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Abstract As a more exact alternative, the application of formal
specification methods to software libraries has been inves-
Specification-based retrieval provides exact content- tigated, starting with [10, 23, 25]. The general idea is quite
oriented access to component libraries but requires too simple. Each component is indexed with a formal specifi-
much deductive power.  Specification-based browsing cation which captures its relevant behavior. Any desired re-
evades this bottleneck by moving any deduction into an off-lation between two components (e.g., refinement or match-
line indexing phase. In this paper, we show how match rela- ing) is expressed by a logical formula composed from the
tions are used to build an appropriate index and how formal indices. An automated theorem prover is used to check
concept analysis is used to build a suitable navigation struc- the validity of the formula. If (and only if) the prover
ture. This structure has th&ingle-focus propertfi.e., any succeeds the relation is considered to be established. The
sensible subset of a library is represented by a single node)most ambitious of these approachesjecification-based
and supportsattribute-basedvia explicit component prop-  retrieval [21, 22, 19, 27, 5]. It allows arbitrary specifica-
erties) andobject-basedvia implicit component similari-  tions as search keys and retrieves all components from a
ties) navigation styles. It thus combines the exact semanticdibrary whose indexes satisfy a given match relation with
of formal methods with the interactive navigation possibil- respect to the key.
ities of informal methods. Experiments show that current  However, in spite of all research efforts (cf. [20] for a
theorem provers can solve enough of the emerging proofgetailed survey), it is still far away from being practicable.
problems to make browsing feasible. The navigation struc- Notwithstanding all progress in automated deduction, the
ture also indicates situations where additional abstractions required theorem proving capabilities remain the main bot-
are required to build a better index and thus helps to under- tjeneck. Here, we investigate a more practical approach,
stand and to re-engineer component libraries. specification-based browsingf component libraries. Its
crucial success factor is thany time-consuming deduc-
tion can be moved into an off-line indexing phase (“pre-
1 Introduction processing”) and can thus be separated from navigation.
The user works only on the pre-processed, firediga-

Large software libraries represent valuable assets but thdion structurewhich reflects the semantic properties of the
larger they grow, the harder it becomes to capitalize themcomponents with respect to the index.
for reuse purposes. The main problems are to keep the We show thadifferentmatch relations must be used to
overview over the library and to extract appropriate com- build an appropriate index and how formal concept analy-
ponents. This requires better library organizations and re-sis can be used to build a concept lattice which serves as
trieval algorithms than a linear search through a flat list of navigation structure. Both techniques—specification-based
components. library organization [9, 19] and concept-based browsing

Libraries are thus often structured by syntactic means, [8, 13]—have been proposed before, but their combination
e.g., inheritance hierarchies. But this is misleading becauseas new and unique to this research. It thus combines the
it need not to express any semantic relation between com-exact semantics of formal methods with the interactive nav-
ponents. Information science offers semantic methods forigation of informal methods.
library organization and component retrieval e.g., [17, 24],  Experiments show that this approach is feasible. Apart
but these methods are informal because they rely only onfrom writing the specifications in the first place, indexing

the meaning conveyed by words. can be fully automated. Current theorem provers can solve
“This work is supported by the DFG within the Schwerpunkt “Deduk- €nough of the emerging problems, even with modest time-
tion”, grant Sn11/2-3. outs. Calculation of the concept lattice is fast enough and



navigation works without delay. to node sets and a query using a representation as a list
Specification-based browsing is not only useful for reuse of node pairs. Then, the prover must repeatedly, for each

but also for analyzing, understanding, and re-engineeringcandidate, show that both data representations are equiv-

component libraries. Although browsing is defined via alent. Although signature matching can mitigate the data

specifications, they are not actually required for navigation. mismatch problem [5], it is still the major source of com-

Instead, symbolic names can be used which “hide” the ac-plexity in deduction-based retrieval.

tual formulas. An intelligent choice of such abstractions

can thus speed-up and improve understanding. The lattice3 Refinement lattices reconsidered
even indicates situations where additional abstractions are

required to build a better index. Formal specifications can be used to order components
and hence to organize libraries hierarchically. These hierar-
2 Browsing vs. retrieval chies can then be exploited to optimize retrieval or to com-

pute a navigation structure. The obvious question is how

Library browsing and retrieval are closely related but fol- {0 order the components and the obvious answer igby
lowing [20] a clear distinction can be madRetrievalcon- ~ finémenor plug-in-compatibility [21, 5]. Given two com-
sists in extracting components which satisfpradefined ponentsG and S with respective axiomatic spemﬁcatmns
matching criterion Its main operation is thus the satisfac- (Prea Posk;) and(pres, post), S'is said to refinér (or to
tion check omatching The criterion is usually given by an P& more specific tha@, S 3 G, or G to subsumes), iff
arbi'.trary user-def!ned segrch keyqueryyvhich is matched (pre = preg) A (preg A posty = post) (1)
against the candidates’ indices. Retrieval supports a top-
down design approach: the desired component is first de-holds® Intuitively, (1) expresses the fact that can be
signed (i.e., specified) and then looked up in the library. Its plugged into any place wher@ is used because it has a
main concern is thuprecision components should not be wider domain and produces more specific results tan
retrieved unless they are absolutely relevant. Using a relational view (i.e., specifications are considered

Browsingconsists in inspecting candidates for possible as sets of validinput, output)pairs), [19] show that (1) de-
extraction, but without a predefined criterion. Its main op- fines a partial order which induces a lattice-like structure
eration is thusavigationwhich determines in what order on the set of all specifications. This structure is generally
the components are visited and whether they are visited aknown as theefinement latticalthough strictly speaking it
all. Browsing supports a bottom-up design approach: theis no lattice.
library is first inspected and then the system is designed Turning the refinement lattice into a navigation structure
(i.e., composed) to take maximal advantage of the library. for library browsing exposes, however, some unexpected
Its main concern is thuecall: components should not be problems. First of all, libraries do not offer enough struc-
rejected unless they are absolutely irrelevant. ture, i.e., the refinement hierarchies they induce are too

Browsing usually works stepwise and we denote the setshallow. While this is a good thing from a design point
of all components which can be visited in the next step asof view—it simply says that the library contains only little
thefocus In contrast to retrieval, it requires no search key redundancy—itis a bad thing for browsing. It can be over-
but works on a pre-processed, usually hierarchical naviga-come by the introduction of meta-nodes alvstractions
tion structure. The obvious although not optimal way to Such specifications do not represent real, existing compo-
compute such a structure is to order the components by in-nents but just factor out similarities between some of them.
clusion on their retrieval results using their own index as As an example, consider the specification of an abstract el-
query. ement filter?

In the specification-based case, thgse differen_ces PrOVe fiiter some (I list) r :
to be crucial for the greater practicability of browsing. The pre 1]
pre-processing of the navigation structure allows us to re- post 3JI1,12: list,i:item-1=11~ [] ™~ 12 Ar=11" 12
sort to off-line proving and thus to evade the deductive bot-
tleneck. Less obvious but equally important, the construc- filter-some specifies only that a singleton element is re-
tion of the hierarchy via a cross-match of the component moved from the list (hence it cannot be empty) but not
library against itself benefits the proof problems. Since N0 1gyr the sake of brevity, we shall omit the quantification over the re-
arbitrary user specifications are involved, the specificationsspective argument and return variables and their identification via type
are much more uniform in style. This allows some obvi- f;mpgﬁvbgty ;redicath- F;E ;rgunjem‘ffand Ieiuli}vel(r(igzegz,}h? fil

- . - Fs, G, b - + -, s - T
ous prover tuning; however, the real gain comes from the re (fs))i\ (pfeg?fgf N posé (fé’f_’g5§ ;ffsosb (Fo g?; )))f
absence of data mismatches. Consider for example a graph  Z\ye yse vDm-SL for our example specifications. Hefemeans con-
library where the graphs are represented as map from nodesatenation of lists} ] the empty list|i] a singleton list with iter.

list




which one. It is thus via (1) refined by both components partial functions properly. The meta-node
tail andlead:
requires_non_empty (I : list) r: list
tail (1: list) r: list lead (I : list) r: list pre | #]]
pre |#[] pre |#[] post true
post di:item-I=[i]™r post di:item.l=r" i
correctly subsumes all functions which work on non-empty
However, a neve introduction of meta-nodes yields unex- lists only but it is not really appropriate: it also subsumes

pected results. If we introduce another meta-nsegnent all total functions and is thus not discriminative.

Hence, we need a third relation. Since we are now only
segment (| : list) r - list interested in the properties of the legal domains, we can
pre true drop the postconditions. But in contrast to refinement we
post JIL,12:list-1=117r™ 12 want the domain of now to be more restricted, hence

to capture the property that both components return contin- preg = pre 3)

uous sublists of their argument, this does not work: nei-

thertail norlead refinesegment. The reason for this atfirst  Again, G is a derived attribute ofS—it is a requisitg
glance counterintuitive behavior is thsdgment is speci- S 1, G—and using (3)requires_non_empty now works as
fied as a total functionpfe,,., = true) but bothtail and  index. Requisites are also compatible with refinement but in
lead are partial. And while we can fix this particular flaw contrast to features theibsencés propagated. If2 refines

by settingsegment’s precondition also td # [ ], this soon S and@ is no requisite ofS, thenG cannot be a requisite
becomes increasingly infeasible. If the library also contains of R.

components which work on sorted lists only, we have to in-

tegrate this property into the precondition, too. In effect, 2
if we want an abstraction which captures all segment-like £ .| 2
components we have to adjoin all occurring preconditions Iz g' 5 £
conjunctively. If, however, two of them are contradictory = E ” = g g g
the result becomes false asegment subsumes the entire S S| 8 o % o 3
library. gi‘g%?—u? qg; g s ng
The solution to this dilemma is easy. While we can use s E=+0 = n & |3 BF
refinement to index components with abstractions, we addi- top_sort || I 3
tionally need a second relation to model the above situation. run 3 J,3,| 33
Since we are only interested in the effect of the calculation lead J dr | dr Iy J
(i.e., the postconditiopost,) we can droppre,. We want tail | J. | Jdf |
post. to hold on the appropriate domain only, hence duplicatefirst I 3,

reqg A post, = pos 2
Prés A\ posk; = posk, @ Figure 1. Example index

which is also known as conditional compatibility [5] or

weak post match [21] in deduction-based retrieval. We  Figure 1 shows the index for the examples in this paper.
can then considef asderived attributeor feature[22] of The components are represented as rows, the attributes as
S,S Jr G because it holds whenever the executiorbof  columns; the symbols indicate which relations have been
was legal preg holds) and terminateg sty holds.) In our used to index the components with the respective attributes.
examplesegment is a feature ofail andlead, as expected. We also see that the library is indeed shallow: ezaimpo-

It is easy to verify that features are inherited along with the nentindexes only itself.

refinement relation, i.e., iR refinesS andG is a feature of However, (1-3) are not the only sensible relations we
S, thend is a feature of?, too. could use. Instead of indexing a compon&ntith its reg-

A similar problem arises when we want to consider pre- uisites, we could also indeX with all requisites idoes not
conditions only. While we can use the abstractiaal require, i.e., with all its valid border conditions. In terms of

preconditions, this is formalized by
total (I : list) r: list
pre true —pre; = preg 4)
post true
and denoted bys J; G: G is not a requisite foiS, or
to subsume all total functions, it is much harder to index S also works onG. Hence, we have of courseil Z;



requires_non_empty but for a topological sort function Definition 1 A formal contextis a triple (O, A, R) where
O and A are sets of objects and attributes, respectively, and

top-sort (I - list) r- list R C O x Ais an arbitrary relation.

pre acyclic(l)

post  top-ordered(l) A permutation(l,r) Contexts can be imagined as cross tables where the rows

we haveop_sort Jr requires_non_empty as expected. How-  are objects and the columns are attributes. Hence, the index
ever, in principle, (4) is not necessary. We can achieve theShown in Figure 1 can also be considered as a formal con-
same effect using a modified version text, provided that the different relations (i.&J, J, and
Jy) are merged.
works_on_empty (1 : list) r : list
pre 1 =]

post true Definition 2 Let (O, A, R) be a context) C O andA C

A. Thecommon attributesf O are defined byr(0) &'

of requires_nonéempty and refinement: topsort {a € A|Yo€ O:(o0,a) € R}, thecommon objectsf A
works_on_empty.> However, this hides the fact thag- by w(A) cﬁf{o €O|YacA: (0,a) € R).

quires_non_empty andworks_on_empty are complementary
to each other.

We now use (1-3)to compute an appropriately modi-
fied version of the refinement lattice but even this variant is
not yet adequate for browsing. It still lacks thiagle-focus
property, i.e., it does not contain enough structure to repre-
sent the focus by a single node. Consider for exarmple ~ Definition 3 Let C be a context.c = (O, A) is called a

andtail. Apart from further refinements, they are the only concepbfC iff a(0) = A andw(4) = 0. o (c) = 0 and

;WuzszonTeF:jogng s Whmh;?ﬁfégﬁéet?;%%zfsﬁ;gsaéi wa(c) gef A are calledc’s extentand intent, respectively.
yilter_some ' The set of all concepts 6fis denoted byB3(C).

meta-node to represent this and a user has to keep his focus
on both distinguishing properties to capture the conceptual
similarity of the components.

The deeper reason for this is that even the modified re-

finement lattice has lattice-like properties only on the set ter_some}). They are partially ordered by inclusion of ex-

of all possiblespecifications, not on arbitrary subsets or li- tents (and intents) such that a concept's extent includes the

]E)rarles. True 'gtt'gef?’ on the é)ther hl‘?”g' he;]ve the single-gytent of all of its subconcepts (and its intent includes the
ocus property by definition and we will Show how to trans- it o all of its superconcepts).

form the refinement lattice into a true lattice using formal
concept analysis.

Objects from a context share a set of common attributes
and vice versa. Concepts are pairs of objects and attributes
which are synonymous and thus characterize each other.

Concepts can be imagined as maximal rectangles (mod-
ulo permutation of rows and columns) in the context ta-
ble, e.g., {lead, tail}, {segment, requires_non_empty, fil-

Definition 4 Let C be a contexte; = (01, A41),¢0 =
(O2,A3) € B(C). ¢; andc, are ordered by thesubcon-
ceptrelatione; < e, iff O; C O,. The structure o3 and
< is denoted by3(C).

4 Concept lattices

4.1 Formal concept analysis

The intent-part follows by duality. As an immediate con-

Fo”‘?a' concept a_nalys@s [31, 7, 2] app!ies lattice- sequence of the preceding definitions we get that the strict
theoretic methods to investigate abstract relations between, jo ¢orresponds to strict inclusion of extents and intents,
objects and their attributes. A concept lattice is a structure; , 1 < ey iff O C Oy andA; S As

with strong mathematical properties which reveals hidden The following basic theorem of formal concept analysis

ﬁtrucﬁjral abnd hlerarf(:htljcal tpropf[a_rtle”s fOf the ong_mal rella— states that the structure induced by the concepts of a formal
t!on. can be computed automatically irom any given rela- ., oyt and their ordering is always a complete lattice and
1on. that infimum and supremum can also be expressed by the

$Notice that this relies on the fact th@S}ye onempy = true— common attributes and objects. (Cf. Figure 2 for an exam-
otherwise, the postcondition part of (1) would not be valid. ple lattice )

4We still need refinement to represent all information of interest. E.g., !
we cannot splitotal into a requisite and a feature which have both the value

true because both of them index the entire library. Theorem 5 ([31]) LetC be a context. TheB(C) is a com-
5By filter_some we have to remove an element, butdegment we are )

not allowed to split the list. Hence, there are only the two choices to re- Plete Iattice,_th@oncept latticedf C. Its infimum and supre-
move the element at either end of the list. mum operation (for any sétC B(C) of concepts) are given




by

N (0i, 4) = <ﬂ 04, a(w(|J Ai)))
iel iel icl

\/ (0, 4i) = <w(a(U 0:)), Ai)
i€l icl iel

The concept lattice is sometimes also refered to as the

Galois latticebecausex andw form a Galois connection
betweerQ and.A. Hencepow andwo « are closure opera-
tors; in Theorem 5 their application maintains the “maximal
rectangle” property of the resulting concepts.

Each attribute and object has a uniquely determined
defining concept in the lattice which allows a sparse la-
belling of the lattice. The defining concepts can directly
be calculated from the attribute or object, respectively, and
need not to be searched in the lattice.

Definition 6 Let B(O,.A,R) be a concept lattice. The
defining concepbf an attributea € A (objecto € O)
is the greatest (smallest) concepsuch thata € m4(c)
(0 € mo(c)) holds. It is denoted by(a) (o(0)).

Theorem 7 ([2]) In any concept lattice we have(a)

(w({a}), a(w({a}))) anda(o) = (w(a({o})), a({o})).

4.2 From refinement lattices to concept lattices

[13] has shown that keyword-indexed components can

be considered as a formal context with the components ag

objects and the (informal) keywords as attributes. We now
lift this idea to formal specifications.

Definition 8 Let£ = (L, R, F, A) be a formally specified
library with componentd,, requisitesR, featuresF, and
abstractionsA. Its induced contexis defined byC,
(L,LURUFUA,J,UJdyU D).

T

/I\

works_on_empty segment requires_non_empty
o ®(4) ® (i)

total
[ ]

front_segment filter_some
. ® (iid)

top_sort run lead tail duplicatefirst
° ° ®(iv) ° °
top_sort run lead tail  duplicatefirst

Figure 2. Example lattice

the set{segment, requires_non_empty, filter.some}. None
of the attributes are equivalent in the sense that they index
the same set of components. Hence, each concept intro-
duces only one attribute. The labels under the bullet denote
the objects defined at this concept, elgad at (iv). Since
none of the actual components subsumes an other, each con-
cept introduces at most one object and is atomic if it intro-
duces an object at all.

The concept lattice is not an “extension” of the refine-
ment lattice: for two attributes; , as with p(ar) < p(asz)
t is possible to be completely unrelated, i.e., neither of the
relations (1-3) holds. However, for two reasons, it is an ad-
equate representation of tirelex First, subconcepts pre-
serve refinement of the original components. Second, a su-
perconcept can be distinguished from any subconcept by an
attribute which ismotvalid for at least one componentin the
extent of the superconcept but is valid &8k components in
the extent of the subconcept. Formally:

Again, we consider the components as objects, and, of . _
course, the keywords are replaced by (the names of) thd>roposition 9 Let 3(C.) be the concept lattice of the con-

specificationbut the context table is slightly more compli-
cated. To prevent different components from “collapsing
into a single concept if the index is insufficient, the compo-
nent specification, double as objects and attributes. The
relations, however, remain original.

We then calculate the concept lattice from this context.

Figure 2 shows the result for the example context. Each bul-
let represents a concept. The labels over the bullet are the

attributes defined at this concept. E.g., the con¢@pt de-
fines the attributdilter_some. However, since attributes in
this representation are inherited downwards, its intenis

5Wilog. we assume thdt, R, F, and A are pairwise disjoint.

textC, induced by a libranyC andey, ¢; € Cp withe; < es.
Then exists € mo(c2) such that either

1.dm € no(cr) -m #nAm Jn,or

2.3a€R-acma(ci)Nag malc) An Dy aV
JaceF-aems(c)Na¢malc)) AndsaV
JacA-aemalc)Na g malez) An D a.

This proposition, which follows from definitions 3 and 4,
makes the concept lattice already suitable for specification-
based navigation: when we move from a superconcept to a
subconcept, we either follow an original refinement relation
on components, or we discard at least one and thus due to



the lattice structure all components from the extent which Initially, all attributes are de-selected and the focus con-
do not share the property. However, we can impose even ceptisT: the focus is the entire library. Now, for an exam-
more structure if we doubl® and used; in addition to ple, assume that we selegigment. This reduces the focus
define the induced context. Then, Proposition 9 holds ap-to 7o (i) = {run, lead, tail-. Further refinement is possible
propriately and, additionally, we get by attributes whose defining concepts have a strictly smaller
but non-bottom meet with the current focus concept. Thus,

Proposition 10 LetB(C_) be the concept lattice of the con-  fOr (¢), any navigation attribute is possible. If we select
textC. induced by a libraryC. Then, for any two comple-  équires-non.empty, the new focus concept i) 1 (ii) =
mentary requisites, a € R we havedc € L-n 3, a ©2» (zi1), i.e., the choice ofequires_non_empty eliminatesrun
a and consequently(a)Mpu(a) = L andu(a) I_Iﬁ(d) -7, from the focus. Moreover, it leavesnt_ segment as the
only possible further refinement.

Hence, the defining concepts of two complementary req- ~ This navigation style igttribute-basedthe focus is es-
uisites are complementary to each other in the lattice. More-Sentially a function of the selected attributes. Due to their
over, their extents divide the entire library into two parti- dual nature, concept-lattices also allolject-based navi-

tions which is not the case for two arbitrary complementary gation Here, the user selects or de-selects a single com-
nodes in the lattice. ponent and the system calculates the new focus similarly.

However, selecting an additional component widens the fo-
cus and is thus realized by the join operation.

While attribute-based navigation depends on the explicit
and learned choice of functional properties and thus is more

[13] has also shown how concept lattices can be usedsuited for reuse purposes, object-based navigation exposes
as navigation structure for interactive and incremental re-implicit conceptual similarities of components: the intent of
trieval (i.e., browsing in our terminology). The focus is rep- the focus concept contains all properties which are common
resented by (the extent of) a concept. Narrowing the focusto all selected components; its extent also contains all other
is a downward movement in the lattice and is done in two components which share these properties, even if they have
steps: not been selected explicitly. Hence, it is more appropriate

for library understanding and re-engineering.
1. The user selects an additional attribute. As a conse-

guence of the lattice structure, the system can support6 Practical aspects
this selection by calculating all attributes which ac-
tually narrow the focus but do not sweep it entirely.
It can thus prevent navigation into dead ends (i.e., an
empty focus.)

5 Navigation in concept lattices

We made a series of experiments to support the claim
that browsing is more practical in the specification-based
case than retrieval. For these, we used a variant of the list
2. The system calculates the new focus in the lattice asProcessing library which we also used in our retrieval ex-

the meet (which exists due to Theorem 5) of the actual Periments [5]. It comprises 5 requisites, 31 features, and 86

focus and the defining concept of the selected attributeCOMponents and abstractions. All example specifications in

(obtained by Theorem 7.) this paper are taken from that library.

Similarly, the focus can also be widened again by de- 6.1 Calculation of the refinement lattice

selecting an attribute. The system then calculates the new

focus using the join operation. Even if the calculation of the refinement lattice is done
In the specification-based case, navigation works quitein advance and is thus not time-criticle in principle, it is not

similar. We use the derived properties (i B,,F’', andA) as obvious that it is feasible at all. Two questions are of main

navigation attributes. Since the property sets are pairwiseconcern:

disjoint, we can even split the set of navigation attributes o ) ] ]

into three dimensions. These dimensions are not indepen- 1+ How high is the computational effort in practice?

dent of each other but can be selected independently be-

cause all interdependencies are contained in the concepts

of the lattice. If we use the modified context (i.e., double

R and use (1-4)), we get a fourth dimension. This is still The answer to both questions depends on the number and

independent but due to Proposition 10, independent selecstructure of the arising proof problems.

tion from R and R is not beneficial. Instead, we can toggle Atfirst glance, it seems that we have to check each requi-

between them, in addition to selection/de-selection. site, feature, abstraction, and component against each other

2. How difficult are the proof problems in practice? Are
current theorem provers powerful enough?



to calculate the modified refinement lattice. However, in 6.3 Navigation
practice this can be optimized due to three observations.
First, we do not need to compare the components and ab- During our experiments it became quickly obvious that
stractions pairwise but can use recursive comparison as imeither the modified refinement lattice nor the concept lat-
[9] because refinement is transitive. Then, we do not needtice are suitable for presentation because they are too big
to check requisites and features against each other but onlyand complex. [13] makes the same observation and de-
against the components and abstractions. Finally, since thescribes a simple text-based interface which works on the
former are compatible with refinement, we can “sink them attribute and object names only. We are currently adapting
in” once we have the refinement lattice on the other nodesthis system. The navigation process itself, however, is very
ready. In the worst case, the number of problems is thusfast: the system responds without noticeable delay, even for
|[IRUFUAUL|-|AU L|. Nevertheless, still too many much larger concept lattices than we are currently investi-
problems arise to be handled manually. As in other soft- gating.
ware engineering applications, a fully automated system is
required which feeds and controls the prover. However, the6.4 Scale-up
sheer numbers become a problem only because most of the
proof problems (approximately 85% in our experiments) are  Scaling specification-based browsing to large libraries is
logically invalid and thus not provable at all. But theorem a serious challenge: a library with 10 requisites, 100 fea-
provers do usually not check for unprovability and are thus tures and 1000 abstractions and components gives in the
stopped by time-out only. Hence, dedicated disproving fil- worst case already rise to more than 1.1 million proof tasks.
ters are required. To handle such many tasks, it is necessary to exploit the
Nevertheless, the computation is practically feasible. structure of thesubsumptiorattice as soon as it emerges.
Using techniques from [5] we generated the full set of more E.g., if front.segment J segment has already been estab-
than 14.000 proof tasks (i_e_, “ready_to_run" versions of the ||Shed thenlead gf front_segment should be checked be-
pr0b|ems which also contain appropriate axioms and proverfore lead gf segment. If the former hOIdS, the latter holds
control information) and filtered out approximately 9.100 as automatically, due to transitivity.
unprovable. This took approximately 7 hours on a Sun Ul-  Similarly, invalid proof tasks can be saved, if thissence
traSparc 170. For simplicity, we did not use the optimiza- Of features (requisites, abstractions) is exploited. If, e.g.,
tions explained above. This would have reduced the originaltop-sort Z; segment can be showntpp_sort cannot satisfy
number of tasks to about 11.000. any of the features more specific thsyment, and the cor-
We then used the automated theorem préRaSS[30] responding proof tasks can be dismissed. However, due to

on a network of 16 PCs to check the surviving tasks. With the undecidability of first-order logics, it is not Ieg_al to con-
a time-out of 60 secondSPASSwas able to solve 1.250 clude the absence of thefeatls@men_t from thefallure to
tasks. For the remaining 3.080 problems, we re—generated)rf)vemp‘sor? .gf segment. Instead, in practice an appro-
the tasks, using a different subset of the axioms. After aprlately modified version
third iteration,SPASShad solved a total of 1.460 or almost preg A post; = —post,
80% of the valid problems. This required a total of approx-
imately 210 hours runtime, or equivalently, a weekend of of the proof task must be checked which unfortunately in-
real time. creases the total number of tasks.
Computationally more complicated components, e.g.,
graph or numerical algorithms, obviously induce more com-
6.2 Calculation of the concept lattice plicated proof tasks. Here the key to scaling is to find an ab-
stract domain representation which factors out most of the
complexity, supported by using the right abstractions and

Concept lattices can grow exponentially in the number features. Then the conceptual difference between the speci-
of attributes and objects. In practice, however, the worst ficationsS andG which accounts for most of the difficulties
case rarely occurs and a polynomial behavior is usual. [13]can be kept small and the prover has a reasonable chance to
contains more experimental evidence for this. succeed.

For our example library, the concept lattices fromthe full ~ Using the above techniques, even large, diverse libraries
(i.e., manually computed) and the approximated (i.e., com-of functional components can be tackled. Other component
puted usingSPASS refinement lattices contained 153 and types, e.g., objects or entire modules, fit in principle also
180 concepts, respectively. Their computation took approx-into this framework but require an appropriate redefinition
|mat(_—:tlyasecond_and is thus negligible compared to the time “Note that this need not necessarily to be checked because both
required for proving. front_segment and segment are features.




of the different match conditions. However, components specifications. This hierarchy is then visualized to support
whose effects cannot be expressed naturally in a pre/postbrowsing. [19] only use subsumption to build a hierarchical
condition style, e.g., graphical routines, cannot be handledrepresentation of a library and exploit that only to optimize
and there is no obvious way to extend specification-basedretrieval.

browsing appropriately. In programming language research, [15] and [12] ap-
ply formal methods to the specification and verification of
6.5 Knowledge acquisition object-oriented class libraries. There, behavioral subtyping

corresponds to subsumption.
The formal specifications of the library componentsand ~ Concept lattices or Galois lattices have been developed
some initial abstractiofisnust be supplied. Once this seed as a means to structure arbitrary observations. They have
is available, specification-based browsing can already sup-already been applied to various problems in software en-

port further knowledge acquisition. gineering, e.g., inference of configuration structures [11]
Consider for example a seed comprisiittgr_some, seg- or identification of modules [14, 28] and objects [26] in
ment, tail, lead, and legacy programs. Their application to software component

libraries, however, seems to be obvious only in retrospect,
run (I : list) r : list and there is only little related work. [8] also uses concept
pre  true lattices for navigation but presents the entire lattice to the
post dil:list-1=r" 11 A ordered(r) user and offers only a subset of all possible attributes for se-

A Vi:item,I2:list-1=r"™ [i] ™12 = —ordered(r ™ [i)  lection. As far as navigation is concerned, [13] is thus most
closely related to our own work. But there, object-based
'navigation, which is instrumental in knowledge acquisition,
is not supported.

which computes the longest ordered initial subsegment (i.e.
run) of a list. From this seed, an initial concept lattice is
calculated. Object-based navigation confirms that lath
andlead already have a common superconcept, which has .

the attributesilter_some andsegment, and, as expected,no 8 Conclusions
other objects. But it also reveals that there is no concept

which has the extent déad andrun only—selecting both Only specification-based methods can provide exact
also causeil to appear. To disambiguatsl, the user must  content-oriented access to software components. Retrieval,
introduce a feature however, still requires more deductive power than current

theorem provers and hardware can offer. Browsing can
evade this bottleneck by moving any time-consuming de-
duction into an off-line indexing phase.

In this paper, we have shown that different match rela-
tions must be used to index a library properly and how this
index is turned into a navigation structure using formal con-
cept analysis. Experiments show that it is feasible to calcu-
7 Related work late an approximation of the index which is accurate enough

for browsing purposes, using current theorem provers and

Most work on applying specification-based techniques hardware (e.g.SPASSon a small network of PCs.) The
to software libraries examines retrieval only. Relevant for computational effort, however, is still high.
browsing are the investigation of different match relations  The concept lattice reveals the implicit structure of a li-
[21] and their effect on software reuse [6, 5]. [22] intro- brary as it follows from the index. It can even indicate sit-
duced features as indexes to speed up retrieval. The deduasations where a finer index is required. Due to its dual na-
tive synthesis systetAMPHION [29] composes programs ture, the lattice allows two complementary navigation styles
from retrieved matching components but does not supportwhich are based either on attributes or on objects. Due to the
user-guided library exploration. lattice nature, both navigation styles automatically have the

[9] builds a two-tiered hierarchy from the library. The single-focus property and refrain the user from dead ends.
lower level is based on a modified definition of subsumption  In our approach, theorem provers are used to derive
which works modulo arbitrary user-defined congruences onformally defined properties of components. For naviga-
literals and is thus unsound in general. The upper level usesion, these formal definitions are still available but not actu-
a similarity metric derived from the normal forms of the ally required—symbolic property names suffice. However,

8Initial requisites and features can be derived automatically by splitting since informally defined and derived properties (.g., relia-

of the supplied specifications. Any resulting indiscriminate attributes are Pility) are usually also represented_by symbolic names _(e.g.,
merged into a single concept by construction of the lattice. trusthworty), concept-based browsing allows a smooth inte-

front_segment (I : list) r : list
pre true
post dll:list-1=r" 11

which factors out the common propertyledd andrun.




gration of formal and informal attributes and thus refutes a [10] S. Katz, C. A. Richter, and K. S. The.

conjecture of [1] that formal and informal methods are in-
compatible. Moreover, informal attributes can even be used
to distinguish functional equivalent variants of a component
from each other.

Future work especially concerns scale-up. We expect the
fraction of non-theorems to grow further with increasing
library size; dedicated disproving techniques are thus one1y]
area of interest. Since the remaining tasks are homogeneous
in style, learning theorem provers [4, 3] can be expected to
perform well on them.

Acknowledgments

Christian Lindig’s work on concept-based retrieval also triggered
this research; discussions with him greatly improved my own un- [14]
derstanding of formal concept analysis. Comments by Christian,
Jens Krinke, Gregor Snelting, and the reviewers improved the pre-
sentation of this paper. Christoph Weidenbach did the actual theo-
rem proving at the MPII.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]
(8]

N. Boudriga, A. Mili, and R. Mittermeir. Semantic-based
software retrieval to support rapid prototypintructured
Programming 13:109-127, 1992.

B. A. Davey and H. A. Priestley.Introduction to Lattices
and Order Cambridge University Press, Cambridge, UK,
2nd edition, 1990.

J. Denzinger, M. Kronenburg, and S. Schulz. DISCOUNT:
A distributed and learning equational prover. Automated
Reasoning18:189-198, 1997.

J. Denzinger and S. Schulz. Learning domain knowledge to
improve theorem proving. In McRobbie and Slaney [18],
pages 62—-76.

B. Fischer, J. M. P. Schumann, and G. Snelting. Deduction-
based software component retrieval. In W. Bibel and P. H.
Schmitt, editorsAutomated Deduction - A Basis for Appli-
cations pages 265—-292. Kluwer, Dordrecht, 1998.

B. Fischer and G. Snelting. Reuse by contract. In G. T. Leav-
ens and M. Sitaraman, editoRoc. ESEC-FSE Workshop
on Foundations of Component-Based Sytgrages 91-100,
Zurich, Sept. 1997.

B. Ganter and R. Wille.Formale Begriffsanalyse - Mathe-
matische GrundlagenSpringer, Berlin, 1996.

R. Godin, J. Gecsei, and C. Pichet. Design of a browsing
interface for information retrieval. In N. J. Belkin and C. J.
van Rijsbergen, editor®roc. Twelfth Annual Intl. ACM SI-
GIR Conf. on Research and Development in Information Re-
trieval, pages 32—-39, Cambridge, Massachusetts, June 1989.
ACM Press.

[11]

[13]

[15]

[16]

[17]

[18]

[20]

[21]

[22]

[23]

[9] J. Jeng and B. H. C. Cheng. Using formal methods to con- [24]

struct a software component library. In 1. Sommerville and
M. Paul, editorsProc. 4th European Software Engineering
Conf, volume 717 ofLect. Notes Comp. Scipages 397—
417, Garmisch-Partenkirchen, Sept. 1993. Springer.

[25]

9] A. Mili, R. Mili, and R. Mittermeir.

PARIS: A
system for reusing partially interpreted schemas. In
Proc. 9th Intl. Conf. Software Engineeringages 377—385,
Montery, CA, Mar. 1987. IEEE Comp. Soc. Press.

M. Krone and G. Snelting. On the inference of configu-
ration structures from source code. In B. Fadini, editor,
Proc. 16th Intl. Conf. Software Engineeringages 49-57,
Sorrento, Italy, May 1994. IEEE Comp. Soc. Press.

G. T. Leavens and W. E. Weihl. Specification and verifi-
cation of object-oriented programs using supertype abstrac-
tion. Acta Informatica 32(8):705—778, Nov. 1995.

C. Lindig. Concept-based component retrieval. Indhler,

F. Giunchiglia, C. Green, and C. Walther, editov§ork-

ing Notes of the 1IJCAI-95 Workshop: Formal Approaches
to the Reuse of Plans, Proofs, and Programages 2125,
Montréal, Aug. 1995.

C. Lindig and G. Snelting. Assessing modular struc-
ture of legacy code based on mathematical concept
analysis. In T. Maibaum and M. Zelkowitz, editors,
Proc. 18th Intl. Conf. Software Engineeringages 349—
359, Berlin, Mar. 1996. IEEE Comp. Soc. Press.

B. Liskov and J. M. Wing. A behavioral notion of subtyp-
ing. ACM Trans. Programming Languages and Systems
16(6):1811-1841, Nov. 1994.

M. Lowry and Y. Ledru, editorsProc. 12th Intl. Conf. Au-
tomated Software Engineeringake Tahoe, Nov. 1997.

Y. S. Maarek, D. M. Berry, and G. E. Kaiser. An informa-
tion retrieval approach for automatically constructing soft-
ware libraries. IEEE Trans. Software EngineeringE-
17(8):800-813, 1991.

M. A. McRobbie and J. K. Slaney, editors.
Proc. 13th Intl. Conf. Automated Deductionolume
1104 ofLect. Notes Artifical IntelligengeNew Brunswick,

NJ, July-Aug. 1996. Springer.

Storing and re-
trieving software components: A refinement-based system.
IEEE Trans. Software Engineerin§E-23(7):445-460, July
1997.

A. Mili, R. Mili, and R. Mittermeir. A survey of software
reuse libraries.Annals of Software Engineerind998. To
appeatr.

A. Moorman Zaremski and J. M. Wing. Specification
matching of software components. In G. E. Kaiser, editor,
Proc. 3rd ACM SIGSOFT Symp. Foundations of Software
Engineering pages 6—17, Washington, DC, Oct. 1995. ACM
Press.

J. Penix, P. Baraona, and P. Alexander. Classification and
retrieval of reusable components using semantic features. In
Proc. 10th Knowledge-Based Software Engineering Conf.
pages 131-138, Boston, MA, Nov. 1995. IEEE Comp. Soc.
Press.

D. E. Perry. The Inscape environment.
Proc. 11th Intl. Conf. Software Engineeringpages
2-12. IEEE Comp. Soc. Press, May 1987.

R. Prieto-Daz. Implementing faceted classification for soft-
ware reuseCommunications of the ACN84(5):89-97, May
1991.

E. J. Rollins and J. M. Wing. Specifications as search keys
for software libraries. In K. Furukawa, editdProc. 8th

In



(26]

(27]

(28]

(29]

(30]

(31]

Intl. Conf. Symp. Logic Programmingages 173-187,
Paris, June 24-28 1991. MIT Press.

H. A. Sahraoui, W. Melo, H. Lounis, and F. Dumont. Ap-
plying concept formation methods to object identificaton in
procedural code. In Lowry and Ledru [16], pages 210-218.
J. M. P. Schumann and B. Fischer. NORA/HAMMR: Mak-
ing deduction-based software component retrieval practical.
In Lowry and Ledru [16], pages 246—254.

M. Siff and T. Reps. Identifying modules via concept analy-
sis. In M. J. Harrold and G. Visaggio, editofoc. IEEE

Intl. Conf. on Software Maintenancpages 170-179, Bari,
Italy, 1997. IEEE Comp. Soc. Press.

M. Stickel, R. Waldinger, M. Lowry, T. Pressburger, and
I. Underwood. Deductive composition of astronomical
software from subroutine libraries. In A. Bundy, editor,
Proc. 12th Intl. Conf. Automated Deductiovolume 814

of Lect. Notes Artifical Intelligencgpages 341-355, Nancy,
June-July 1994. Springer.

C. Weidenbach, B. Gaede, and G. Rock. Spass and Flotter
version 0.42. In McRobbie and Slaney [18], pages 141-145.
R. Wille. Restructuring lattice theory: An approach based
on hierarchies of concepts. In . Rival, edit@rdered Sets
pages 445-470. Reidel, 1982.



