnit correctnessf a program.However, standard
type systemsilo not enforcethe correctuseof units.
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Physicistsroutinely use dimensionalanalysisto checkthe di-
mensionalinit correctnessf quantitiesin equationsDimensional
analysisassumethateachphysicalquantityhasameaningful,x ed
unit of measureandthe units of both sidesof an equationarethe
same.Although useful,suchanalysiscanbe dif cult to carryout,
especiallyfor non-physicists. Many physical equationsinvolve
complicateccomputationandit is dif cult totrackthe o w of units
in thoseequationsManuallyapplyingdimensionabnalysigo pro-
gramsthatcalculatesuchequationss evenmorecomplicated.

We usethe concreteexamplein Figurel to illustrateunit errors
andexplain our analysis.For now, pleasegnorethoseshadedo-
kensstartingwith a$, suchas $unity : they areunit annotations
for our type system.The codecomputesanelectrons nal enegy
usingtheformula(adaptedrom Brown's work on SIUNITS [4]):

1 — 2 NA
Xo TR

We brie y explain the physicalmeaningof the variables: is
the ne structureconstantyre is th% radiusof anelectron;Na is
the Avogadros number;L, ,¢ andL, 4 areTsai'sconstantsXo is
radiationlength andf (Z) is treatedaszeroin the code.

The codehastwo unit errors,neitherof which canbe detected
by thestandardC typechecler: (1) Althoughthe nameof thefunc-
tion radiationLength  impliesthatthe unit of its returnvalueis
thatof length, it is actuallya unit of ar ea density , for example,
kil ogram*meter 2. Thereturnstatemenin radiationLength
shouldreturnthe reciprocalof the original expressiony(2) The ar
gumentof exp in thereturnstatemenof finalEnergy shouldbe
unitl ess accordingto the  theoremin physics' Considering
this togetherwith the rst error, the agumentshouldbe “thick
* density / XQ" Unit errorsoccurfor mary reasonssuchas
misunderstandingphysical meaningof equationsor simply pro-
grammingerrors. It is dif cult for programmergo apply manual
dimensionalanalysisto discover theseerrorsbecausef function
calls, structurespointers,andotherlanguageconstructsit is thus
desirableto mechanizadimensionaknalysis. Although mary ap-
proachesxist to supportautomaticdimensionaknalysis thereis
notyet a practicalmethodfor verifying unit correctnessf largeC
programsWe defera detailedsuney of relatedwork to Section?.

In this paperwe designatypesystenfor automatiadimensional
analysis.In our systemwe modelunits astypesin programming
languagesndreducedimensionabnalysisto type checking.How-
ever, the semantic®f unitsis morecomplicatedhanthat of stan-
dardtypes. Units canbe operatedon with arithmeticoperations,
suchasmultiplication, division, andsquareroot, andthey form an

0
fzz[l—rad f(Z)]+ ZLradg

1Ac:cordingto theBuckinghams  theorem[9] in physics parameterand
returnvaluesof atranscendentdlinction(e.g., exponential Jogarithmic,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
s extern $meter double re;

s typedef struct {
7 $kilogram double atomicWeight ;

8 $unity double atomicNumber;
9 } Element;

10 double radiationLength (Element * material ) {
1 double A = material ->atomicWeight;

12 double Z = material ->atomicNumber,

13 double L = log( 184.15 / powZz, 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°ZFL + Z*Lp );

17 }

18 double finalEnergy (Element * material ,

19 $kilogram*meter 3 double density ,

20 $meter double thick ,

21 $kilogram*meter **second ? double initEnergy )
2 { double XO = radiationLength (material );

23 return initEnergy / exp( thick / XO0);

2}

Figure 1: Samplecodewith unit errors.

abeliangroup? Wethusneedmorepowerful algorithmsto perform
type checkingfor unit correctness.Our type checkingalgorithm
combinesboth standaratype checkingand GaussiarElimination

methodsgo validateunits. As a novel contritution, our systemcan
alsovalidatethe factorsusedfor corverting oneunit to anotherof

the samedimension. Our goal is to have a systemthat is sound
(doesnot missary errors),scalable(cananalyzelarge programs),
precise(doesnotreportmary spuriouserrors),andusable(is easy
for programmerso use).

We have implementedOspre, a prototypeof the systemfor C
programsameetingthis goal. Ignoring certainunsafefeaturesof C,
Ospreg is sound:if it doesnot nd uniterrorsin aprogramthenthe
programis guaranteetb befreeof unit errors.To validatetheother
claims (i.e., being precise,scalable,and usable),we have exten-
sively evaluatedOspre/ on varioustestprograms,jncluding com-
putationalphysicsand mechanicakengineeringapplications. Os-
prey discoveredunknavn errorsin maturecode. It is alsoprecise
with few falsepositivesin ourexperimentslt is ef cient andscales
to large programswith hundredsof thousand®f lines of code. It
is alsoeasyto usebecausét 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 thenpresentetailsof the
componentsn the system(Section3), followed by a discussion
of its implementation(Section4). Next, we shav experimental
resultsandevaluationof Ospre (Section5) anddiscussts current

2An abeliangroupis a nite or in nite setof elementgogethemwith a bi-
nary operation(with multiplication asthe operationon units) satisfyinga
few propertiesclosure associatiity, commutatiity, andexistenceof iden-
tity andinverses.

ERRQRThe constraint
u_20 thick = u_23 thick DIV_X0 * u_22 X0
is reduced to:

meter! = meter 2kilogram !.

Figure 2: Sampleerror report for codein Figure 1.

limitationsandpossiblewvaysto enhancét (Section6). Finally, we
discusgelatedwork (Section7) andconclude(Section8).

2. OVERVIEW OF OUR APPROACH

Our analysids castasa constraint-basetype inferencesystem,
consistingof a de nition of types,a setof type checkingrules,a
constraingeneratiorphaseandaconstrainsolvingphase Givena
program constraintaregeneratedasedn thede nition of types
andtypecheckingrules. Theconstraintarethensolved,anderrors
will bereportedif the constraintsareunsohable. In the following,
we presenthetypesystemalongwith its prototypeimplementation
Ospre, to make it moreconcrete.

2.1 Users'View

To users,our systemworks like a standardype system. Users
assigntypes(units)to programvariablesandotherobjects,andthe
systemcheckstypecorrectnessf the programandmayissueerror
reportsfor usergo x theseerrors.

In practice,Osprg shouldbe familiar to usershecausehe unit
annotationgreanalogouso types.Considemgainthesamplecode
in Figure1. Thetokensstartingwith a $ areunit annotationsThe
units representethy theseannotationshouldbe self-explanatory;
kil ogram**meter 2*second ? is actuallya unit of energy. Os-
prey providesaliasesand abbreviationsfor commonlyusedunits.
For example the aliasesandabbreiationsunity , m, kg, s, andE
areusedto representinitl ess, meter , kil ogram, second, andthe
aforementionednit of energy, respectiely. Ourlaterdiscussions
will usesomeof theseabbreiations.

Osprg issueshe errorreportshavn in Figure 2 for the sample
code.In theerrorreport,u_20_thick representshe unit of thick
declaredbnline 20; u_23_thick _DIV_XO0representsheunit of the
expressioni‘thick / X0 online 23; u_22_X0representshe unit
of “X0' declaredon line 22. Thedivision in the original program
is rephrased@smultiplicationin theerrorreport.

Sucha reportmeansthat the code correspondingo theseunit
variablescontainsa unit error. By examiningthe codein Figurel,
we seethat on line 23, the unit of the agumentfor exp mustbe
unitl ess (accordingto the  theorem,cf. Footnotel), andthus
u_23_thick _DIV_XO0is unity andX0shouldhave thesameunitas
thick , i.e., meter, butin factit is meter 2*kil ogram ! accord-
ing to theerrorreport. After checkingtheorigin of thevalueof XQ
we know thateitherthereturnvalue of radiationLength  or the
way we usethe functionis problematic. Thus, sucherror reports
mayhelpuserso x theerrorsmentionedn Sectionl.

2.2 Internal View

Figure 3 depictsthe internalsof Osprg. We usea specialized
type de nition for units (Section3.2) anda setof unit constraint
generatiorrules (Section3.3) for the constraintgeneratiorphase.
Becauseof the abeliangroup natureof units, the generatecton-
straintsmay involve equalities,multiplications, or inverses. The
constraintsthat involve only equalitiesare resoled by the con-
straintresolutionengine—Banshed17]. We thenusethe (partial)
solution from this phaseand simplify all constraintsusing a tai-
lored union/ nd (U/F) engineto reducethe numberof unit vari-
ablesandconstraints Theresultis subsequentlfed to a Gaussian
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Figure 3: Inter nal structur e of Osprey.

Elimination (GE) engine(Section3.4). During this solving phase,
wheneer a unit erroris discovered,an error reportwill beissued
to inform usersof theerror.

3. TYPE SYSTEM FOR UNIT CHECKING

3.1 Dimensionsand Units

We rst introducepropertiesof dimensionsandunits. Every di-
mensioncanbe derived from the seven basedimensionsn the In-
ternationalSystemof Units (SI) [12]. Eachbasedimensionhasa
correspondindpaseunit, but mayhave morethanoneunit. For ex-
ample,meter is the baseunit of length, while centimeter and
f oot arealsounits of length. Eachunit of a dimensioncanusu-
ally beconvertedto otherunits of the samedimensionby multiply-
ing a unit factor. For example,0:01 is the unit factorcorverting
centimeter to meter becauséddmeter = 100centimeter . Unit
pre xesin Sl, suchaskil o andmil li, areusedto derive unitsand
canbeviewedasunit factors.

3.2 Unit Types

We modelunitsastypesandde ne a unit typelanguage:

ut = meter j kil ogram j secondj amperej kelvin
i molejcandelajunity juty utzjut *jf |
cut = utjref(cut)jstruct(cuty;:::;cuty)

j  lam(cuto;cuts;:::;cuty)

Theabeliangroupfor unitsis de ned by the grammarfor ut: The
rst seven elementsare the seven baseunits; unity denotesthe
identity; multiplication is denotecby the symbol ; ut ! denotes
the inverseelementof ut; andthe symbolf denotes unit factor
We alsointroduceunit variables, , to represenunknavn units.
Unit typeswithout variables,suchas meter and “kil ogram
meter 2 2:2" arecalledunit constants

To expresgprogramminganguageconstructsyve alsointroduce
compositeunit types(cut). Thelastthreeproductionrulesfor cut
de ne unittypesfor pointers structuresandfunctionsrespectiely.

denotethe unit typesof elds (of a structure)or parametergof a
function). Thesethreekinds of unit typeshave no real physical
meaning but they arehelpful for tracking o w of units over these
languageonstructsFor example,in thecodein Figurel, theargu-
mentmaterial to thefunctionradiationLength is of thetype
ref (str uct(kil ogram; unity )).

3.3 Unit Constraints

We now introduceunit constaintsto modelthe o w of unitsin
a program.Unit constraintsare mainly of two forms: ua = up or
Ua = Up Uc, Whereua, up, andu. areeitherunit variablesor
constants.Due to spaceconstraintsjnsteadof giving the formal
constraintgeneratiorrulesin our system,we illustrate constraint
generatiorin Ospre with the samplecodein Figurel. Interested
readersan nd aformal descriptionin thefull paper{13].

We follow the standardtechniqueof constraintgenerationin
constraint-basegrogramanalysis. The ideais natural: we essen-
tially performarecursve traversalof theabstracsyntaxtree(AST)
of a programandgenerateonstraintsfor eachnodebasedon the
nodes correspondingyeneratiorrule. Constraintgeneratiorrules
canberoughlyclassi edinto two cateyories: declarationandex-
pressions.The formerchangeghe unit environment(which maps
programvariablesto unit types)and may indirectly generatenew
constraintswhile the latter generatesien constraintdirectly and
may affect the unit environment.

Figure 4 shawvs constraintsgeneratedor somerepresentate
fragmentsof the codein Figurel. As for notation,mappingsen-
closedin [] areto beaddednto the currentenvironment,andcon-
straintsenclosedn fg areto begenerateadvhenthe corresponding
codeis beinganalyzed We explain someof therows in the gure:
Row 1 Theunit variablesu_2_log@return (for thereturnvalue)

andu_2_log@ 1 (for the parameterarebothunitl ess.

Rows 3 and 4 Thesetwo rows illustrate how structuresare mod-
eledin oursystemWhena eld is de nedwithin astructure,
anew mappingfor the correspondinginit variableis added,
for example,the unit variableu_6_unamed@atomicWeight
for the eld atomicWeight in the anorymousstructureis
mappedto kil ogram; whena eld is accessedthe corre-
spondingunit variableis usedto generateonstraintssuchas
theconstraintin row 4. A eld of astructurecorrespondso
a x edunit variable,andthusdifferentinstance®f thestruc-
ture always have the sameunit. This kind of modelingof
elds within astructures called eld-level eld-sensitivity.

Row 5 This row shawvs how constantsaremodeled.A freshvari-
ableu_13_const#1 _DIV_const#2 (for the division) is cre-
atedanda new constraintamongthe variablesis generated.
Thevariablesu_13_const#1 andu_13_const#2 arefor the
secondandthird constant®n line 13 andbothunity .

Rows 6 and 7 Theserows shav theeffectsof thecallsto pow Ac-
cordingto thefunctiondeclaratioronline 1 in Figurel, there
is no unit annotationdor the rst parameteandthe return
value, and Ospre considersthemto be polymorphic(i.e.,
differentcallsto the samefunctionaretreatedndependently
andthustheunitsof the polymorphicelementsanbediffer-
entat the differentcall sites),while the secondparameters
unitl ess. Constraintsrelating parametersand actualamgu-
mentsaregenerateat the call sites. To distinguishthe two
call sites differentinstance®f thepolymorphicvariablesare
needed. We canseein Figure 4 that the unit variable for
the rst parameteu_1_pow@l andthatfor the returnvalue
u_1_pow@returnareinstantiatedisingthepositioninforma-
tion of the call sites,while the unit variablefor the second
parameteiu_1_pow@ is keptthe same. Sucha technique
is called syntacticalinstantiationandis commonlyusedto
implementcontet-sensitve analysis.More detailson poly-
morphismandcontet-sensitvity aregivenin Section4.3.

Row 11 ThiscodeinvolvesafunctioncallandanassignmentThe
function call is treatedthe sameasthe onesto pow except
thatwe alsoneedto instantiatethe setof constraintdor the
functionbody, usuallyreferredto asafunctionsummaryand



[ Row [[ Line #and Source Code | Modi cation to Unit Environment | GeneratedConstraints
1 2 | $unity...log(Sunity... ); [u 2_log@return unity , ;
u2_log@1 : unity ]
2 4 | $unity double alpha; u _4.alpha : unity ]
3 7 | $kilogram...atomicWeig ht; u _6_unamed@atomicWeight kilogram] | ;
4 11 | A =...-> atomicWeight ; fu_11l A = u5_unamed@atomicWeiglgt
5 13 | 1.0/3 [u _13_const#1 _DIV_const#2 : ] fu_13_const#1 DIV_const#2 * u_13_const#2
= u_l3_const#lg
6 13 | pow(Z,...) [u _1_pow@return13 : ] fu_lpow@. _13 = ul2_Z,
u_l_pow@ = u_13_const#l _DIV_const#2g
7 14 | pow(Z,...) [u _1_pow@return14 : ] fulpow@l_14 = ul2.27,
u_l_pow@ = u_14_const#4 _DIV_const#5g
8 16 | Z*Lp [u_16_ZMULLp : ] ful6_ZMULLp = ul2 7 * ul4.Lpg
9 16 | ( Z.+..) ; fu16_Z MULZ MULL = u_16_ZMULLpg
10 22 | double X0 = ...; [u_22.X0 : ] ;
11 22 | XO=radiationLength... ; fu_22_X0 = u_10_radiationLength@return _22g

Figure 4: Samplegeneratedconstraints.

generatediccordingto thebody The combinationof func-
tion summariesindsyntacticalnstantiatiorenableperform-
ing inter-procedurahnalysisef ciently . Dueto spacdimita-

tions,we do not shav the completesetof constraints.

Anothercommonsituationinvolvesuserde nedunit corversions.
For example,considerthefollowing code:

$millimeter  double mm;

$inch double inch;

mm= inch*($f)25.4;
Suchaprogrammayproducephysicallymeaningfuresultsif 25.4
is usedasa unit factorfor corvertinginch to mil limeter . In or-
derto validateunits, Ospreg needsto know whether25.4 is such
a unit factoror just an arbitrary constant. Therefore,a userneeds
to tell Ospregy that25.4 is a unit factorusing$f. Basedon such
annotationsOsprg generates constraintu_mm= u_inch*25.4
andveri es the correctnessf this unit corversionduring the sub-
sequentonstraintsolvingphase.

3.4 Constraint Resolution

We now discusshow to solve unit constraintsThe generafform
of aunit constrainis:

Uz Un = Vi Vm

whereu;'s andv;'s areeitherunit variablesor constants.In our
analysisn + m is usually2 or 3 dueto the structureof C abstract
syntaxtreesandthe constraintgenerationules.

Constraintof theformu = v, whereu andv arebothvariables,
arestandardequality constraints.Given a setof suchconstraints,
Banshed17] canefciently computean equivalenceclassrepre-
sentative(ECR) for eachunit variableu, andthe unit of u is the
sameasthatof its ECR. If all constraintsarein sucha form, we
cancompletelyrely on Banshedo solve themin lineartime.

Constraintghatinvolve multiplicationsandunit constantssuch
asu; = Uz usz andu = a (arepresents unit constant)require
differenttechniquesWandandO'K eefe[26] useGaussiarElimi-
nation (GE) anda specializeduni cation algorithmto solve equa-
tions. The algorithmin their paperhandlesfewer units, andtheir
systemis presentedor the simply-typedlambdacalculus. Anto-
niu etal. [3] alsosuggessolvingunit constraintvia GE, but they
have notfully deplgedthealgorithmfor two reasonsGE is cubic
time andincapableof reportingwhy alinear systemis unsohable.

In orderto have amoreusablesystemgspeciallyvalidatingunit
corversionfactors,we believe GE for solving linear equationss
necessary We adaptAntoniu and Stecklers technique exploit a
union/ nd algorithmto reducenumbersof unit variablesandcon-
straints,re-programthe linear systemsolwer in the linear algebra

packageCLAPACK [2], andutilize theline numberdn the naming
corventionillustratedin Figure4 to locatesourcef unit errors.

Our algorithmsare shavn asAlgorithms 1 and2. The function
REPLACE in Algorithm 1 replacesall variablesin a constraintwith
their ECRs. The constraintis thensimpli ed with REDUCE such
thatit containsatmostoneunit constanandnorepetitve variables.
The simpli ed constraintis subsequentlyprocessedccordingto
its form. For example,if the currentECRs of u; andus arem
andm?*kg !, respectiely, thenus = u, us canbereducedo
kg*m ! = up;us us = u4canbereducedou, = unity . The
ECRsareupdatedcaccordingly Errorsmaybeissuedf theunitsof
thetwo sidesof a constraintarenotthesame.

Algorithm 2 reducesa setof unit constraintdo linear systems.
Eachunit constraintcan be transformedo eight linear equations
correspondingo the seven basedimensionsand one unit factor
by taking logarithm. For example, the aforementionedui_mm=
u_inch*25.4 canbetransformedo thefollowing linearequations:

U-MMeter  U-INCH meter 0
U_MMBiog ram u_inch giog ram 0
U_MIRcond u.inch second 0
U_MBnper e u_inch amper e 0
U-MMvin  UdnChiewin = 0
U-MMole  U-NChmoe = 0
U_MI@ndela u_inch candela = 0
1000 U-MAkcior  10g3g U-iNCh facor = l0g,, 25:4

Suchatransformatioris performedoy TOLINEAREQUATION N
Algorithm 2. The resultinglinear systemshave solutionsif and
only if thereareno unit errorsin the original program. We solve
the linearequationsvia LU Factorization[20]. The functionLU-
FACTORIZATION decomposes linear systeminto a unit lower-
triangularmatrix L and non-unituppertriangularmatrix U. For-
ward substitutionrandbadward substitution20] thentransformL
andU to diagonalmatricesin turn, via row operationsn linearal-
gebra,to obtaina solution. The original solver in CLAPACK has
appliedthesetechniqueshut we have modi ed it to handlenon-
squarematricesand singularU whosediagonalelementscontain
zeros. Also, during backward substitutionswhene&er an unsolv-
ableequation(i.e., the left-side coefcients of the equationareall
zeroswhile its right-sideis non-zero)s encounteredhe nameof
theunitvariablesnvolvedin theequatiorarereportedo helpusers
to locatethe sourceof errors.

3.5 Complexity and Soundness

The constraintgeneratoiin our systemtakes lineartime in the
sizeof theinput abstracsyntaxtree. Bansheesolvesequalitycon-



Algorithm 1 Union/FindAlgorithm for Simplifying Constraints

Algorithm 2 GaussiarEliminationfor SolvingUnit Constraints

function UF(C : ConstrSet R : ECRMap)
repeat
forallc2 C do
C REPLACE(C;R)
C REDUCE(C)
if cmatchesa= a' or'u = u' then
C Cnfcg
elseif c matchesu = a' then
R  R[ECR(u) 7! a];
C Cnfcg
elseif cis of theform “u; = uy' then
R  R[ECR(u1) 7! ECR(u2)]
C Cnfcg
endif
endfor
until R doesnotchange
return (C; R)
endfunction

straintsin lineartime. Eachiteration of the repeat/until loop in
Algorithm 1 takeslineartime. Becausehe numberof variablesin
a unit constraintis usually no morethanthree,the completeU/F
algorithmtakeslineartime andis capableof reducingmary vari-
ablesandconstraintgcf. Table1). Thetime andspacecomplexity
of GE arecubicandquadratiaespecitiely, in thesizeof thelinear
systemwhich is boundedoy the sizeof the program.

Putting everythingtogether our systemrequiresworst-casecu-
bic time andquadraticspace Noticethatthe GE stepis the bottle-
neckandthusthe U/F stepis importantto reducethe orderof the
generatedinearsystemso improve scalability

Ignoring certainunsafefeaturesn C, suchastype castsunions,
andpointerarithmetic,ourtypesystenmunderlyingOspreg is sound:
it doesnotmissary uniterrors.Althoughunit constraintareof the
abeliangroupnatureandthey are solved usingGaussiarElimina-
tion, the proof of soundnesgor our systemstill follows that for
CQual[8] andis omittedhere.

4. IMPLEMENT ATION

4.1 Unit Representation

A commonway to representinitsis basedon exponentvectors
over baseunits andunit factors. For e><amp|e,m2*kg*s 2 aunit
of energy, canberepresente@s([2;1; 2;0;0;0;0] 1. Thus,
arithmeticoperationson units canbe reducedo vectoradditions,
subtractionspr comparisons.Comparedwith this representation,
Cunis’s [6] prime numberbasedrepresentatiomay be moretime
andspaceefcient: distinct small prime numbersare usedto de-
note differentbaseunits, and eachrationalis usedto represent
uniqueunit. For example,the abore unit canberepresentedsthe
rational12=25= 2?2 3! 5 2. However, theprimenumberbased
representatioicannot representinits with non-inteer exponents,
e.g., the unit of the squareroot of energy. We usethe exponent
vectorbasedepresentatiom Osprsy.

4.2 Unit Environment

Osprg takes asan additionalinput a con guration le thatal-
lows new de nitions for unit pre xes, unit aliases,and unit fac-
torsthatcanbe usedin unit annotations.For example,“#define
millimeter  milli-meter ” de nesmil limeter ; “#define inch
meter 39.370079" de nesinch becausd meter = 39:370079
inches. The de nitions are sufcient for unit validation on the
codein Section3.3(cf. Section3.4for theresultinglinearsystem).

function GE(C : ConstrSet R : ECRMap)
D basedimensiong ffactorg

foralld2 D do
LSq
forallc2 C do

LSy LSy [ TOLINEAREQUATION(C;d)
LSy LUFACTORIZATION(LSq)
LSy FORWARDSUBSTITUTION(LS¢)
LSy BACKWARDSUBSTITUTION(LSq)
R UPDATEECRMAP(LS4; R)

endfor

return R

endfor
end function

Usersprovide unit annotationgor physicalquantitiesn theform
of typequali ers [8]; thenumberof annotationsequiredis usually
smallcomparedo the numberof tokensin a program(cf. Tablel,
column“AnnotationBurden”).

Weadaptheparseof CQual[8] to generat@bstracsyntaxtrees
and perform standardsemanticcheckingfor programs. The unit
ervironmentis constructedduring constraintgeneration.We also
usethefollowing recursve functionto constructthe unit typefor a
variablex basedonits C type whenno appropriateannotations
for x areprovided:

8 .
% ref (enrich( 1;x))

if =ref(1)
struct(enrich( 1;f1);:::;enrich( n;fn))
enrich( ;x) , if =struct(fs: 1;::0f0 0 )
lam(enrich( o; Xo);:::;enrich( n;Xn))
if =lam( o;:::; n
X otherwise

wherepointers structs,andfunctionsaretransformedo reference,
structuralandfunctionalunitsrespectiely; otherun-annotatedari-
ablesaremappedo freshunit variables  ; un-annotatedumerical
constant@aremappedo unity by default.

Specialcareis neededo avoid in nite recursionsvhendealing
with recursve typesusingenrich For example,considerthe fol-
lowing structuredeclaration:

struct list { struct list *next; .. }

We can detectthat the unit type for struct list is a recursve
one (str uct(ref (str uct(ref(: ::)))) ) via tracking recordsof en-
counteredypes,andusea dummy unit variableasa groundunit
(struct(ref( gummy ))) to terminatetherecursion.This decreases
the precisionof our analysisand may causefalsealarms,but it is
ef cient andinessentiato unit checking.

Mary library functionsshouldalsobe annotatedvith units. For-
tunately we believe mostof themcanbetreatedn thesameway as
transcendentdiinctionsor polymorphicfunctions.Therearesitua-
tionswhereusersanusesideannotationso improve Osprg'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 parameterfor the library
function “double pow(double base, double power),” users
may needto provide similar annotationsat call sitesto relatethe
returnvalueandthe rst amgument.

4.3 Context Sensitvity

Considetthefollowing exampleof a polymorphicfunction:



2 double square ( 1 double a) { return

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

Thefunctionsquare cantake datain ary unit asarguments.ln a
homomorphicsetting, 1 is a x ed unit, althoughits exact unit is
notexplicitly known. In this case boththeunitsof mlandkl ow
into 1, which causes unit clashanda falseerroralarmwould be
issuedat the call site marked (2). With polymorphism, 1 and »
areviewed as generic-@ariablesand would be instantiatedas dif-
ferentunit variablesat the two call sites. Now, the units of mland
k1 ow into differentinstantiatedvariablesandno errorwould be
issued.In practice usersdo notneedto use explicitly; ary return
value and parametemwithout annotationsaretreatedby Ospre to
be polymorphic,justlik e thoseof powin Figurel.

In static analysis,a standardtechniqueto implementcontext-
sensitve analysisis throughfunction summariesand syntactical
instantiation. There are also techniquesbasedon the so-called
contet-free languagereachabilityproblem[23]. However, these
techniguesusually handlesimpler problems,namelyatomiclabel
ow problems[14, 22], and are not directly applicablefor unit
types. We thusadoptthe approachof function summariesandin-
stantiation For example thesummarnyof square isf 1 1= Q.
It maybeinstantiatedasf 11 11 = 2.0 atcall site(1), and
f 12 12 = 220 atcall site (2). Thesetwo setsof instanti-
atedconstraintaremeigedandbecomepartof the summaryof the
functioncontainingthecallsto square.

Althoughit canbe done,instantiatedsariableswould not bein-
stantiatedagainin Ospreg to presere scalability For example,
considerthefollowing simplefunctions:

a*a; }

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

bar = f 1bar  1bar = 2bar; 1.bar = UQ
foo = f 1par 1bar = 2bar; L1bar = Ufo = $nU
hoo = f 1par 1bar = 2.bar; 1bar = Unhoo = $50

Onecanseethatafalsealarmwill occurdueto theunit o w fromb

(meter) toc (second via 1.par . Ideally, the 1.par and 2.par in

thelattertwo summarieshouldbeinstantiatecagainto avoid such
falsepositives, but suchmulti-level instantiationrequiresanalysis
basedon call graphsandis computationallyexpensve. Thus,we
restrictourimplementatiorto one-level syntacticainstantiationto

supportleaf polymorphisnonly. Sucharestrictionis a simpleand
soundapproximatiorof full polymorphism It alsooffersgoodpre-
cisionin practiceaswe performthe experimentsn the paper

4.4 Constraint Resolution

Our systemmay not discover ary unit errorswhenthereareno
sufcient unit annotationsn programs.For example,if therewere
noannotationsn Figurel, Ospre canobviously nd asolutionfor
the unit constraintsof the program,e.g., by assigningunity to all
unit variables andit would have missedthe errors.We deemthis a
usability problemanddo thefollowing to mitigatethe problem:al-
thoughnot alwaystrue, whenthereareno enoughannotationsthe
generatedinear systemwill have in nite numberof solutions;in
suchcasesPspreg issuesawarningto tell userghathowv mary ad-
ditional annotationgreneededo make the solutionunique,while

thenumberis the differencebetweerthe numbersf unit variables
andunit constraintgduringthe GE phase.

5. EXPERIMENTAL EVALUATION

In this section,we evaluateOsprg in termsof scalability (Sec-
tion 5.2), precision(Section5.3),andusability (Section5.4).

5.1 TestProgramsand Results

We have run Ospre on varioustest programs,including com-
putationalphysicsand mechanicakngineeringapplicationsppen
sourceprojects,and somelarge arti cial programsto stresstest
its performanceThetestprogramsareshavn in Tablel. For each
programwe shawv linesof code(for bothsourceandpreprocessed),
annotatiorburden(ratio of numberof annotationgi.e., numberof
*$") over numberof tokensin the original program(countedusing
thewcprogram))time andspacecostby Ospre/, andthenumberof
unit variablesandconstraintgeneratedColumnslabeled‘U/F” or
“GE” shaw the costsfor theunion/ nd stepor the Gaussiarklim-
ination stepduring constraintsolving. Currently we performthe
experimentson a le-by- le basis. Whenthereare multiple les
in a program,the memory consumptionand the numberof unit
variablesandconstraintsaretakenasthe maximumacrossall 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 Xeonand1GB RAM (2GB virtual
memory),runningLinux kernel2.6.12.

We give somedetailson the programs:(1) ex18.c andbig*.c
aretestcasesfrom C-UNITS [24]; ® (2) fe.c comesfrom SIU-
NITS[4]; (3)coil02 , ghostscript , andgnuplot areopensource
projects(coil.c is the main partof coil02 , anelectricalinduc-
tancecalculator);and (4) The restof the programsare part of the
Chmechanisntoolkit [25], a setof linking libraries usedfor de-
velopingkinematicanalysisor synthesislgorithms writtenin Ch
a supersebf Cwith classesn C++ We manuallytransformthe
Chcodeto Checauséspre currentlydoesnot supportC++ The
big*.c programsarelargearti cial single- le programsnvolving
mary arithmeticoperationson units. Although they do not pro-
duce physically meaningfulresults,they are usefulin evaluating
Ospreg's scalability We useghostscript andgnuplot for the
samepurposethey have only a few computationsnvolving units,
andwe analyzethemwith no annotationsndtreatall functionsas
polymorphic.

5.2 Scalability

Table 1 shows that Ospre is ef cient and scalesto large pro-
gramswith hundredsof thousandof lines of code. Becauseour
currentexperimentsare le-by- le, thesinglebig*.c les arear
ti cial worst-casescenariosn termsof numbersof unit variables
andconstraintsThe GE phasas currentlythebottleneckof Osprey
becausef its quadraticspacecompleity. If a programgenerates
mary constraintsof the formu; = uz us andthey cannotbe
reducedby U/F, Osprg may not be ableto solve them. For ex-
ample,big4.c containshundredsof thousandof expressionof
theform x=a*b, andOspre fails duringthe GE phase.However,
we believe suchsituationsrarely happenin practice;alsothe data
for ghostscript andgnuplot justify Osprg's scalabilityonreal
code. As future work, we planto incorporatesparsdinear solvers
to furtherimprove Ospreg's scalability

U/F is a key techniqueto male Ospre scale. It givesordersof
magnitudereductionin numbersof unit variablesand constraints.

%The big*.c programsareslightly modi ed from testprogramsn a dis-
tribution of C-UNITS. C-UNITS alsohasotherexamplesbesideex18.c .
Ospre validatestheir units,andwe do notincludethemhere.



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

Name Source | cessed Burden ration | UF | GE Gen | Solving UF | GE UF | GE

ex18.c 18 17 6/62 0.001 | 0.001| O0.00 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
gearedvebar 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
bigl.c 13017 11705 2/63716 0.936| 1.60 0.00 88.3 93.3 18207 0 39009 0
big2.c 106985 96611 0 154 | 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

Table 1: Experimental Results.

We alsoobsere thatthe numberof annotationdassigni cant im-
pacton analysisperformancethe moreannotationsthe moreunit
variablesandconstraint¢hatmaybereducedy U/F. Thissuggests
thataddingmoreunit annotationss betternot only for detugging
aprogrambut alsofor improving scalabilityof thetool.

5.3 Precisionand Err ors Found

Ospre discoveredtwo unknavn errorsin real applicationsand
threein testcodefrom othertools (oneis anunknavn errormissed
by othertools). We explain the threeunknavn errors:

Error 1 Hereis the codefragmentin gearedfivebar to calcu-
late the couplercurve of a geared ve bar, a term usedin
mechanicaéngineering:

theta = linkLength / ( 1+lamda);

couplerPointPos(couplerLink, theta, ...);

wheretheta is of radian,* linkLength is of meter, and
lamdais unitless.It is interestinghatthecodepassedievel-
opers'testshecaus¢he computedsalueof theta is closeto
theactualvalueandgivesalmostmeaningfulresults.Devel-
opersof the Chmechanisntoolkit have con rmed thatit is a
realerror, in particular amisuseof a mechanicaformula.

Error 2 This erroris causedy misusingprogrammingnterface.
The following codecomputedorcesandtorquesof a crank
slider, anothemechanicaéngineeringerm:

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

int forceTorques(...) {

angularAccel(theta2, theta3,
omega2, omegag, alpha2);

}

wheretheta2 andtheta3 (bothparameterandarguments)
areannotatedsr adian, omegazandomega3asr adian *

second !, andalpha2 asradian*second 2. At thefunc-
tion call site, omega2andtheta3 arepassedn the wrong
order This errorhasalsobeencon rmed by the developers.

*In fact,radian is equivalentto unity , andl degree= iz radian.

It is dueto their misunderstandingf the programmingnter-
face. The developersfed randomvaluesto theseparameters
duringtestingandmissedhebug.

Error 3 Thiserroris causedy usingthewrong unit factor Here
is afragmentof the (annotatedfodein ex18.c:

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

Osprg issuesanerrorthattheunit of thereturnvalue(meter)
doesnot matchthe unit of x*1682 (meter *1:045). Indeed,
theunitfactorfor convertingmile to meteris aroundl609344,
but thecodeabore usesl682instead.Theability to discover
incorrectunit conversionfactorsis a distinctive featureof
Osprg. To the bestof our knowledge,no othertool hasthis
capability

double x) {

Table 2 summarizegshe numbersof errorsreportedby Osprey.
Theredundanteportsarechainreactiongo otherkinds of reports
andcanbe eliminatedif othersareeliminated.We seethatOspre/
is precisewith low falsepositives. Section5.4.2 discussesnore
detailsabouttheerrors.

5.4 Usability

We now discusshow easyit is to useOspre in termsof annota-
tion burdenandeffectivenesof errorreporting.

5.4.1 AnnotationBurden

Osprg requiressimpleunit annotationsn theform of typequal-
i ers, anddoesnot requireannotationgfor all variablesin a pro-
grambecausef the e xibility offeredby our unit type inference
algorithm. Of courseuserscanuseOspre with no annotationsat
all, justaswhatwe have donefor big f 0,2 g.c , ghostscript , and
gnuplot . Theannotatiorburdengor thetestprogramgsangefrom
2% to 11% with largerprogramshaving lower ratios.

To furtherreduceannotationburden,Ospreg cansuggestcriti-
cal” variablesfor usersto annotate.This is basedon the U/F step
thatcangroupvariableswith the sameunit togetheythusonly se-
lectedrepresentatiesfrom eachgroupneedto beannotated.

AlthoughOsprg requiresfew annotationsmoreannotationgre
always desirable. The more annotationsthe more potentialunit
errorsOsprg candiscover. More annotationsare also helpful to
discover errorsin the annotationghemselesbecausef addedre-
dundang. Thus,althoughnot necessarywe adwocateannotating



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
gearedvebar 6 2 4 0 1
sixbars 16 0 12 4 1

Table 2: Err or reportsfor testprograms.

[ Kind |
Unit Mismatch

SampleCode(Numberof Errors) |
fe.c(2), crankslider(1), gearedvebar(2)

FactorMismatch ex18.c(1)

ProgrammingStyle coil.c (3), crankslider (4), fourbar (3),
sixbars(4)

InherentError pow (1)

ErroneoudAnnotation || N/A

ImpreciseModel coil.c (1), crankslider (1), fourbar (1),
gearedvebar(1), sixbars(1)

Warning N/A

Table 3: Classi cation of Err or Reports.

asmary programobjectsaspossiblewhenusingOsprg. In addi-

tion, unit annotationssimilar to datatypesof programvariables,
arerelatively stableto programre-oiganization:structuralchanges
will not requireannotationchangesslong asdatain the program
have the samesemanticsThus,annotationgor legag/ codecanbe

reusedbecauseaetro tting legag/ code usually changesprogram
organizationnot the algorithmic/dataaspect®of the program.

5.4.2 Error Reporting

Wheneer a unit error is found during the constraintsolving
phase,unit variablesand constraintsnvolved in the error arere-
ported.Following the namingcorventionof variablesn ourimple-
mentation,userscaneasilylocatethe positionsof the variablesin
the original program.Osprey candiscover the positionswhereer-
rorsemege, but generallycannotpinpointthe origins of the errors
becausét currentlydoesnot tracethe o ws of unitsor row opera-
tionsin GE. Thus,we heuristicallypick several possiblevariables
for the error reports: (1) During the U/F phase variableswhose
units are inconsistentwith the units of their representates; (2)
During the backward substitutionstagein GE, variablesin a row
directly causinghelinearsystemo beunsohable. Thesearehints
for userdo nd therealoriginsof a particularunit error

Table3 classi esdifferentkinds of errorreports:

Unit Mismatch Thiscategorycoversall uniterrorsthatcanbedis-
coveredby manuallycheckingwhetherthe units on the two
sidesof an equationarethe sameor not. This kind of unit
errorsmay be causedby erroneousormulaein programs,
passingerroneouglatainto programsamongothers. These
arerealerrors.

Factor Mismatch Erroneousinit factorscausehiskind of errors.
Sucherrorsmay be causedby carelessomputationor pro-
gramming. It is an advantageof Ospre thatit detectsthis
kind of errors.

Programming Style Thiskind of errorsis causedy violationsof
the basicassumption®f standardtype systems. Somein-
termediaryvariablesmay be usedsereral times, taking on
differentunitsat eachdifferentuse.Sucherrorsdo not affect
computationalesults,but are consideredad programming

style anderrorprone. This is analogougo usinganinteger
asa characterpointer and etc. at the sametime in C pro-
grams. Testprogramscoil.c andsixbars containsuch
errors,andwe classify sucherror reportsasfalsepositives.
Anotherbad programmingstyle is to storevaluesof differ-
entunits in the samearray Our systemreportserrorsfor
suchcasesbecausall elementsn an array are considered
having the sameunit, similar to standardype systems.Two
programscrankslider andfourbar , containsuchcode,
andwe alsoclassifytheseerrorreportsasfalsepositives.

Inherent Error Due to the abeliangroup natureof dimensions
andtheundecidabilityof generalpropertieswhen&er a unit
multiplicationoccursin a potentiallyunboundoop, our sys-
tem cannotdeterminethe exact unit and may issuea false
alarm. For example,the unit of x in the following codeis
dif cult to determinestaticallyandwill leadto afalsealarm:

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

X *= X;
Whentheloopboundcanbestaticallydeterminedsuchfalse
positivescanbe preventedwith unrolling theloop andusing
differentinstancedor x.

Err oneousAnnotation Similarto ary otherformsof programan-
notationsuserprovidedunit annotationganbeinconsistent.
Our systemis ableto discover suchinconsistencieskFor ex-
ample,

$radian double x;

x = ($degree)180;

Ospre reportsthat x is assigneda unit (degr ee) different
from its previously assignedinit (r adian ).®

Impr eciseModel Toreduceconfusionandimprove Ospre'scom-
patibility with differentC dialects,we adopta more strict
semanticmodel of C in our implementation. For example,
Osprg doesnotallow astructure avariable,or afunctionto
sharethe samename. Sucha strategy may causeadditional
falsepositives,but did notin our experiments.

Somecode may require more preciseanalysistechniques,
suchaspath-sensitivanalysis(the ability to distinguishdif-
ferentprogrampaths)or instant-level eld-sensitiveanaly-
sis (the ability to distinguishdifferentinstanceof the same
structure).For example,coil02 andthe Chtoolkit usepar
ticular ags to determinethe unitsof variables:

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

whereF is the unit conversionfactorfrom f oot to meter .

Our systemdoesnot supportthis styleandwould issuefalse
errors. A path-sensitie analysis,suchas the one by Das
etal. [7], maybeincorporatedo improve our system.But
it remainsto be seerwhethersuchenhancementsreworth-
while with respecto theaddedcompleity. In addition,such
falsealarmscanalsobeclassi edasabadprogrammingstyle
becausenit typesof programvariablesshouldnot change.

5BecauseOsprey usesunity for all un-annotatechumericalconstantdy
default, it may missthe errorif x or 180 is not annotated We believe this
is a usability problem,andthe usersbene t morefrom sucha systemby
providing moreannotations.



Warning Ospreg needsto handle oating point numberse.g., to
computeunit factors. Thus,computationaimprecisionis a
potential problem. Nuancesamongunit exponentvectors
and unit factorsmay be discardedand causetwo different
units to be consideredequal,or vice versa. We are careful
aboutthe numberof signi cant digits during computations
andalwaysapplytraditionalsafecomparison®etweenoat-
ing point numberstrying to have accurateesultswithin the
limitation imposedontheinternalrepresentationsf oating
point numbers. We did not obsere ary issuesdueto this
kind of computationalmprecisionin our experiments.Such
animplementatiorissuemay make Osprg misscertainer
rors,but this hasno effectonthesoundnessf theunderlying
typesystem.

6. POSSIBLE SYSTEM ENHANCEMENTS

6.1 Other Dimensionsand Units

Most units can be representedising exponentsand one factor
but someunitscannote.g., F ahr enheit andCelsius for degrees.
To corvertF ahr enheit to K elvin, we needmorethanonefactor:

Kelvin = (Fahrenheit 32) g+ 27316;

A possibleapproacho addressuchunitsis to usepre-de nedunit
corversionfunctions. For example,we may de ne the following
functionto corvert F ahr enheit toK elvin:

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

The type systemchecksthat thesefunctionsare called correctly
with agumentsof expectedunits. In addition, the correctnesof
suchfunctionsneedso be veri ed manually This may notbean
issuebecausehesefunctionsaregenerallyquite simpleandcanbe
veri ed onceandprovidedaslibrary functions.
Thereareothermodelsof dimensionsandunits,suchastherel-
ativistic model,the high-enegy model,the quantummodel,or the
natural model[4]. Therearealsootherbasedimensionsaandunits
outsideof physics,suchasbit in electronicsand dollar in eco-
nomicsthat our systemdoesnot model currently We believe it
is straightforvard to integratethesedimensionsand units into the
currentsystemandmale it morewidely applicable.

6.2 Dimension-vs. Unit-Level Analysis

Dimensionalanalysismay be carriedout at two levels: the unit
level andthe dimensionlevel. At the unit level, two quantitiesare
consideredo be unit consistentf andonly if their units are ex-
actly the same(including factors). At the dimensionlevel, two
quantitiesareunit consistentf andonly if their dimensionsarethe
same Unit-level analysigs usefulfor detectingunit errors,includ-
ing errorscausedy wrongunit factors.However, dimension-lgel
analysismay be morecorvenientto use.Programmersnay prefer
mixing datain differentunits andhaving the systemautomatically
corvert datato appropriatainitswhennecessaryThenthey donot
needto manuallysupplyunit conversionfactors.

To supportdimensiorievel analysisgxtramechanisnis required
to enforcethe unit correctnessf programs For example,

$foot float Y; X=Y;

The codeis incorrectat the unit level, while the dimensionlevel
may considerit correctand mustguarantedhe correctnes®f the
computation. One naturalapproachis to supportautomaticunit

$meter float X;

corversionthroughprograntransformationFor example X=Yshould

be automaticallytransformedo X=0.3048*Y becausel f oot =
0:3048meter . Two issuesarise.

Oneis aboutusability of sucha system Whenwe seeanassign-
mentsuchasX=0.3048*Y, shouldthe assignmenbe transformed
or not? It dependson the meaningof 0.3048. Perhapghe user
intendsto corvert Y from f oot to meter via the assignmentpr
0.3048 isjustanarbitraryconstantThis confusioncanbeavoided
by enforcingnecessarprogrammingconventionsto decidewhen
automatictransformationis expected. For example,one may re-
quire thatno unit factorsshouldbe usedby usersandtransforma-
tion is alwaysperformedwheninconsistentinitsareencountered.

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

Our currentimplementatioris at the unit level only. It would be
interestingo alsoincorporatedimensiorievel analysisnto Ospre.

6.3 Implementation Enhancements

Our currentimplementatiorof Osprgy workson C code. Since
mary scienti ¢ applicationsarewrittenin C++, it will beinterest-
ing to extend Osprg to supportthis language. We are collabo-
ratingwith scientistsat the LawrenceLivermoreNationalLabora-
tory (LLNL) to implementa C++ versionof Ospreg basecdn their
ROSEcompilerframenork [21]. We planto applyoursystentothe
large codebaseof scienti ¢ softwareat LLNL. Becausehelinear
systemgyeneratedn Ospreg areusuallyvery sparsewe alsoplan
to leverageLLNL researcherséxpertisein sparsdinearsolversto
addresshe performancéottleneckin Osprg.

To improve the usability of the system|jt will be usefulto shaw
usersof Ospreg not only whee unit inconsistenciehiappen,but
alsohowthey have happenedOnepossibilityis to recordhow units
o w duringconstrainsolvinganddisplaythisinformationvisually
to the usertogethemwith the sourcecode,similar to CQual's PAM
mode[10]-agenericinterfacefor markingup programsn emacs.

Finally, addingwhole programanalysissupportmay be use-
ful, especiallyfor programswith mary cooperatingmodules. A
straightforvard approachs to megeunit constraintfor eachindi-
vidual moduleandsolve thecompleteconstrainsystemaltogether
This nave approachs unlikely to scale. However, becausenary
of the constraintareunrelatedpnepossiblesolutionis to separate
theminto independengroupsandsolve eachgroupindividually.

7. RELATED WORK

In this section,we suney relatedwork. Marny approachebave
beendevelopedto performautomaticdimensionalanalysis. One
commonapproachis via type systemenhancementsWand and
O'K eefe[26] adddimensionanddimensiorvariableso thesimply-
typedlambdacalculus,andemplg/ a uni cation-basedalgorithm
to nd the mostgeneraldimensiondor every typabledimension-
preservingerm. Kennedys dimensiontypes[16] aredesignedor
ML-style languagesHe extendsthe standardviL typesystemwith
polymorphicdimensiontypesand presentsa uni cation-basedal-
gorithmto infer dimensiontypes.

Our systemfollows the sameapproachandleveragesdeasde-
velopedin thesestudies.Thereare,haovever, somekey differences.
First, our systemconsidersboth dimensionsand units and deals
with unit factorsandinteractionsamongdifferentunits, while they
only considedimensionsSecondywe have a prototypeimplemen-
tationfor C, a popularlanguageor programmingscienti ¢ appli-
cationsandtheirsarefor functionallanguagesAlso, we usenovel
technigueso male our systemscalableto large programs.



Our systemis alsorelatedto CQual[8], ageneraframewvork for
addingtypequali ersto C. Theframevork modelsthe o w of qual-
i ers througha programusingsubtypingandtypeinference How-
ever, standardype quali ers are not expressie enoughto model
theabeliangroupnatureof dimensionsandunits.

Therearealsounit inferenceandcheckingsystemsgor otherlan-
guagessuchasXelda[3] for Excel. Xeldausesunit transformers
andconstraintgeneratorgor Excelfunctionsto infer units of for-
mulaein a bottom-upfashion,propagatingunits from value cells
(cells containinga number)to formula cells usingcell references.
The transformersand generatorsare analogousto our unit con-
straintgeneratiorrules, but they have not addressediserde ned
data structuresand functionsin generalpurposelanguagesand
substantie effort mayberequiredto designtransformerandgen-
eratorsfor all functionsin Excel. Also, Xelda doesnot validate
thecorrectnessf unit cornversionfactors,althoughit supportaunit
coercionsf usersprovide thefactors;while our systendoes.

Besidesof type systemenhancementstherforms of language
extensionshave alsobeenconsidered The ideaof meta-classes
oneof these.Speci c typesarede nedin theoriginalprogramming
language$o denotedimensionsandspeci ¢ operationgrede ned
to representhe arithmeticnatureof dimensionsUnit inferenceor
checkingis doneby the original type systemsof the underlying
programmindanguages. Suchextensionsareusually provided as
additionallibrariesfor theoriginallanguagessuchasSIUNITS [4]
for C++basedon STL, MetaGenfor Java basedon MixGen[1]—a
Jasa extension,Keller's Library [15] for Eiffel, Hil nger' s pack-
age[11] for Ada,andNovak's systen{19] for GLisp—anextension
of Lisp. Thisideais feasibleaslong asthe original programming
languagesupportsuserde ned types. Althoughit may provide a
tighter integration of dimensionsand units into the original lan-
guage,but it is not as e xible andrequiressigni cant changego
programmingstyle andre-desigrof legag/ code.

Anothercommonapproachis to validateunit correctnesatrun-
time. Cunis[6] incorporatesunit informationinto dataobjectsat
runtimefor unit checking.C-UNITS [24] is basedbn a framewvork
for programspeci cationandveri cation—Maude[5]. Thealge-
braicsemanticef C is partiallyimplementedn theframevork, and
unit informationis provided asannotationdy users.Unit correct-
nessis checled when programsare simulatedin the framework.
The assume/assert-basegeci cation approachrequiresheavier
annotationsndis dif cult to scaleto largeprogramsWe believe a
type system-basedpproactis moreappropriatefor unit checking
becauseype systemsareeasierto useandmorescalable.

8. CONCLUSIONS

We have presentedh type systemandimplementeda prototype
tool Osprey for validating unit correctnesof C programs. The
systemis constraint-basedndincorporatesiovel techniquedo be
scalable,preciseand usable. We have extensvely evaluatedOs-
prey. It hasdiscoreredunknavn errorsin maturecode. It is precise
with few falsepositives,andall of which canbeeasilyclassi ed. It
is ef cient andscaledo largeprogramswith hundredof thousands
of lines of code. It is alsoeasyto use,requiringonly lightweight
unit annotationsandis fully automatic.We believe that Osprg is
apracticaltool for improving quality of scienti ¢ software,andwe
areactively pursuingopportunitieso improve thetool andapplyit
on additionalproductioncode.
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