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Abstract One often employed criterion BU adequacy which re-
hi quires that each possible path from any definition to all its
In this paper we present a system that helps users tes{,qes is covered by a test case. The relative effectiveness of
their spreadsheets using automatically generated test caseSps and other criteria at fault detection have been compared
'I_'he system generates the test cases by backward propaggs, [26, 16]. In addition to monitoring the coverage of the
tlon_and soluuon_of constraints on cell values. These CON- tast cases, a user is faced with the problem of inventing new
straints are obtained from the formula of the cell that is o¢t cases which is generally tedious and prone to errors
being tested when we try to execute all feasible DU asso-, qgition, it might not always be immediately clear to the
ciations within the formula. AutoTest generates test cases,qqor whether a new test case really improves the coverage.
thf’it execute all fea_3|ble DU pairs. If infeasible DU_assou- This is where an automatic tool for generating test cases
ations are present in the spreadsheet, the system is capabl@,mes into play: The user only has to inspect suggested test
of detecting and reporting all of these to the user. We also -5ceg and approve or reject them. Generation and monitor-

present a comparative evaluation of our approach against 4 of coverage is reliably and automatically handled by the
the “Help Me Test” mechanism in Forms/3 and show that sygstem. g y y y

our approach is faster and produces test suites that give bet- Regarding DU coverage, we can observe that in the case

ter DU coverage. of a single spreadsheet cell, different paths that require dif-
ducti ferent test cases can principally result only frobexpres-
1 Introduction sions in that cell’s formula. In general, through nestied
Studies have shown that there is a high incidence of er-expressions, each cell gives rise to a tree of subexpressions
rors in spreadsheets [10], up to 90% in some cases [20]that need different test cases to be executed. The method
These errors oftentimes lead to companies and institutionsthat underlies our spreadsheet testing tool AutoTest is based
losing millions of dollars [23, 24, 14]. A recent study has on representing expressions as trees in which internal nodes
also shown that spreadsheets are among the most widelgarry conditions ofiF expressions, and leaves of the tree
used programming systems [22]. To carry out testing in carry arbitrary expressions. The edges of the tree are la-
commercially available spreadsheet systems like MicrosoftbeledT or F leading to the expressions of the “then” and
Excel, users are forced to proceed in an ad hoc manner‘else” branches. From such an expression tree we can gen-
because tool support for testing is not availablén par- erate in several steps constraints that are solved to yield test
ticular, the lack of tools leaves users without information cases to cover all expressions in the tree.
about how much of their spreadsheet has been tested. In In the next section, we describe related work. In Sec-
this situation, users come away with a very high level of tion 3 we describe the scenario of an end user working with
confidence about the correctness of their spreadsheets evem spreadsheet, faced with the problem of testing it. In Sec-
when, in reality, their spreadsheets have many non-trivial tion 4, we describe formally what it means to test a spread-
errors in them [18]. This situation is highly problematic be- sheet and what constitutes spreadsheet test cases. The no-
cause users have spreadsheets with potentially lots of errorgion of DU coverageas a test adequacy criteria is presented
in them, but they are not aware of it. in Section 5, and in Section 6 we describe how AutoTest
Given the dilemma that testing does not guarantee thegenerates DU adequate test cases. A comparative evalua-
correctness of a program, how does a practitioner go aboution of AutoTest against the “Help Me Test” (HMT) [13]
testing a program? Researchers have come up with test addest case generation system of Forms/3 [7] is described in
guacy criteria which allow the tester to decide when to stop Section 7. We present conclusions and plans for future work
testing. Test adequacy criteria have different levels of con-in Section 8.
fidence about absence of faults in the program being tested.

*This work is partially supported by the National Science Foun- 2 Related Work
dation under the grant ITR-0325273 and by the EUSES Consortium In earlier work we have deve|0ped the Systems described
(hup://EUSESconsortium.org ) in [11, 12] that allow the end users to create specifica-
1The WYSIWYT methodology (to be explained later) has been imple- . ’ . p. s
mented for the Forms/3 spreadsheet system and is currently being portedions of their spreadsheets and then use the specifications
to Excel. to generate spreadsheets that are provably free from refer-




ence, range, and type errors. The system described in [3then generates a list of change suggestions that would result

enables users to extract the specifications (also ctdled in the expected output being computed in the marked cell.

plateg from their spreadsheets so they can adopt and workThe user can simply pick from the list of automatically gen-

within the safety of these specification-based approaches. erated change suggestions, thereby minimizing the number
The systems described in [5, 6] allow the user to carry of formula edits they have to perform manually.

out consistency checking of spreadsheet formulas on the ba-

sis of user annotations, or on the basis of automatically in-3 A Scenario

ferred headers [1], and flag the inconsistent formulas as po- ) ) ) )

tential faults. Consistency checking can also be carried out Nancy is the office manager of a small-sized firm and

using assertions on the range of values allowed in spread!as developed the spreadsheet shown in Figure 1 to keep

sheet cells [8]. track of the office supplie$. The amount inB1 (2000 in _
Approaches as the ones described usually require additiS case) is the budget allowed for the purchase of office

tional effort from the user. For example, in order to be able SUPPlies. Rows 4, 5, and 6 store information about the dif-

to use the specification-based approach to the generation ofe"€nt items that need to be purchasgd.has the number
safe spreadsheets [12], the user has to learn the specific2l P€Ns that need to be orderety has the cost per pen,
tion language [4]. Sometimes these systems have only "m_f'ind the formula irb4 computes the product of the numbers
ited expressiveness. On the other hand, static analysis tech!! B4 andC4 to calcqla’ge the proposed expenditure on the
niques cannot find all faults. The systems described abovePurchase of pens. Similarly, rows 5 and 6 keep track of the
that do consistency checking of the spreadsheets do so withProPosed expenses for paper clips and paper, respectively.
out any information about the specifications from which the The formula inB8 checks to ensure that none of the num-
spreadsheet was created. As a result of this shortcomind?®'S iNB4, B5, or B6 is less than zero. If one or more of
we could have spreadsheets that would pass the consistendj’® numbers are less than 0, the cell output is 1 to flag the
check and still not be correct with respect to the specifica- €T0r- Otherwise, the cell output is 0. Célf contains the
tions. formula IF(B8=1,-1,D4+D5+D6), which computes the total
As an alternative to static analysis and program genera_cost across the f[hree. items if the error flag@is set to 0.
tion techniquestestinghas been used as a means for identi- ' the error flag inB8 is set to 1 the formula results in -1.
fying faults in spreadsheets and thus improving the correct- 1 "€ formula inB9 checks if the total proposed expenditure
ness of programs by removing the faults. Much effort in the 'S within the maximum allowed budget for office supplies.
area of testing has focused on automating it because of thej = —————
high costs involved in testing. Effort invested in automating [/5] cie e ven meet Fomat Tods psta Window e AdobePOF - @ X
testing pays off in the long run when the user needs to test B9 - £ =IF{07=-1,"Enar" IF(D7>B1 "Over Budget","Budget Ok"))
programs after modifications. This aspect makes a strongl ruipuigest — 8~ =7
case in favor of systematically building test suites, based on| = |

some coverage criterion, that can be run in as little time as| . | ... ”;_‘I‘_:fe‘l_" Untt Pricelem Total
possible, resulting in thorough testing of the program. The | 4 [pens 20 5 100
“What You See Is What You Test” (WYSIWYT) methodol- |2 Faber e e
ogy for testing spreadsheets [21] allows users to test their ggm gﬁik ; 7750

spreadsheets to achieve DU adequacy. WYSIWYT has| g |gugeroke [Exgmiorl

been developed for the Forms/3 spreadsheet language [7] 10 ] T v
and gives the user feedback of the overall level of tested-|; " " hSupotes / 1< - Ul
ness of the spreadsheet by means of a progress bar. “Help

Me Test” (HMT) is a component of the Forms/3 engine
that does automatic test case generation to help the users
minimize the cost of testing their spreadsheets [13]. Auto- After creating the spreadsheet, Nancy goes through the
matic test case generation has also been studied for genera}br '

. mula cells, one at a time, to ensure that the formulas look
purpose programming languages [9, 15]. The WYSIWYT. correct to the best of her knowled§ehe then uses histor-

gﬁmgg?fﬁg fgﬁigfsgee\cﬁiltjgfglpval:tlr}lr?Jgtee!::t(i)r:g]nfsa{ ini nivnl ical data from the previous month as input to verlfy'lf the
end-user spreadsheets [19] spreadsheet output matches the actual expenses incurred.

Detecting faults is only .the first step in correcting a Once this verification is done, Nancy is conﬁdt_ant f_:lbout the
correctness of her spreadsheet and starts using it for plan-

spreadsheet. Fixing incorrect formulas is generally required . : : :
to remove faults. The spreadsheet debugger described in [anng the office expenses. Overconfidence in the correctness

exploits the end users’ understanding of their problem do-  2The office budget spreadsheet shown in Figure 1 was among the
main and expectations on values computed by the spreadspreadsheets used in the evaluation described in Section 7.
sheet. The system allows the users to mark cells with incor- 3Code inspection of spreadsheet formulas done by individuals working

. . alone has been shown to detect 63% of errors, and group code inspection
rect output and specify their expected output. The system, .o up to 83% success rate at detecting errors [17].

Figure 1. Office supplies spreadsheet




of her spreadsheet might even keep her from doing the cur- cell with the formula that is being tested is also shaded

sory “testing” the next time she modifies the spreadsheet. red. The user can inspect the formula within the cell
From a software engineering perspective, the single set and make changes to correct it since testing detected a
of test inputs Nancy used would not qualify adequate failure. Once the formula has been modified, the user
testing of the spreadsheet. Even if she uses historical data  can revisit the corrected test case to ensure the com-
from a few more months, she might not necessarily gain puted output matches the expected output for the cell,

coverage since the inputs might only cause the execution and then validate the test case.
of the same parts of the spreadsheet program. Given the 3. They can also ignore generated test cases if they are

nonexistent support for testing in Microsoft Excel, Nancy unable to decide if the computed output is right or
would have to come up with the test cases on her own with- wrong. The users can come back to them at any later
out knowing if the new tests were actually resulting in more point during the course of testing.

thorough testing of her spreadsheet. Moreover, with no ]
feedback on meeting any test adequacy criteria, she also For every candidate test case that Nancy approves, the
would have no idea of when she can consider her spreadUpdated progress bar shows how well tested the spread-
sheet well tested. sheet program is. Internally, the system uses DU adequacy
Using the AutoTest system, Nancy can simply right-click (described in Section 5) to compute the level of tested-
on the cell whose formula she wants to test and pick the op-ness. AutoTest saves Nancy the effort of coming up with
tion “Test formula” from the popup menu. Assuming Nancy test cases by automatically generating test cases aimed at
asks AutoTest to test the formula in cefl, the system gen- ~ achieving 100% DU adequacy. The automatic generation
erates a set afandidate test casdsr the formulainthe cell  of effectivetest suitedowers the cost of testing by reduc-
and presents it to Nancy as shown in Figure 2. A candidateing and directing the effort invested by the user. Moreover,
test case is defined as the set of inputs generated by the sydhe progress bar is an accurate indicator of the testedness of
tem, together with the corresponding output computed by the spreadsheet and lets the user know when the spreadsheet
the formula that is to be tested. has been thoroughly tested.

ET Microsoft Excel - PurchaseBudget. xls g@gl
e = i np e X 4 Spreadsheet Programs and Test Cases

B9 - A =IF{D7=-1,"Error" IF(D7=B1."Over Budget”,"Budget Ok" . . . .
. ey OB Ot Bucge. Bogel PD)_ A spreadsheet is a partial functi® A — F mapping
| L (Total Budget 2000 cell addresses to formulas (and values). An elerterft) €
2
N Unisto Sis called acell. Cell addresses are taken from the Aet
-2 rems orter_ i Priceiftem Toual IN x IN, and formulas { € F) are either plain valueg ¢
= :}:ﬁ: Clips m 3 x V, references to other cells (given by addressesA), or
|7 [Total Cost 7750 operations\) applied to one or more argument formulas.
5 |Error Check o]
o [pudgei ok [EEoL] .
10 ) Inputs Output (B3) - feF &= V|a|¢(f’---,f)
4« » w’\ temp b Supplies / 3|
Ready B4 =-1 “Error”

— Operations include binary operations, aggregations, and, in
Spreadshest Testedness: 15% particular, a branching construetf, f, f).
The functiono : F — 2 that computes for a formula the
addresses of the cells it references is defined as follows.

Figure 2. Automatically generated test cases

o(v =
for B9 (v)
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o(a) {a}
o(W(fy,..., ) o(f1)U...uo(fy)

AutoTest allows the user to do any one of the following A et of addresses C A is called ashape We callo(f)

three things to a candidate test case. the shapeof f. The functiono can be naturally extended
to work on cells and cell addresses dga, f) = o(f) and
OIc(a) = 0(SY(a)), that is, for a given spreadshe8t o(a)

1. Users carvalidate generated test cases, thereby indi-
cating that the computed output matches the expecte

output for the formula given the generated input val- gives the shape of the _forrI\.uIa stored '2 eell .
ues. Once a user validates a test case, it is moved to Related is the functions: S.X F—2 _that transitively
the test suite, and it is displayed on th,e interface in chases references to determine all the input cells for a for-

green-colored font mula. The definition oby is identical to that ofy, except

2. Users carilag generated test cases to indicate that the for the following case:
computed output value is incorrect given the generated i {a} if S(a) eV
inputs. This action implies the formula is faulty since oga) = {og(S(a)) otherwise
it is computing the wrong result. A flagged test case is
displayed in red-colored font on the interface, and the Like g, g can be extended to work on cells and addresses.



The cells addressed lm(c) are also called's input cells applying the following semantics-preserving rewrite rule to
To apply the view of programs and their inputs to spread- conditionals that are subformulas.

sheets, we observe that each spreadsheet contains a pro-

gram together with the corresponding input. More pre- W(...,IF(C,f1,f2),...) ~ IFCY(..., f1,...).P(..., f2,...))

cisely, theprogram partof a spreadsheés is given by . . .

all of its cells that contain (non-trivial) formulas, that is, 'Note that the rewrite rule is only applied whenzIF.

Ps={(a f) € S| o(f) # @}. This definition ignores for- Ina secqnd step, we transform a I|ft§3d formula into its

mulas like 2+ 3 and does not regard them as part of the correspondingxpression tregsee also Figure 3(a)) using

spreadsheet program, because they always evaluate to thie functionT, wh|qh creates fq( each conditional an inter-

same result and can be effectively replaced by a constantNal node labeled with the condition and two subtrees for the

Correspondingly, thiputof a spreadshe@is given by all WO branches. The edges to the branches are |afetel

of its cells containing values (and locally evaluable formu- F O !’ndlcate which subtree corresponds to the “then” and

las), that is|s = {(a, f) € S| o(f) = @}. Note that with else” branch of the conditional.

these two definitions we havig= PsUls andPsNis= @.

Without loss of generalization we can assume from now on

N

that all input cells are of the forrta, v). T(IF(c f1,f2)) = T(f1) T(f2)
Based on these definitions we can now say more pre- T(f) = f
cisely what test cases are in the context of spreadsheets. A
test casefor a cell (a, f) is a pair(l,v) consisting of val-  The second case leaves all non-conditional formulas un-
ues for all the input cells transitively referenced tyygiven changed.
by I, and the expected output fé; given byv € V. Since Each conditiorc stored in an internal node of an expres-
the input values are tied to addresses, the input part of asion tree can be transformed into two constrayftandy”
test case is itself essentially a spreadsheet, thatds— V. that guarantee thatevaluates to true or false, respectively.

However, not any will do: we require that the domain of ~ These constraints will replace the edge labelandF in
matchesf’s shape, that isjom(1) = o%(f). In other words, ~ the expression tree. Constraints have the following form
the input values are given by cells whose addresses are ex-
actly the input cells contributing tb. Running a formulaf Y
on a test case means to evaluéti the context ofl. The w
evaluation of a formulaf in the context of a spreadsheet
(that is, cell definitionsBis denoted by f]s.

Now we can define that a formulf passesa testt =
(I,v) if [f]i =v. Otherwise f fails the test. Likewise, we
say that a cel(a, f) passes (fails) if f passes (fails).

fwv|yry|yvy
<|<|=|2]>

For example, a conditioB3 > 4 will be transformed into
the two constraint83 > 4 andB3 < 4, which will replace
the labelsT andF, respectively, in the expression tree.

A traversal of the whole expression tree that transforms
conditions in internal nodes into constraints that are at-
5 Definition-Use Coverage tached to thg oqtgoing edges produc@_aﬁored constraint

tree shown in Figure 3(b). The constraints along each path

The idea behind the DU coverage criterion is to test for from the root to a conditio in an internal node or an ex-
each definition of a variable (or cell in the case of spread- pressiorein a leaf characterize the conditions under which
SheetS) all of its uses. In other WordS, test all DU pairs. the Origina| formula would evaluate theand e, respec-

In a spreadsheet every cell defines a value. In fact, cellstjyely.

with conditionals generally give rise two or more defini-  |n a final traversdl we can collect all the constraints
tionS, contained in the different branches. LikEWise, one a|ong each path and attach the resumng conditions to the
cell may contain different uses of a cell definition in dif- leaf expressions, which results incanstraint tree shown
ferent branches of conditionals. Therefore, definitions andin Figure 3(c). For a condition or expression to be exe-
uses cannot simply be represented by cell addresses. Incuted, the constraint attached to it has to be satisfied. For
stead, we generally need paths to subformulas to identifyexample, for expressioe; to be executed, we need both,
definitions and uses. the constrainty] andy}, to be satisfied. That is why the
5.1 Expression and Constraint Trees leaf fore; has been annotated wigh Ay} in Figure 3(c).

To formalize the notions of definitions and uses we em- 5.2 DU Pairs
ploy an abstract tree representation of formulas that stores

. o e o A DU pair is given by a definition and a use, which are
conditions of conditionals in internal nodes and conditional- P g y

both essentially represented by paths. To give a precise defi-
ion th h imol ¢ ; e las. Fi 3iition, we observe that while only expressions in leaves can
tion through two simple transtormations of formulas. First, ¢ definitions, conditions in internal nodes as well as leaf

we lift all conditionals out of subformulas (that are not con- : :
" expressions can be uses. Moreover, since a (sub)formula
ditionals) so that the formula has the form of a nested con- P (sub)

ditional. This transformation can be achieved by repeatedly  “in an implementation, both traversals can be combined into one.
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Figure 3. Stages of test-case generation

defining a cell may refer to other cells defined by condi- That is, for each addresswe obtain an alternative of con-
tionals, a single path is generally not sufficient to describe astraints, each of which determines through a conjunction of
definition. Instead, a definition is given be a set of paths.  value comparisons possible input values for the cell at ad-

These observations lead to the following definitions. Let dressa. Note that by construction eavﬁ contains at most
C(a) be the constraint tree obtained from the expressionone address, namedy.

T(S(a)) as described above. We define tigesof a as The attempt at solving each constrajfitcan have one
the setUg(a), which contains the nodes of all tree%a’) out of two possible outcomes.
for which a € o(S(@')). Correspondingly, thémmediate . ) . .
definitionsof a are given by the the leaves ¢f(a). We 1. The constraint solver might succeed, in which case the
refer to this set a@%(a). To obtain the complete set of solutlon is, for e_ach address, a range of values that sat-
definitions fora we have to combine each expressien isfy the constraints. For each address, any value from
in D(a) with all definitions for any cell referenced kg the range can be used as atestinput.
which leads to the following inductive definition f@rs(a), 2. The constraint solver might fail. This situation arises
the set ofdefinitionsof a. Ds(a) is initially defined to be when for at least one; none of the alternative con-
{{y:e} | y:e € DX(a)}. Then we repeatedly replace a set of stralntsy‘? is solvable. In this case it is not possible to
pathsP = {y1:e1,...,yi:&} € Ds(a) for whicha € o(g) by generate any test case that would be aple to execute the
the sefP x D(&) until no suche’ exists anymore. path. Therefore, failure of the constraint solving pro-
Now the set of allDU pairs for addressa is given by cess indicates that the partiCUlar path for a definition or
{(a,d,u) | d € Dsg(a) Au e Ug(a)}. use cannot be exercised.

For each DU pair we can try to generate a test by solving
the constraints stored in the paths (as described in the nex
section). Whenever the constraint solving fails, a test cannot
be generated and anfeasibleDU pair has been identified.

A test suite that consists of a test for every feasible DU
pair is said to béU-pair adequate

{f all constraints have been successfully solved, a test case
can be created by taking values from computed ranges for
each address and by evaluating the formula to be tested (of
which e, 1 is a subformula) using these values (see Sec-
tion 4). A test case has the following form.

({(alvvl)v"' ) (an7Vn)}7V)

If the constraint solver fails while trying to solve the con-
straints for a DU pair, that DU association cannot be exer-
cised given the constraints. In other words, unsolvable con-
straints on input data cells allow us to automatically detect
Infeasible DU pairsn the spreadsheet program. In general,

6 Generating DU-Adequate Test Cases

The generation of a test case for a DU pair
(a,{vi:€e1,...,Yk'&}, Yk+1:€&+1) requires solving the con-
straintyy A ... AYk AYk+1. In afirst step, we group the con-
straints by involved addresses so that we obtain a constrain

of the form it might not be possible to execute all of the DU associa-
yalAyaZ/\'”/\yan . . . e . .
tions in spreadsheets. The problem of identifying infeasible
where eacly? is of the form DU pairs in programs written in general-purpose program-
_ _ _ ming languages is undecidable [25]. Detection of infeasible
Vi Vys v \/VE: DU pairs is easier in the case of spreadsheets languages like
_ Excel since they do not have loop constructs or recursion.
and each/? is of the form To illustrate how our algorithm works, we revisit the sce-

_ nario described in Section 3 and explain how AutoTest gen-
g covil/\a- wviz/\.../\ai wvim’ erates test cases for the spreadsheet shown in Figure 1. In



particular, we show how test cases are generated for the for-The four definitions combined with the two usesBiigive

mula inB9. To test the formula iB9 we need to test all
definitions ofD7 andB1 and their uses in the formula B®.

IF(D7 = —1,“Error”, IF(D7 > B1,“Over Budget”, “BudgetOK"))

The formulas that affect the definitions D are:

D7 = IF(B8 = 1,—1,D4 + D5 + D6)
B8 = IF(OR(B4 < 0,B5 < 0,B6 < 0),1,0)

The constraint tree foB9 shows the uses @7 andB1 in

B9. Only the constrainif = D7 # —1 is needed in the

following.
D7=-1

T F
71: “Error” 713 D7>B1

Fa~yT FaE y
'}’1 A?’Z:“Over Budget” 71 /\7/2 Budget OK

The use 0D7 in the conditionrD7 = —1 is always executed,

rise to 8 DU pairs.

As mentioned earlier, both definitions b7 already hit
the use in the conditiod7 = —1. Therefore, for generat-
ing test cases for the four DU pairs resulting from all the
definitions ofD7 and this use, we can solve the sets of con-
straints shown above. Since the séyg: —1,y5:0} and
{Y; :D4+D5+D6, V] :1} cannot be satisfietwe are left with
{vi:—1,yi:1} and{y; :D4+D5+D6, Y5 :0}. The first set of
constraint can be satisfied by setting valueBito —1.°
and the second set of constraints is already satisfied by the
values in the spreadsheet.

To test the use db7 in the conditionD7 > B1, we com-
bine the definitions 0b7 with those of this use to get the
following sets of constraints.

{yi:—1,y1:1,yf:D7 > B1},
{y}:—1,¥5:0,y] :D7 > B1},
{yh :D4+D5+D6, V] :1,yf :D7 > B1},
{Y; :D4+D5+D6,Y5:0,y; :D7 > B1}

Two sets of constraints cannot be solved in this case, for the
same reason discussed above. Moreover, satisfging 1
andyg :1 leads to the output 1 in D7, which will not satisfy

Y} :D7 > B1. Therefore, the only set of constraints that can

so we do not need to generate any constraints for it. How-be solved is{y; :D4+D5+D6,5 :0,y] :D7 > B1}, and this is

ever, to reach the use b7 andB1 in the conditiorD7 > B1
we need to satisfy the constraiit. (SinceB1 is an input
cell, satisfying the constrairyt_: fully tests all DU associa-
tions ofB1 in B9Y.)

The constraint tree for the formula B8 is shown below.

already satisfied by the current values in the spreadsheet.
Note that, formally, the actual test case is the set of
address-value pairs that satisfy the constraints for a DU
pair. Only the generated values are shown in the AutoTest
interface—the values for the other input cells that affect the

The two leaves represent two definitions for which we have formula output that are already in the spreadsheet are im-

the constraints:

Vi =B4<0VB5<0VB6<0

OR(B4<0,B5<0,B6<0
Y; =B4>0AB5>0AB6>0 (84085<0.86<0)

Since B4, B5, and B6 are input

cells, the definitions irB8 are de-

termined by the two constraints in- T =
ferred for the formula in the cell 731 AL
alone.

plicitly part of the test case and not shown in the interface.

7 Evaluation

For AutoTest to be useful as a tool for testing spread-
sheets, it has to be boéffectiveandefficient Effectiveness
is judged with respect to a test-adequacy criterion, DU ad-
equacy in this case. A more effective tool in this respect
would be one which is capable of generating test cases that
exercises more of the feasible DU pairs. Efficiency is mea-

Cell D7 also has two definitions since the expression gyred in terms of the time taken by the system to generate
tree of the formula in the cell has two leaves. In this case e test cases that meet the adequacy criterion. This factor

we have the following con-

straints for the definitions. B8=1
y,=B8=1
Vi =B8#1
F
Since the formulas inD4, ’}’4T-1 7, D4 +D5 + D6

D5, and D6 do not contain

conditionals, no constraints are generated for their defini-

tions. Combining the definitions &8 with those ofb7, we
obtain the following four definitions fob7.

[Vh:— Ly} {yd:— L5 O,
{Y; :D4+D5+D6, V] :1}, {Yj :D4+D5+D6, Y5 :0}

is especially important in the case of spreadsheet systems
with their support for immediate visual feedback.

Since we are comparing AutoTest against HMT, we fol-
low the evaluation of HMT described in [13] and take into
consideration two dependent variables.

1. Ultimate effectivenesslefined as the percentage of the
total number of feasible DU associations

5Satisfyingy} leads to 1 inB8 which, in turn, results ity being sat-
isfied. On the other hand, satisfyiyg leads to 0 inB8, which results in
Y, being satisfied.

8Actually, the first constraint can also be satisfied by setting values in
B5 or B6 to —1. Since the three test cases exercise the same DU pair, the
system only generates the first one.



2. Response time for test generation associations in the spreadsheet.
) - The test generation approach, which is based on con-

7.1 Effectiveness and Efficiency straint generation, propagation, and solving, is conceptually

Since HMT uses randomization, depending on the teCh_simple,. which is _important for at least two reasons. Firs;, it
nique used, the measures of the dependent variables maf!loWs its reuse in other systems. For example, we believe
change from one run to another. Therefore the ultimate that it would be straightforward to integrate this new tech-
effectiveness score for HMT is averaged over 35 runs andnidue into the WYSIWYT tool. Second, it facilitates ex-
the median response time over 35 runs has been presentd§"Sions to be investigated in future. For example, we plan
in [13]. Our system, on the other hand, always producesto extend AutoTest tp allow vyhole regions tq be tested by
the same output given the same starting spreadsheet corfl® test cases for a single region-representative formula. We
figuration. We reproduce the results from [13] in Tables 1 €&n basg this extension effectively on the region inference
and 2 and compare with the numbers obtained by runningMechanisms reported in [3].
AutoTest on the same spreadshéets.

AutoTest is also efficient in the sense that it only gener- ACknowledgments
ates one test case per feas_ible DU pair for thg f_ormula that  \we thank Marc Fisher for providing us access to the
is being tested. Therefore it generates the minimum nUM-gye4dsheets and data from the studies described in [13].
ber of test cases to be able to execute all feasible DU pairs.
Such optimal test suites would save the user time and eﬁortReferenceS
during generation (since the user has to approve a candidate
test case before it can be added to the suite of test cases for[1] R. Abraham and M. Erwig. Header and Unit Inference for
the formula), test runs, and maintenance of test suites. The  Spreadsheets Through Spatial AnalysedEIBE Int. Symp.
ultimate effectiveness scores reported in Table 1 and the re- 225\”?;2' Lzaor:)%uages and Human-Centric Computjrages
sponse times reported in Table 2 for AutoTest are based on e : . . .
tr?e optimal test spuites that are generated by the system. The [2] R. Abraham and M. Erwig. Goal-Directed Debugging of

. . 7 Spreadsheets. IEEE Int. Symp. on Visual Languages and
size of the test suites generated by HMT for achieving the Human-Centric Computingages 3744, 2005.

level of coverage shown in Table 1 are not available. [3] R. Abraham and M. Erwig. Inferring Templates from
. . Spreadsheets. [88th IEEE Int. Conf. on Software Engi-
7.2 Discussion neering pages 182—-191, 2006.

R. Abraham, M. Erwig, S. Kollmansberger, and E. Seifert.
Visual Specifications of Correct SpreadsheetslEIBE Int.
Symp. on Visual Languages and Human-Centric Computing

As can be seen from the ultimate effectiveness scores [4]
shown in Table 1, AutoTest generates test cases that cause

the execution of all feasible DU associations for the spread- pages 189-196, 2005.

sheets used in the evaluation. HMT running the Chaining [s] Y. Ahmad, T. Antoniu, S. Goldwater, and S. Krishnamurthi.

algorithm has comparable ultimate effectiveness scores. A Type System for Statically Detecting Spreadsheet Errors.
The response times for test generation for each of the In 18th IEEE Int. Conf. on Automated Software Engineering

spreadsheets used in the evaluation are shown in Table 2. pages 174-183, 2003.

Note that the figures show the time taken to generate a set of [6] T. Antoniu, P. A. Steckler, S. Krishnamurthi, E. Neuwirth,
test cases that come as close as possible to a 100% ultimate and M. Felleisen. Validating the Unit Correctness of Spre_ad-
effectiveness score. From the numbers in Table 2, we see  Sheet Programs. IB6th IEEE Int. Conf. on Software Engi-

: neering pages 439-448, 2004.
]ngir’;”;gﬁ;{?gnog;Ft’ggftoég]sztshe algorithms used by HMT 1 \"" "Blimett, J. Atwood, R. Djang, H. Gottfried, J. Reich-

wein, and S. Yang. Forms/3: A First-Order Visual Language

We can conclude therefore that our AutoTest system, to Explore the Boundaries of the Spreadsheet Paradigm.
whose approach to generate test cases is based on an deriva-  journal of Functional Programmingl1:155-206, March
tion, propagation, and solving of constraints, is efficient and 2001.
accurate. Moreover, AutoTest can also detect infeasible DU [8] M. M. Burnett, C. Cook, J. Summet, G. Rothermel, and
associations automatically C. Wallace. End-User Software Engineering with Asser-

tions. In25th IEEE Int. Conf. on Software Engineerjng
8 Conclusions and Future Work pages 93-103, 2003.

[9] R. A. DeMillo and A. J. Offutt. Constraint-Based Automatic
We have presented a system, AutoTest, that supports Test Data GenerationEEE Transactions on Software En-
users of Microsoft Excel in the systematic testing of their gineering 17:900-910, 1991.
spreadsheets. AutoTest automatically generates a minimall0l S. Ditlea. Spreadsheets Can be Hazardous to Your Health.
set of tests for each formula cell that guarantees a DU ad-,,, Fersonal Computingl1(1):60-69, 1987.

equate test coverage. The system runs efficiently and also[ll] G. Engels and M. Erwig. ClassSheets: Automatic Gen-
q ge. Y y eration of Spreadsheet Applications from Object-Oriented

produces, as a by-product, information about infeasible DU Specifications. 1120th IEEE/ACM Int. Conf. on Automated
Software Engineeringpages 124-133, 2005.

“Note that the first test case “Budget” is the spreadsheet we have used
in the scenario in Section 3.



(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

HMT AutoTest

Spreadsheet Random Random Chaining Chaining
(without ranges)| (with ranges)| (without ranges)| (with ranges)

Budget 99.6% 100.0% 100.0% 100% 100%
Digits 59.4% 97.9% 100.0% 100% 100%
FitMachine 50.5% 50.5% 97.9% 97.9% 100%
Grades 67.1% 99.8% 99.7% 99.9% 100%
MBTI 25.6% 100.0% 99.9% 99.6% 100%
MicroGen 71.4% 99.2% 100.0% 100% 100%
NetPay 40.0% 100.0% 100.0% 100% 100%
NewClock 57.1% 100.0% 99.0% 99.4% 100%
RandomJury 78.8% 83.2% 94.3% 92.7% 100%
Solution 57.7% 78.8% 100.0% 100% 100%

Table 1. Ultimate effectiveness scores of the different techniques per spreadsheet.

HMT AutoTest
Spreadsheet Random Random Chaining Chaining
(without ranges)| (with ranges)| (without ranges)| (with ranges)

Budget 3.8 3.9 9.9 10.6 <0.01
Digits 2.2 10.1 34.5 28.4 < 0.01
FitMachine 3.8 3.9 135 14.3 < 0.01
Grades 7.7 18.6 14.2 14.4 0.5
MBTI 37.5 40.0 31.2 30.7 1.0
MicroGen 2.7 8.1 6.4 6.5 <0.01
NetPay 1.2 1.2 1.7 1.7 < 0.01
NewClock 2.3 2.5 10.4 9.3 < 0.01
RandomJury 80.2 28.7 182.3 173.2 2.0
Solution 1.3 1.4 18.9 17.9 < 0.01

Table 2. Response times (in seconds) of the different techniques per spreadsheet.
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