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Abstract of “finished” spreadsheets still contained faults [4]. A
more recent survey of other such studies reported faults

L . ip 38% to 77% of spreadsheets at a similar stage [25]. Of
Spreadsheet languages, which include commercia . )
erhaps greater concern, this survey also includes stud-

spreadsheets and various research systems, have proven .. - .
. . X o . 16s of “production” spreadsheets actually in use for day-
to be flexible tools in many domain specific settings. Re-

to-day decision-making: from 10.7% to 90% of these
search shows, however, that spreadsheets often contasln readsheets contained faults
faults. We would like to provide at least some of the P '
benefits of formal testing and debugging methodologies One possible factor in this problem is the unwarranted
to spreadsheet developers. This paper presents an inte- . . -
. . confidence spreadsheet developers have in the reliabil
grated testing and debugging methodology fpr spreadi—t of their spreadsheets [10]. Another is the difficulty
sheets. To accommodate the quelesg "?lr.]d mcremento creating and debugging spreadsheets: in interviews,
development, testing and debugging activities that occur . .
: . I experienced spreadsheet users reported that debugging
during spreadsheet creation, our methodology is tightly . .
. . . spreadsheets could be hard because tracing long chains
integrated into the spreadsheet environment. To ACCOMys formulas is difficult and because the effects of a small
quate the users of spreadsheet languages, we prov@gult may not be visible until they have been propagated
an interface to our methodology that does not require an o final result [14, 22]
understanding of testing and debugging theory, and thatt T
takes advantage of the immediate visual feedback that is

characteristic of the spreadsheet paradigm. To begin to address these problems, our previous work

[30] presented a testing methodology for spreadsheets.
That methodology allowed the user to indicate which
cells are correct for a given test case, and to view test-
edness information inferred from those marks. Building
on that work, this paper describes our approach to inte-

Spreadsheet languages, which include commercigdrating support for debugging and fault localization with
spreadsheet systems as a subclass, have proven usefidt methodology. This integrated methodology adds the
in many domain Specific Settingsy inc|uding businessab”ity to mark which cells ar@ncorrect for a given test
management, accounting' and numerical ana|ysis_ Thease, and to view fault localization information inferred
spreadsheet paradigm is also a subject of ongoing reffom both correct and incorrect marks. Key to the ef-
search in many domain specific areas. For example, therigctiveness of our approach is that it is tightly integrated
is research into using spreadsheet languages for matriRto the spreadsheet environment, facilitating the incre-
manipulation problems [33], for providing steerable sim- mental testing and debugging activities that normally oc-
ulation environments for scientists [7], for high-quality cur during spreadsheet development. Our methodology

visualizations of complex data [9], and for specifying also employs immediate visual feedback to present in-
full-featured GUIs [21]. formation in a manner that requires no knowledge of the

underlying testing and fault localization theories.

Despite the end-user appeal of spreadsheet lan-
guages and the perceived simplicity of the spreadsheet
paradigm, research shows that spreadsheets often contain
faults. For example, in an early spreadsheet study, 44%

1 Introduction



2 Background: Testing Spreadsheets caused by references in cell formulas. These interac-
tions can be visualized by the user through the display

: L : of dataflow arrows between subexpressions in cell for-
The underlying assumption in our previous work has L
; mulas, and these arrows are colored to indicate whether
been that, as the user develops a spreadsheet increm

tally, he or she is also testing incrementally. We have in‘—%He corresponding interaction has been tested.

tegrated a prototype implementation of our approach to

) ) R This methodology also lets the user incrementally and
incremental, visual testing into the spreadsheet language :
) Lo “Simultaneously develop and test their spreadsheets. If the
Forms/3 [6]; the examples in this paper are presented in -
user adds a new formula or alters an existing formula, the
that language. . : : ) .
underlying evaluation engine determines the du-pairs af-

. . . fected by this alteration and updates stored and displayed
Testing following our methodology [30] is intended testing information. In this context, the problem of incre-

for spreadsheet developers, not software engineers, . A
. o mental testing of spreadsheets is similar to the problem
Thus, our methodology does notinclude specialized test-

ing vocabulary — in fact, it includes no vocabulary at of regression testing [29] and our solution emphasizes

all, instead presenting test-related information visually.the importance of retesting code affected by modifica-

Users test spreadsheets by trying different input valuest,lons'

and validating correct cells with a checkmark. Cells start . . . .
. S Figure 1 illustrates our prototype implementation
out with red borders, indicating that they are untested. As . . i .
f this methodology in use. The figure depicts a

cells are checked, their border colors change along a red- . . . .
. ) ) orms/3 spreadsheet implementing a simple security
blue continuum, becoming bluer as the cell’'s testedness : .
) check. Three key values identifying a person are placed
increases. When all the cells are blue, the spreadsheet.is
considered tested in the cellskeyl, key2, and key3. _The output cells
' keyl_out, key2_out, andkey3_out give a garbled ver-
Although users of our methodology need not realizeS " of the original keys that can be checked against a

it, they are actually using a dataflow test adeguacy Cri_data base to determine if the person can be accepted. The

terion [18, 23, 26] and creatingu-adequatdest suites. spreadsheet developer initially validated the three output

In the theory that underlies this methodologydefini- cells in this program. Then, to test further, the developer

o 7 . . entered a different test case consisting of a different value
tion is a point in the source code where a variable is as;

signed a value, and aseis a point where a variable’s for key3. Doing so changed the checkmark/ory3-out

value is used. Adefinition-use pairor du-pair, is a tu- to a question mark, indicating that previously displayed

e L - values have been validated, but the current ones have not.
ple consisting of a definition of a variable and a use of

that variable. A du-adequate test suite is based on thThe formula forkey3.3 coptams anf- expression. So
. . i - . ar only one branch of this expression has been tested,
notion of anoutput-influencing all-definition-use-pairs-

. . . .~ _so the borders for théey3_out and key3_3 cells are
adequate test suitd 3] and is a test suite that exercises urple (gray in this paper). Celiey3.2 has not been
each du-pair in such a way that it participates (dynami-p ple (gray Paper). Y-

. i e . tested at all, so it is red (a light gray in this paper). Cells
gsllt)r/])elr;g(ra production of an output explicitly validated keylout, keyl 1, key2_out, key2.1, andkey3.1 have

been completely tested, and have blue borders (black in
Rﬂs paper). The colors of displayed arrows between cells

In spreadsheet terms, cells are considered variables. A . ) o )
. . .Indicate the degree to which dependencies (interactions)
cell is used when another cell references it, and a cell i .
etween those cells have been validated.

defined within its own formula. If a cell's formula con-
tainsif expressions, then the cell can have multiple def-
initions. The testedness of a cell is calculated as the nums- .
ber of validated du-pairs with uses in that cell, divided by3 AN Integrated Methodology for Testing
the total number of du-pairs with uses in that cell. Also, ~and Debugging Spreadsheets

in the output-influencing scheme, testedness propagates

against dataflow, so that if a celis validated, and if one
of the du-pairs that provideds validated value has its
definition in cellb, then any du-pairs that participated in
providingd’s value are also considered tested.

During the course of a spreadsheet development ses-
sion, users will locate failures in their spreadsheets: cases
where cell outputs are incorrect. The interactive and in-
cremental manner in which spreadsheets are created sug-
gests that on discovering such failures, users may imme-

This underlying theory is hidden from the user, giately attempt to locate and correct the faults that cause
for whom du-pairs represent interactions between cell$y,jse failures.
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Figure 1: Forms/®ecurityCheck  spreadsheet with testing information displayed.

We wish to provide spreadsheet end users with auto- e Spreadsheets offer immediate feedbackWhen
mated support for this process of debugging and faultlo-  a spreadsheet developer changes a formula, the
calization. There are three attributes of spreadsheet lan-  spreadsheet displays the results quickly. Users have
guages and their users that place constraints on method- come to expect this responsiveness from spread-
ologies providing such support: sheets and may not accept functionality that signifi-

cantly inhibits responsiveness. Therefore the inte-

. gration of testing and debugging into the spread-
e Spreadsheets are modelessSpreadsheet creation sheet environment must minimize the overhead it

does not require the separate code, compile, link,  imposes.

and execute modes typically required by traditional

programming languages. Spreadsheet developers

simply write formulas, enter values, and see resultsOur methodology has been developed with these con-
Thus, in order for testing and debugging techniquesstraints in mind.

to be useful for spreadsheet developers, the develop-

ers must be allowed to debug and test incrementally

in parallel with spreadsheet development. 3.1 Slicing and dicing

e Spreadsheet developers are not likely to under- our debuaaina methodoloay is based on techniques
stand testing and debugging theory.Given their 9ging ology - 9
for program slicing and dicing developed originally for

end user audience, spreadsheet testing and debul%—1 . . . :
. . perative programs. We briefly review those techniques
ging technigues cannot depend on the user under-

standing testing or debugging theory, nor shouldhere Inturn.
they rely on specialized vocabularies based on such

theory. Program slicingwas introduced by Weiser [34] as a

technique for analyzing program dependencies. A pro-
Furthermore, spreadsheet developers are not liablgram slice is defined with respect to a slicing criterion
to understand the reasons if debugging feedbacKs, v) in which s is a program point and is a subset of
leads them astray. They are more likely to be-program variables. A slice consists of a subset of pro-
come frustrated, lose trust in our methodology, andgram statements that affect, or are affected by, the values
ignore the feedback. Therefore, our methodologyof variables inv at s [34]. Backward slicindinds all the
must avoid giving false indications of faults where statements that affect a given variable at a given state-
no faults exist. ment, whereagorward slicing finds all the statements



that are affected by a given variable at a given statementn this theorem, the first assumption eliminates the case
Weiser's slicing algorithm calculatestatic slices, based where an incorrect variable is misidentified as a correct
solely on information contained in source code, by it- variable. The second assumption removes the case where
eratively solving dataflow equations. Other techniquesa variable is correct despite depending on an incorrect
[15, 24, 27, 31] calculate static slices by constructing andvariable (e.g. when a subsequent computation happens
walking dependence graphs. to compensate for an earlier incorrect computation, for
certain inputs.) The third assumption removes the case
Korel and Laski [16] introducedynamic slicingin  where two faults counteract each other and result in an
which information gathered during program execution isaccidentally correct value.
also used to compute slices. Whereas static slices find
statements that may affect (or may be affected by) a given Given the assumptions required for the Dicing The-
variable at a given point, dynamic slices find statement®orem to hold, it is clear that dicing must be an imper-
that may affect (or may be affected by) a given vari-fect technique in practice. Thus, Chen and Cheung [8]
able at a given point under a given execution. Dynamiaxplore strategies for minimizing the chance that dicing
slicing usually produces smaller slices than static slic-will fail to expose a fault that could have produced a par-
ing. Dynamic slices are calculated iteratively in [16]; an ticular failure, including the use of dynamic rather than
approach that uses program dependence graphs has akatic slicing.
been suggested [1].

A great deal of additional work has been done on pro-3.2  Integrated testing and debugging
gram slicing. An extensive survey of slicing is given in

[32]. A more recent survey of dynamic slicing is given i )
in [17]. We have developed an integrated and incremental test-

ing and debugging methodology that uses a fault local-

Program dicing was introduced by Lyle and Weiserizatior,‘ tech.nique similar to dicing. To achieve a close in-
[20] as a fault localization technique for further reducing t€dration with the spreadsheet environment, our method-
the number of statements that need to be examined to find09Y gives spreadsheet developers the ability to edit,
faults. Whereas a slice makes use only of information orf€St OF debug a spreadsheetat any point during the devel-
incorrect variables at failure points, a dice also makePmMent process without losing previously gathered test-

use of information on correct variables, by subtracting'"d O debugging information. To make this possible, our

the slices on correct variables away from the slice on than&thodology provides the following user operations:
incorrect variable. The result is smaller than the slice on

the incorrect variable; however, a dice may not always - ) ] )
contain the fault that led to a failure. e The ability to view or hide testing and fault local-

ization information at any time.

Lyle and Weiser describe the cases in which a dice on
an incorrect variable not caused by an omitted statement o The ability to incrementally mark cell values correct
is guaranteed to contain the fault responsible for the in- o incorrect for a single test case.
correct value in the following theorem [20]:

¢ The ability to change test cases without losing test-
ing or debugging information gathered during pre-
vious testing.

Dicing Theorem. A dice on an incorrect vari-
able contains a fault (except for cases where
the incorrect value is caused by omission of a
statement) if all of the following assumptions

hold: ¢ The ability to make a potential bug fix or other for-
) . . mula edit without losing testing or debugging infor-

1. Testing has been reliable and all in- mation.
correctly computed variables have been
identified.

2. If the computation of a variable, v, de- We next discuss how our methodology provides these
pends on the computation of another functionalities while satisfying the constraints imposed
variable, w, then whenever w has an in- by spreadsheet environments. We present the material
correct value then v does also. in the context of an integrated spreadsheet development,

3. There s exactly one fault in the program. testing, and debugging session.
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Figure 2:SecurityCheck  spreadsheet at an early stage.

3.2.1 Spreadsheet development and simple fault lo- of key3_out. Note that the border color scheme is dif-
calization ferent from that used in our previous testing methodol-

ogy. Previously border colors went from red, represent-
i i ing untested, to blue, representing tested. Now border

Suppose that, starting with an empty spreadsheet, th@olors start out at black (light gray in this paper) to rep-

user begins to build thEecurityCheck  application resent untested, move to various shades of purple to rep-

dl_scussed |nh$ect|on 2hand re:aches t:ehstate ShO,WH Pasent partially tested, and finally move to blue (black in
Figure 2. Atthis state, the user’s spreadsheet contains 4f}is naner) to represent fully tested. This color scheme

mg:or:]ect OIUtht thebey3_out cell, r:N h|cr|1 shggIdT%(.)nt was chosen to avoid a conflict between red border colors
tain t 3 E)’a ue( . 508/97), c0|:1ta|fns the va uﬁ k. ;S IS representing an untested cell, and a red background color
caused by an incorrect cell reference in the gej}3_2. representing a potentially faulty cell,

Instead of dividing the value dfey2_1 by the value of

key3, the formula forkey3.2 divideskey2-1 by itself. Now six of the cells are highlighted red, including

. ) . key3_out. Two of these cells are constant cells. For our
As soo“n ?s an |r1correct oqtpgt IS not|c¢d, users_carﬂ)urposes, a constant cell is any cell whose formula does
place an *X" mark in a cell to indicate that it has an IN" hot refer to another cell. These cells are highlighted in
correctvalue. Suppose the user places such amarkin the,qe the incorrect value is caused by a data entry error.
key3-out cell At this point the user, knowing that the entered data is

, i , correct, can ignore those cells and concentrate on the re-
Now, suppose the user decides to investigate the Cau?ﬁaining four cells

of this failure immediately. Having placed one or more
X marks, the user can view fault localization information
by pressing a “Show Possible Bugs” button. This causes
cells suspected of containing faults to be highlighted in
red (gray in this paper); in this case, the highlighted
cells are those contained in the backward dynamic slice



Predecessors(C') The set of cells irf thatC references in its formula.

Successors(C) The set of cells irf that referencé' in their formulas.
DynamicPredecessors (C) The set of cellD € S such thatD’s value was used the
last time the value of’ was computed.

DynamicSuccessors(C') The set of cellD € S such thatD used the value of’
the most recent tim®'s value was computed.

BackwardSlice(C) The transitive closure oRredecessors(C).

ForwardSlice(C) The transitive closure ofluccessors(C').

DynamicBackwardSlice(C) | The transitive closure oPynamicPredecessors(C).
DynamicForwardSlice(C) The transitive closure oPynamicSuccessors(C).
IncorrectDependentsOf (C) | The set of cells ilDynamicForwardSlice(C') that have
been marked incorrect.

CorrectDependentsOf (C) The set of cells iDynamicForwardSlice(C) that have
been marked correct.

Table 1: The definitions used in determining fault likelihood. H&iie a spreadsheet, addis any cell inS.

3.2.2 Applying additional knowledge to further re-  other output cells has been creatgely2_out. This cell
fine fault localization information is correct, so the user can mark it with a check box. The
result of doing so is shown in Figure 3. Now bdity2_1
andkey2 contain a lighter shade of red than before be-
Dicing in a spreadsheet environment would find the setause they contribute to a correct cell value. The shade of
of cells that contribute to a value marked incorrect butred in the background of a cell indicates the fault likeli-
not to a value marked correct. The set of cells indicatechood of that cell. A lighter shade of red indicates a lower
by dicing could exclude a fault if one of the conditions in likelihood, and a darker shade of red indicates a higher
Dicing Theorem were violated. However, one constraintikelihood.
our methodology must satisfy is that the user should not
be frustrated by searching through highlighted cells to There is no way to compute an exact value for the fault
find that none of them contain faults. We believe that thdikelihood of a cell: we can only estimate it based on the
restrictions imposed by the Dicing Theorem are too stricnumber of values marked correct or incorrect that depend
to be practical in a spreadsheet environment. Thereforen a cell’s value. Our strategy for doing so is to maintain
dicing cannot be used for our methodology. six properties, described below, which rely on the defini-
tions in Table 1.
Dicing makes a binary decision about cells: either a
cell is indicated or it is not. To allow the conditions in
the Dicing Theorem to be violated without causing userProperty 1 If IncorrectDependentsOf (C) # ¢ thenC
frustration, our technique does not make a binary decihas at least a minimal fault likelihood.
sion about which cells to include or exclude. Instead,
our methodology estimates the likelihood that a cell con-_ .
tributes to a value marked incorrect. This likelihood is THiS Property ensures that every cell in the backward dy-
presented to the spreadsheet developer by highlightinpamlc slice of a value marked incorrect will be high-
suspect cells in different shades of red. We call this like-19ht€d. This reduces the chance that the user will be-
lihood thefault likelihoodof a cell. LetI be the set of Ccome frustrated searching for a fault thatis not there, and

cell values marked incorrect by the spreadsheet devef-” our opinion is essential to a fault localization method-
oper. The fault likelihood of a cell” is an estimate of ology for spreadsheets. However, there are still two situ-

the likelihood thaiC' contains a fault that contributes to &tions in which the highlighted cells might not include a
an incorrect value . fault responsible for a value marked incorrect. The first

situation can occur when a fault is caused by the omis-
Returning to theSecurityCheck  example, sup- sion of a cell. The second situation can occur when a

pose that having seen several cells highlighted in red agor.rect value is mlstakenly marked mcorrect: These sit-
potentially faulty, the user does not yet wish to examineU@tions, however, cannot in general be avoided by any
formulas, but would prefer to restrict the potential fault faultlocalization methodology.

site further. One way to do so is to test other parts of the

spreadsheet for correctness. In this case, only one of the
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Figure 3:SecurityCheck  spreadsheet following additional validation.

Property 1 determines the overhead imposed bys based on the assumption that the more correct compu-
the actions of marking a cell correct or incorrect. tations a cell contributes to, the less likely it is that the
The time complexity of both operations must be cell contains a fault.

O(|DynamicBackwardSlice(C)|), whereC' is the cell

being marked. This is approximately the same as the cost )

of computing the value of for the first time (i.e., when Property 4 If C"has a value marked incorrect, the fault
the predecessors also need to be computed). likelihood ofC' is high.

In order to localize a fault to a set of cells smaller than.l_hiS roperty is based on the assumption that a qood
the dynamic backward slice, we maintain several other property P g

properties to determine how fault likelihood should be plf?ce to start looking f_or a fault IS the placg where the
. . - ect of the fault was first recognized. We give that cell

estimated. These properties ensure that cells hlghllghteg hiah fault likelihood so that it stands out

a bright shade of red have a higher likelihood of contain- 9 '

ing a fault than those marked a lighter shade of red.

Property 5 An incorrect mark onC' blocks the effects
of any correct marks on cells iDynamicForward-
Property 2 The fault likelihood of”" is proportional to  gyice(C'), preventing propagation of the correct marks’
|IncorrectDependentsOf (C)|. effects to the fault likelihood of cells iDynamic-
BackwardSlice(C).

Property 3 The fault likelihood o€ is inversely propor-

tional to | CorrectDependentsOf (C')|. This property is relevant when a correct cell value de-
pends on an incorrect cell value. There are three possible
explanations for such an occurrence. The first is that a

Property 2 is based on the assumption that the more ifformula of one of the cells between the correct cell and

correct computations a cell contributes to, the more likelythe incorrect cell somehow converts the incorrect value

it is that the cell contains a fault. Conversely, Property 3to a correct one. The second is that there is another fault



between the two cells that counteracts the effect of the NumReachableIncorrect DependentsOf (C')
incorrect value. The third is that the developer made a Range | or NumReachableCorrectDependentsOf (C)
mistake in marking one of these two cells. We choose tq_N°N€ 0
trust the developer’s decision in this case and assume ondow _ 1-2
of the first two situations. For both of these situations the_medium 34
incorrect value does not contribute to the correct valuet high _ 59

very high 10+

Therefore the effects of the correct mark should not prop

agate back to cells the incorrect value depends on. Table 2: NumReachableIncorrectDependentsOf (C)
andNurmReachable CorrectDependents Of (C) yield six

distinct fault likelihood ranges as shown.
Property 6 A correct mark onC blocks the effects

of any incorrect marks on cells ibynamicForward-

Slice(C'), preventing propagation of the incorrect marks’

effects to the fault likelihood of cells iDynamic- 2. These ranges can be associated with numeric val-

BackwardSlice(C), except for the minimal fault likeli- ues from 0, representing “none”, to 5, representing “very

hood required by Property 1. high”. To combine these ranges to determine the result-
ing fault likelihood, we use the function:

This property is relevant when a value marked incorrect  fault likelihoodC') = max(1, RID — {RTCJ)

depends on a value marked correct. In dicing, the dy-

namic backward slice of the correc.t value would be COM~\hereRID — NumReachableIncorrectDependentsOf (C)
pletely subtracted from that of the incorrect value. How- - ndRrc = NumReachableCorrectDependentsOf (C)
ever we need to be more conservative and assume that a '

Vlol:at.lonhOf éhe qulng Tflleorzml!s pOfSSrI]ble. Thus, t:‘le We make three exceptions. [WncorrectDepend-
cells in the dynamic backward slice of the correct va ueentsOf(C) = ¢, then the faultlikelihood of’ is “none”.

are given a low but nonzero fault likelihood. If C' has been marked incorrect, its fault likelihood is as-

signed a value of “very high”, in keeping with Property 4.
If NumReachableIncorrectDependentsOf (C) = 0, but
3.2.3 Implementing the Properties NumBlockedIncorrectDependentsOf (C) > 0, then the
fault likelihood of C' is assigned a value of “very low”.
This is to maintain Property 1, and ensures that every cell
The above properties allow for many different ways ofin the dynamic backward slice of a value marked incor-
estimating fault likelihood. First we require the fol- rect is highlighted.
lowing definitions to handle the “blocks” introduced
by the fifth and sixth properties. Le¥umBlocked- Returning to Figure 3key3_out is a bright red color
IncorrectDependentsOf (C') be the number of cell val-  pecause it has a “very high” fault likelihood. Cells
ues belonging to cells inDynamicForwardSlice(C)  key3_3 and key3-2 each have one reachable incorrect
that are marked incorrect but are blocked by adependent, so they have fault likelihoods of “low”. Cell
value marked correct along the data flow pathiey2 1 has a “very low” fault likelihood because it has

from C to the value marked incorrect. Let one reachable incorrect dependent and another reachable
NumReachableIncorrectDependentsOf (C') be|Incor-  correct dependent.

rectDependentsOf (C')] — NumBlockedIncorrectDe-
pendentsOf (C), or in other words the number of
cell values marked incorrect whose effects reac
C without being blocked. Similar definitions are
made for NumBlockedCorrectDependentsOf (C) and
NumReachableCorrectDependentsOf (C). Suppose the user developing tBecurity Check
spreadsheet still wants to further narrow down the set
As a starting point, we decided to divide fault likeli- of possible locations of the fault. One option is for the
hood into six distinct ranges: “none”, “very low”, “low”, user to apply additional test cases. Figure 4 shows the
“medium?”, “high”, and “very high”. To estimate the fault result of entering a new test case irktey1, key2, and
likelihood for a cellC', we first assign a range to the val- key3. Now bothkey2_out andkey3_out are correct, so
ues of NumReachableIncorrectDependentsOf (C) and  the user checks both cells. The information about the
NumReachableCorrectDependentsOf (C') using Table previous test case is not lost, so nbwy3_3 has a reach-

h3.2.4 Applying additional test cases
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Figure 4:SecurityCheck  spreadsheet following application of additional test cases.

able correct dependent for this test case and a reachableThis process of preserving testing and debugging in-

incorrect dependent for the previous test case. This giveformation across edits adds no additional time complex-

key3_3 a fault likelihood of “very low”. However, in this ity to the process of editing a cell, because the spread-
test casekey3_2 is no longer in the dynamic backward sheet environment must already visit the dependents of a
slice of key3_out. This is becauséey3_3 is designed changed cell in order to mark them as requiring recom-

to not usekey3_2 if its result would be a divide by zero. putation?

There is still one reachable incorrect dependent from the

previous test case fdrey3_2, so its fault likelihood stays

“low”. Now the faulty cell, key3_2, has the brightest red

color on the form, suggesting that it is most likely to con- 3.25 Maintaining testing and fault information af-
tain a fault. ter changes to formulas

In order for testing and debugging information to be Now suppose the developer of tBecurity Check
preserved between test cases, our methodology must rgpplication decides to fix the fault. This involves edit-
spond correctly to formula edits. Any formula edit that jhg the formula forkey3_2 from “key2.1/key21", to
changes a constant cell to another constant is considey 1/key3". Figure 5 shows the result of this action.
ered a change in test case. When this occurs, all 0f\s expectedkey3_2 now contains a divide by zero er-
the marked cells dependent on the changed cell musby; this is whykey3_3 useskey3_1 instead. However,
have their marks removed and replaced with questiomow that the formula has changed, the marks placed on
marks. However, the effects of those marks on cell cOl-ey3_out are out of date. Not only must they be re-
ors and testing and debugging information should not benoved, but their effects on testing and debugging infor-

removed by changing a test case. In effect, the mark ignation must be undone. In effect, the affected cells can
“hidden” behind the question mark.

1For more information on marking and evaluation strategies appli-
cable to spreadsheet languages, see[5].
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no longer be considered tested because they rely on ter the change. The static predecessor information can be
new and untested formula. This also encourages the usgathered from the cell’s formula. L&P represent the
to perform regression testing on the cells affected by thehe maximum number of static predecessors before and
change. after the formula edit. The worst case time complexity
for such an algorithm i©(SP + |ForwardSlice(C)|).

Whenever a formula edit is made that does not chang&uch an algorithm provides all the information needed
a constant to a constant, testing and debugging inforfor static slicing; the slicing algorithm can perform a
mation must be removed. This information must be re-graph walk using the cell’'s formula during a backward
moved for all prior test cases, so the effects of every marlklice, and the static successor information for a forward
ever placed on a cell in the static forward slice of theslice.
edited cell must be removed.

Dynamic successor and predecessor information can

Furthermore, our methodology relies on static and dy-be maintained during the process of recalculating cells.
namic slicing information. This information must be An algorithm to recompute a cefl' and maintain dy-
kept up to date whenever any edit is made. namic successor and predecessor information must first

visit the cells inDynamicPredecessors(C) to update

Whenever a formula edit occurs, the spreadsheet envtheir dynamic successor information. Th€nmust be
ronment must mark all affected cells to be recomputedrecomputed. This involves visiting every cell required
This requires storing some form of static or dynamicfor C's new value. During this process, the dynamic
successor information. An algorithm for a formula edit predecessor information faf' can be collected, and
that maintains static successor information for a €ell the dynamic successor information for the cells used to
must visit the cells inPredecessors(C') and update their computeC can be updated. Thus the only additional
static successor information. This includes the cells incost needed to maintain dynamic slicing information is
Predecessors(C) both before the formula change and af- the time needed to update the dynamic successor infor-



mation for the cells previously used &Y. Let DP  from our methodology. The factd? P is likely to have a
be the maximum number of dynamic predecessors ofarger effect tharb P, because every cell that is recalcu-
C, both before and afte€ is recomputed. The time lated to update the screen must update the dynamic suc-
complexity for an algorithm to computé’s value is  cessor information of its predecessors. In spreadsheet
O(DP + COMP), whereCOM P is the time required languages that do not support ranges, such as Forms/3,
to compute the cell's value once the values of its predeD P or SP are likely to be constant bound. This is be-
cessors are known. Note that in some spreadsheet lagause the number of predecessors depends on the number
guages cell formulas can use functions whose time comef references in a formula. Since long formulas are of-
plexity is not bounded by the number of operands. How-ten awkward, users are more likely to break them up into
ever in order to evaluate the effect our methodology haglistinct cells than to create large formulas that reference
on responsiveness, we assume the worst case scenariocaarge number of cells. However, if ranges are added, a
which the time complexity of recomputing a cell is dom- short formula is capable of referencing a large number of
inated by the cost of maintaining dynamic successor andells. Ranges also add additional complexity for visual-
predecessor information. izing a slice, as drawing an arrow to each cell in the range
will result in a jumble of arrows. This can be dealt with
Our methodology also adds overhead by removingby handling a range as a single entity. For example, the
testing information when editing a formula. As discusseddata flow arrows in Excel point to a box around a range
earlier, a formula edit to provide a different a test caserather than to every cell in the range.
adds no additional overhead to an algorithm for accept-
ing an edit to a cell. However, editing a non-constant The largest factor introduced by our methodology is
formula does. An algorithm that handles such an editikely to be the)M - B factor introduced when changing
to a cellC' while maintaining static slicing information a formula. SinceB is the size of a static slice, it could be
and testing and debugging information must not onlylarge. However we have no way of knowing how lafde
visit the cells in ForwardSlice(C), but also the cells will be, as this depends on how many marks are placed
in the backward static slices of every cell that had beerby the user.
marked during the current or a previous test case. Let
M be the number of cells marked forwardSlice(C). It remains to be seen if the factorsif- B, SP or DP
Let B be the maximum length of a backward static slicecan be large enough to negatively affect the responsive-
of a marked cell inForwardSlice(C'). The worst case ness of our methodology. However, there are approaches
time complexity for editing a formula while maintain- that can mitigate the effects of these factors. One ap-
ing fault localization information i©(SP + M - B + proach would be a multithreaded approach to updating
| DynamicForwardSlice(C)|). cell values and testing and debugging information. A
background thread can be used to update information
To analyze the effects on responsiveness of maintainwhile the user is free to continue interacting with the
ing testing and debugging information, we must con-spreadsheet. This allows the spreadsheet environment
sider two separate activities. The first is the formulato stay interactive. However as the user makes changes
edit itself. The second is the calculation phase whereghe state of the spreadsheet could become increasingly
at minimum every cell on the screen is recalculatedinconsistent. This can be partially mitigated by placing
From the user’s point of view, the system is respon-priority on updating information for on-screen cells. This
sive only if both the edit and the recalculation of on- approach would be useful only if the benefits to be gained
screen cells happen quickly. Therefore we merge the twdy our technique outweighed the difficulty of implement-
and define aesponsive edito be an operation where ingit.
a cell is edited and at least the on-screen cells are up-
dated. For our methodology, the worst case time com-
plexity for a responsive edit ®(SP + M - B+ DP - 4 Related Work
| DynamicForwardSlice(C)|). There are three overhead

factors that must be consideretl?, DP, andM - B. , . )
Previous work related to testing and debugging

Spreadsheet environments maintain successor infosPreadsheets has been limited to auditing tools. Most of

mation in order to mark or recompute cells that needthe work on such tools has taken place in commercial ap-
to be recomputed. Therefore, eith6P or DP will plications. For example, Microsoft Excel 97 allows users

already be a factor in the complexity for a spreadsheef® Place restrictions on the value of a cell, to place com-
ments on cells, and to draw arrows that track dataflow

environment that does not implement our methodology. A )
However, one of these factors may be added as overhe&gPendencies. The dataflow arrows implement a form of



static slicing that lets users view backward and forwardopment. Our methodology also employs the visual feed-
slices by expanding the arrows out one dependence levélack that is characteristic of spreadsheet environments,
at a time. while presenting information in a manner that requires
no knowledge of the underlying testing and fault local-
The only research work we are aware of addressingzation theories.
auditing tools is by Davis [12]. Davis proposes two
tools, a dataflow arrow tool and an automatically derived Future work is planned along two dimensions. First,
dataflow graph. The arrow tool is similar to the arrows although our previous user studies have suggested that
in Excel; however, from any one cell it is possible only visual feedback about testing coverage helps users cor-
to request arrows that show one dependence level. Thect faults [11], we have not yet conducted a user study
dataflow graph tool draws a graph using different sym-involving the methodology presented here. We are cur-
bols to categorize cells as input, output, decision vari-rently designing such a study.
ables, parameters, or formulas. This graph is similar to
the graph suggested by Ronen, Palley and Lucas [28], Second, we expect user studies to reveal possibilities
however it is generated automatically by the system infor new or refined debugging techniques. For exam-
stead of being drawn by the user. ple, we may wish to investigate the use of slicing and
fault localization at the level of subexpressions: this may
Our testing and debugging methodology utilizesyield more precise results, but at additional cost. An-
dataflow arrows similar to those used by Excel andother possible direction is to refine the user interface for
Davis’'s tools. Unlike Excel arrows, however, our our methodology. Our current interface limits the user to
dataflow arrows allow users to display an entire slice abnly the information that can be displayed on one screen.
once, or to limit the depth of the slice. The user can alscA more scalable approach, such as the one used in [3]
choose between forward and backward slicing, as well afor C programs, would allow users to scan through slic-
dynamic and static slicing. At the testing level, users caring and fault localization information for a large spread-
also display dataflow arrows at a finer granularity (be-sheet program without having to scroll within or switch
tween subexpressions); this ability will soon be adaptedetween multiple worksheets.
into our debugging functionality.
Although our current research is with spreadsheet lan-
There has also been research into using interactive, viguages, we believe this methodology could be extended
sual techniques to aid in debugging, particularly as it reto other end user languages. The notion of fault like-
lates to program comprehension (eg: [2, 19]). This apdihood used in this paper could be used in other envi-
proach integrates debugging functionality with review-ronments in which slicing is available. However, avail-
ing execution histories, both graphically and textually, toability of slicing is not sufficient for our methodology.
better understand program behavior and thus find faultsin addition the slicing must be highly accurate, to avoid
giving false indications that frustrate the user. Further-
more the environment must also support interactive edit-
5 Conclusions and Future Work ing of source code, editing of test cases, and validation
of output, and must provide immediate feedback as to
) ) the effects of those actions. This combination of require-
Due to the popularity of commercial spreadsheetsyents suggests that our methodology is best suited for

spreadsheet languages are being used to produce Soffis highly interactive visual environments that have re-

ware that influences important decisions. Furthermorecenﬂy begun to emerge for end user programming.

due to recent advances from the research community that
expand its capabilities, the use of this paradigm is likely The studies presented in [14, 22] showed that end

to c_ontmue to grow. We. believe that the fact that such,qers find that the act of debugging, and particularly the
a widely-used and growing class of software often has,ct of |ocating faults in long computation chains, is very
faults should not be taken lightly. difficult in spreadsheet programs. Our methodology at-
o tempts to alleviate this difficulty by providing the user
To address this issue, we have developed a methodofith slicing and fault localization information. The goal
ogy that brings some of the benefits of formal testing andy 1his work is to provide effective testing and debugging
debugging methodologies to this class of software. Oupethodologies that help reduce the number of faults in

methodology is tightly integrated into the SpreadSheeEpreadsheet programs and may also be helpful in other

environment, facilitating the incremental testing and de-g 4 ser programming environments.

bugging activities that occur during spreadsheet devel-
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