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Abstract

Since the Standard Template Library (STL), generic li-
braries in C++ rely on concepts to precisely specify the re-
quirements of generic algorithms (function templates) on
their parameters (template arguments). Modifying the def-
inition of a concept even slightly, can have a potentially
large impact on the (interfaces of the) entire library. In par-
ticular the non-local effects of a change, however, make its
impact difficult to determine by hand. In this paper we pro-
pose a conceptual change impact analysis (CCIA), which
determines the impact of changes of the conceptual specifi-
cation of a generic library. The analysis is organized in a
pipe-and-filter manner, where the first stage finds any kind
of impact, the second stage various specific kinds of impact.
Both stages describe reachability algorithms, which oper-
ate on aconceptualdependence graph. In a case study, we
apply CCIA to a new proposal for STL iterator concepts,
which is under review by the C++ standardization commit-
tee. The analysis shows a number of unexpected incompati-
bilities and, for certain STL algorithms, a loss of genericity.

1. Introduction

Arguably one of the best known generic libraries is the
Standard Template Library of C++ (STL) [17, 22]. From a
practical point of view, STL provides a collection of generic
containers and generic algorithms to operate on contain-
ers. However, it is the introduction of so-calledconcepts,
underlying the organization of algorithms and containers,
that is the outstanding contribution of STL. What charac-
terizes “STL-style programming”, or generic programming,
is therefore not just the exploitation of C++ templates but,
more importantly, the development of concepts and con-
ceptual specifications for a particular application domain.
Although concepts can be formalized (type-) theoretically
and in a language-independent way [15, 21, 26], most de-

velopers are familiar with them as a way to constrain C++
templates: instead of designing an algorithm merely in
terms of (universally quantified) template parameters, the
designer can use a concept to attach additional requirements
on the types that instantiate a template. These requirements
can be syntactic, semantic, or behavioral, but they always
are abstractions from types. In the following, we denote
by conceptual specificationthe concept taxonomy and the
concept-constrained interfaces that define the specification
of a generic library.

Although concepts on the whole ease the maintenance
of a library, their very nature introduces some complica-
tions one has to be aware of when a particular concept is
modified. For one, each concept describes a generic spec-
ification of a family of types, which is met by many con-
crete types at the implementation level of a library. A mod-
ification in a concept definition can therefore affect many
types and algorithms with parameters that are constrained
by the modified concept. Second, in contrast to abstract
classes in object-oriented programming, a concept does not
aim at capturing the complete interface of a type. Instead,
it defines a coherent set of requirements, which a concrete
type must meet at the minimum. As a consequence, mod-
ifications in a concept definition might go unnoticed for a
long time just because all concrete types that instantiate the
affected template, incidentally meet both the old and new
concept specification. In fact, our initial interest in change-
impact questions comes from a practical problem. When
algorithms were changed to use STL allocators, the alloca-
tor concept introduced an additional requirement “Default-
Constructible.” Yet, all types we used with the modified
algorithms happened to be default-constructible; only later,
and then unexpectedly, code broke when used with types
that did not provide a default constructor. Finally, algo-
rithms might be affected by a change in a concept even if
none of their parameters is directly constrained by that con-
cept. The non-local impact is propagated by therefinement
relation between concepts, where one concept includes the
requirements of one or more other concepts.
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In this paper we propose aconceptualchange impact
analysis (CCIA), which determines the impact of changes
of the conceptual specification of a generic library. The
analysis is organized in a pipe-and-filter manner, where the
first stage finds, for any part of a conceptual specification,
all changes it is impacted by. Subsequent optional filters on
the second stage further refine the output in various ways, to
detect specific kinds of impact. Presently, we provide two
filter algorithms: one to detect the impact of changes on
the compatibility of different versions of concept specifica-
tions, and one to detect the impact of changes to the degree
of genericity of an algorithm, that is, the number of types
with which it can be instantiated. It is possible to extend the
analysis by additional filters and stages.

We applied CCIA to one of the most fundamental
changes to STL-like libraries that is currently under con-
sideration by the C++ standardization committee: the pro-
posed change of iterator concepts [19]. As our analysis can
show, this proposal unintentionally introduces a number of
incompatibilities (between old and new iterator concepts)
and renders several STL algorithms less generic than be-
fore.

Recent discussions indicate that, “in some form or other”
(see [4]), C++ will be extended by direct support for con-
cepts [8, 20, 23]; indeed, our work is partly motivated by
this discussion, as we are interested in providing good tools
for concepts once they have become first-class citizens.
Currently, however, concepts are described in an informal
way, using structured natural language. For CCIA, the cur-
rent state of affairs implies that the analysis cannot yet be
completely automated: the task of transforming an infor-
mal conceptual specification into a machine-readable for-
mat must be done manually. The change impact analysis
itself, though, is automated.

The outline of the paper is as follow: Section 2 com-
pares CCIA with other change impact analyses, Sections 3
and 4 provide background on concepts in C++ and give a
complete analysis example. The analysis itself is presented
in Section 5 and demonstrated in a case study in Section 6.
Sections 7 and 8 provide conclusions and an outlook on fur-
ther work.

2. Related Work

An important classification criterion for change impact
analyses are the sources for non-locality of change impact.
In object-oriented programming, for example, non-locality
of impact is introduced by inheritance, dynamic binding,
aggregation, and polymorphism [16]. In imperative pro-
grams, the impact of changes may be propagated through
side effects such as assignment to, and use of variables
[25]. In the case of generic libraries, there are two major
sources of non-locality: the separation between concepts at

the specification level and types and type parameters at the
implementation level; and the refinement relation between
concepts, through which changes propagate.

When the sources of non-locality correspond to pro-
gramming constructs, the impact of changes is propagated
by relations established at the source code level of a pro-
gram. A large class of analyses therefore builds on top of
program dependence graphs or system dependence graphs
[13]. Analyses that operate not exclusively at source code
level, on the other hand, but are concerned with models,
ontologies, or specifications [3, 12], construct their own,
tailored representation; in our case, theconcept depen-
dence graph, which represents the concept specification,
the (concept-constrained) parameters of generic algorithms,
and the changes in both.

Another axis of classification describes the kinds of im-
pact that the analysis identifies. Most analyses are devised
for a particular purpose, for example, to identify which re-
gression tests to rerun or which documentation to update
[2, 5]. Fewer analyses (most notably Han’s [11]) can be
customized by the client. Our analysis falls in between: the
analysis can be used to detect different kinds of impacts but
is not yet organized in a freely customizable framework.
The analysis itself is an instance of a reachability analysis,
that is, it traverses the underlying dependence graph appro-
priately. Like in most change impact analyses, reachability,
thus impact, is purely syntactically defined. One could en-
vision a semantic analysis, which checks, e.g., whether two
syntactically different sets of requirements are semantically
equivalent. Yet, for the current prototype, we consider the
gain too low compared to the effort that a semantic analy-
sis incurs, in particular since most applications of CCIA are
expected to be “processed” by a human client.

Finally, in some analyses, only the final impact is of in-
terest, not the single propagation steps. In the delta debug-
ging technique [27], for example, where program failure is
of interest, the changes causing program failure are detected
by means of an efficient search, without further considera-
tion of the ways the change has been propagated. CCIA,
in contrast, can be used by concept developers who want to
understand how a change has caused a specific impact.

3. Concepts in C++

Presently, concepts in C++ are specified in a de-facto
standardized documentation. In illustration, Figure 1 shows
the description of the STLBIDIRECTIONAL ITERATOR con-
cept adopted from the documentation of STL [1]. Of par-
ticular interest for the paper are the rows “Refinement of”
and “Associated Types”, and the table “Valid Expressions.”
The refinement relation specifies that for a type to model
(i.e., fulfill all requirements of) theBIDIRECTIONAL ITER-
ATOR concept, it must also model theFORWARDITERATOR
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Description TheBIDIRECTIONAL ITERATOR concept defines types that sup-
port traversal over linear sequences of values, including support for
multi-pass algorithms, and stepping backwards through a sequence (un-
like FORWARDITERATORS). A type that is a model ofBIDIRECTIONAL ITER-
ATOR may be either mutable or immutable, as defined in theTRIVIAL IT-
ERATOR requirements.

Refinement of FORWARDITERATOR

AssociatedTypesThe same as forFORWARDITERATOR

Notation Let X be a type that is a model ofBIDIRECTIONAL ITERATOR; T be
the value type ofX; i , j be objects of typeX; and t be an object of type
T.

Valid Expressions

Name Expr. Return Type
Predecrement --i X&
Postdecrement i-- X

Expression Semantics

Expr. Precond. Semantics Postcond.
--i i is dereferenceable

or past-the-end.
There exists a
dereferenceable
iterator j such that
i == ++j.

i is
modified
to point to
the
previous
element.

i is dereferenceable.
&i == &--i. If i == j ,
then--i == --j. If j
is dereferenceable
and i == ++j, then
--i == j .

i-- i is dereferenceable
or past-the-end.
There exists a
dereferenceable
iterator j such that
i == ++j.

Equivalent
to {X tmp
= i ; --i ;
return tmp
; }.

Complexity Guarantees Operations on BIDIRECTIONAL ITERATOR are
guaranteed to be amortized constant time.

Figure 1. Definition of the BIDIRECTIONAL I TER-
ATOR concept of STL [1]

concept. Associated types are types that must be defined,
for example, so that the signatures of the required expres-
sions are well-defined. The table of valid expressions, fi-
nally, defines all operations a modeling type has to provide.
Two additional requirements, the “Complexity Guarantees”
and the “Expressions Semantics” tables, are not included
in our impact analysis. The “Expressions Semantics” table,
however, is used to precisely encode the informal concept
specifications in a machine-usable form (see Section 6.2).

As we pointed out already, the informal nature of con-
cept descriptions prevents full automation of the analysis:
representing concepts in an effective format currently needs
to be done by hand.

4. Example

Instead of plunging directly into technical details, we in-
troduce our analysis by means of an example. Figure 2
shows the original and the modified conceptual specifica-
tions of a simple library. The original conceptual speci-
fication of the library consists of one concept and one al-

gorithm, INPUT and “equal”, respectively. The algorithm
“equal” has two type (or template) parameters, “It1 ” and
“ It2 ”, both constrained by the conceptINPUT. In the new
version of the specification, theINPUT concept is modified,
3 new concepts along with a refinement hierarchy are intro-
duced, and the constraints on the type parameters of “equal”
are rewritten. For backward-compatibility, theINPUT con-
cept is part of the new specification but it only refines the
newly introduced concepts and does not have any require-
ments of its own.

The first step of the analysis, performed manually, is to
encode the original and the modified versions of the speci-
fication and to compare their differences. The comparison
involves identifying entities and relations that exist in the
old but not in the new version of the specification, and vice
versa. As a result of the first step, for example, the con-
cept INCREMENTABLE is marked asaddedsince it exists in
the new but not in the old version. All further steps execute
automatically.

Next, a directed dependence graph is constructed, which
represents the two versions of the specification. The ver-
tices correspond to concepts, requirements, and type param-
eters, while the edges represent the direction of change im-
pact propagation implied by three kinds of relations: con-
cepts including requirements, concepts refining concepts,
and concepts constraining type parameters. A dependence
graph for the specification in Figure 2 is shown in Figure 3.
The graph consists of two type-parameter vertices, four con-
cept vertices of which three are marked as added, and five
requirement vertices of which two are marked deleted, one
is marked added, and the remaining three are unchanged be-
tween the two versions of the library. In the example, all the
relations between concepts, requirements, and type param-
eters have been changed.

The impact analysis proceeds in stages, composed in a
pipe-and-filter manner. In the first stage, the impact of the
changes is propagated along the edges of the graph to iden-
tify the type parameters and concepts that may have been
affected. The edges which propagate the impact are marked
accordingly for use in subsequent analysis steps.

If one is interested merely in a list of concepts and
type parameters impacted by changes, one can terminate
the analysis at this point. Otherwise, one of the two cur-
rently available filters can be used to determine, for exam-
ple, whether the conceptINPUT represents the same set of
requirements as before or whether rewriting the constraints
on the parameters of the algorithm “equal” increases its
genericity. Provided these filters are plugged-in, the anal-
ysis yields that the new conceptINPUT is neither forward-
nor backward-compatible with the old concept of the same
name: two requirements are deleted (“∗r++” and “(void)
r++”), but also a requirement (“r++”) is added. Further-
more, the analysis detects that for both type parameters
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INPUT

operation type
∗a T
++r X&
(void) r++
∗r++ T
a == b bool

1 template 〈class It1, class It2〉
2 where {Input〈It1〉, Input〈It2〉}
3 bool equal (It1 first1, It1 last1, It2

first2);

(a) Old specification

INPUT

operation type
— —

INCREMENTABLE

operation type
++r X&
r++ X

SINGLEPASS

operation type
a == b bool

READABLE

operation type
∗a T

Refinement hierarchy:

INCREMENTABLE

↑
SINGLEPASS READABLE

տ ր
INPUT

1 template 〈class It1, class It2〉
2 where {SinglePass〈It1〉, Readable〈It1〉,
3 Incrementable〈It2〉, Readable〈It2〉}
4 bool equal (It1 first1, It1 last1, It2 first2);

(b) New specification

Figure 2. An example of a change in the conceptual specificati on of a library

Readable

Input

(void)r++

Incrementable

SinglePass

∗a

∗r++

r++ a==b

++r

It2

It1

new version
old version
both versions

Type
Parameters

Requirements

Concepts

Figure 3. The dependence graph constructed
for the specification from Figure 2

of the algorithm “equal” the requirements “(void)r++” and
“∗r++” were removed and “r++” was added; for the pa-
rameter “It2 ” additionally the requirement “a == b” is re-
moved. Since requirements on the type parameters are both
added and dropped, the analysis can conclude that the algo-
rithm “equal” became neither strictly more nor strictly less
generic through the change. Both filters reuse the results of
the first stage and only operate on relevant (impacted) parts
of the dependence graph.

5. Conceptual Change Impact Analysis

As the example in the previous section shows, the three
major steps of CCIA comprise the construction of the de-
pendence graph, the first stage of general impact propa-

gation, and subsequent filtering for specific impact. The
first stage is a forward-reachability problem that determines
any impact ofanychanges. The second stage, a backward-
reachability problem, varies between different applications.
The current prototype provides two filters, which capture
two frequent questions about conceptual changes: whether
concepts are compatible between different versions of con-
ceptual specification and whether the requirements on a
type parameter of a generic algorithm changed. This sec-
tion details each of the three steps.

5.1. Conceptual Dependence Graph

An intermediate representation of six constructs suffices
to capture the conceptual specification of a library: 3enti-
tiesand 3relations, directly corresponding to the relations
that concepts establish (see Section 3):

• Type Parameters: Type parameters of generic algo-
rithms

• Concepts: Sets of requirements

• Requirements: Operations, associated types, and any
other valid expressions (see Fig. 1)

• Constrains-relations: Relations between type parame-
ters and concepts

• Refines-relations: Relations between concepts

• Requires-relations: Relations between concepts and
requirements

For example, the conceptSINGLEPASS (see Figure 3) con-
stitutes one requires-relations to the requirement “a == b”
and one refines-relation to the conceptINCREMENTABLE.
The type parameter “It1” (see Figure 3) constitutes one
constrains-relation to theINPUT iterator concept in the orig-
inal library and two constrains-relations to theREADABLE

andSINGLEPASSconcepts in the modified library.
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P2P1C 1 12 2
Figure 4. A detailed view of a constrains-
relation edge.

The six constructs of the intermediate representation nat-
urally map to vertices in a graph, where edges capture the
dependencies between them. In this graph, any entity or re-
lation that exists in the new version but not in the old one
is marked asadded, and any entity or relation that exists in
the old version but not in the new one is marked asdeleted;
any entity or relation that exists in the old version and is
modified in the new version is represented by a deletion fol-
lowed by an addition. In the current prototype, we perform
these annotations manually; if concepts were first-class cit-
izens, the annotation could be easily automated by applying
a diff-like algorithm to a compiler-provided representation.

We note that the graph in Figure 3 is a simplified view
of a dependence graph insofar it represents only single-
parameter concepts and requirements. Since concepts and
requirements can have multiple parameters, every relation
and entity, except for type-parameter entities, explicitly rep-
resents its parameters. Figure 4 shows an example of a
constrains-relation edge between a two-parameter concept
C and two type parameters “P1” and “P2”. The relations
and entities in Figure 3 are represented similarly but always
happen to have only one parameter vertex.

5.2. Impact Propagation

After the graph is constructed, the impact of changes is
propagated: any vertex marked as added or deleted has an
impact on any of the vertices reachable from it. It is suffi-
cient, however, to only consider relation vertices: a deletion
of an entity must be accompanied by deletion of the corre-
sponding relations and addition of an entity does not have a
non-local impact unless some relations are added. Depend-
ing on the particular kind of impact sought after, addition
or deletion of a relation may not be significant. Yet, in gen-
eral, all vertices reachable from a relation marked as added
or deleted are impacted insomeway.

The algorithm for propagating the impact of changes is
rather straightforward. In short, it is a depth-first search
where the root vertex of the search is a relation vertex
marked as either added or deleted and all the traversed edges
are marked as change-propagating. The search stops on
deleted edges if the root vertex of the search is marked

added, and on added edges if the root vertex is marked
deleted. This condition is necessary to avoid false impact
propagation; for example, if a path from an added vertex
v to a vertexu contains a deleted edgee, u should not be
affected by the added vertex. An algorithm that finds all im-
pacting edges for a given vertexy is similar, but the direc-
tion of the search is reversed. In the example from section 4
every relation is marked as added or deleted and thus all
edges reachable from relation vertices are marked as propa-
gating. In practice, however, such all-encompassing change
of a library will rarely occur and only some edges will be
marked as change-propagating.

5.3. Filtering for Specific Impact

The impact propagation algorithm identifiesany impact.
Yet, a more specific kind of impact is often of interest.
In this subsection, we present two algorithms,Constraints
ChangeandConcept Compatibility, to detect specific im-
pact. The first algorithm checks whether requirements on
algorithm parameters are changed, the second one deter-
mines the compatibility of concepts between different ver-
sions of a conceptual specification. Both algorithms oper-
ate on the level of syntactic requirements. As said earlier,
these filter algorithms are based on the result of the pre-
ceding impact propagation algorithm and further refine its
results. Separating the general impact algorithm from the
filters for specific impact, makes the analysis both extensi-
ble and scalable: a potentially unlimited number of specific
kinds of impact and accordingly specializing filters can be
admitted. At the same time, each of these filtering algo-
rithms can restrict itself to impacted vertices. Where only
general impact is of interest, filters may be omitted alto-
gether. We now turn to the discussion of the two algorithms.

Informally speaking, algorithmConstraints Change
computes the change in syntactic requirements on type
parameters. The algorithm consists of 2 main steps. First,
for all type parameters that are reached by some change
(that is, targets of change-propagating edges), the set of
reaching changes has to be found. This is done by a
search through the reversed dependence graph, traversing
only change-propagating edges. Second, for every change
that reaches a type parameter, the specific impact on
the type parameter has to be computed. For example,
if the change reaching some type parameter is a deleted
constrains relation, all syntactic requirements implied by
the constraining concept have to be marked as removed
for that type parameter. A high-level definition of the
algorithm follows:

Algorithm Constraints Change.

Input: G, a dependence graph where all change-propagating
edges are marked;T , a type parameter vertex.
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Output: R, a set of tuples(p, S) such thatp is a path inG
fromT to a modified vertexq andS is a set of paths from
q to the added or deleted requirements onT that result
from the change inq.

Local: reaching_paths, a container of the results of[Find
changes].

Notation and subroutines:
path: A path in a reversed dependence graph.

forward or cross edge: An edge(u, v) wherev is colored
black and not an ancestor ofu in a search tree.

last(): Given a path, extracts the last vertex.

significant_vertex(): Given a parameter vertex, finds the
main vertex of the corresponding relation or entity.

A1. [Filter and revertG.] G′ isG with all edges reversed and
non-propagating edges removed.

A2. [Find changes.] Run depth-first search onG′ with T as
the root vertex:
A2.1. If a vertex marked as added or deleted is discovered,
record current path inreaching_paths, mark vertex black,
and backtrack depth-first search.

A2.2. If a forward or a cross edge is detected in the depth-
first search, recursively run[Find changes] for the target of
that edge. Merge all detected paths with the current path
and record it inreaching_paths.

A3. [Process Changes.] For each pathp in reaching_paths
wheres is significant_vertex(last(p)):
A3.1. If s is a constrains-relation, flatten the requirements
of the constraining concept. Record the tuple(p, {paths
from the flattened concept to requirements}) in R.

A3.2. If s is a refines-relation, flatten the requirements of
the refined concept. Record the tuple(p, {paths from the
flattened concept to requirements}) in R.

A3.3. If s is a requires-relation, record the tuple(p, {one-
vertex path of last(p)}) in R.

�

In the example from section 4, every reaching change
identified in step A2 is an added or deleted constrains-
relation. Consequently, in step A3, only A3.1 applies.

The second algorithm,Concept Compatibility, is an ex-
tension of the first algorithm,Constraints Change. For ev-
ery concept for which compatibility is tested, temporary
type-parameter vertices are created. Specifically, a type-
parameter vertex and a corresponding constrains-relation
edge are created for every parameter of the tested concept
that is a target of a change-propagating edge. TheCon-
straints Changealgorithm is then performed on each of the
temporary type-parameter vertices. To decide whether com-
patibility holds, finally, the requirements that hold for a type
parameter in the new and the old versions of the library need

to be compared. In the current prototype, we simply check
whether every requirement removed for a type parameter
in one way was then added in another way (backward-
compatibility) and whether every added requirement existed
previously (forward-compatibility). Such simple compari-
son could find false positives, for example, if a deleted re-
quirement continues to be associated with a type parameter
through another, unchanged path in the graph. False posi-
tives can be eliminated in a third, forward pass that checks
for any added or deleted requirement whether other paths
exist that neutralize the effect of addition or deletion, re-
spectively. We have not yet implemented this pass, but the
algorithmConstraints Changeis prepared insofar it already
associates changes and paths.

6. Case Study

For a case study, we apply CCIA to a proposed change
of the iterator concept taxonomy of STL. The background
of this proposal is a discussion that started in 2001, when
Siek pointed out that the currently standardized iterator con-
cepts entangle the concerns of range traversal and data ac-
cess [18]. Because of such unnecessarily strong coupling
between value-access and traversal requirements, some
generic algorithms are under-generalized and some iterator
types incorrectly categorized with respect to their traver-
sal protocol (see, e.g., Sutter’s paper [24]). Since 2001,
altogether 5 new concept specifications for iterators have
been submitted for consideration by the C++ standardiza-
tion committee, and the discussion still continues.

Since iterators are in the very core of STL, any new spec-
ification will impact virtually every user of STL and many
other libraries. Since these changes are subtle and their im-
pact, because of non-local effects, non-trivial to detect,the
proposed changes make for a good case study of a change
impact analysis. In this study, we concentrate on the two
kinds of intended impact that the proposal sets out to make,
namely to reduce conceptual requirements on the param-
eters of STL algorithms, while at the same time ensuring
backward- and forward-compatibility between old and new
iterator concept taxonomies. In the following, we denote by
newthe latest version of the proposed concepts [19] and by
old their current specification from the C++ standard [14].

6.1. Iterator Concept Taxonomies

In the old iterator taxonomy, each concept includes re-
quirements related to range traversal as well as value ac-
cess. In the new taxonomy, in contrast, these requirements
are divided into two groups: traversal concepts on the one
hand and value-access concepts on the other hand. New and
old iterator taxonomies are depicted in Figure 5 (theITERA-
TOR suffix has been omitted in all concept names); concept
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INPUT OUTPUT

տ ր
FORWARD

↑
BIDIRECTIONAL

↑
RANDOMACCESS

(a) Old, standardized taxon-
omy

INCREMENTABLE

↑
SINGLEPASS READABLE

↑ WRITABLE

FORWARD SWAPPABLE

↑ LVALUE

BIDIRECTIONAL

↑
RANDOMACCESS

(b) New, proposed taxonomy

Figure 5. Old and new iterator taxonomies

refinement is represented by the usual arrows. As the fig-
ure shows, the old taxonomy consists of five concepts total,
while the new taxonomy has nine concepts: five traversal
concepts, corresponding to the traversal requirements of the
old taxonomy, and, separately, four value-access concepts
that have been factored out from the old concepts.

The new concepts were specified with the intention of
avoiding compatibility problems. In illustration, Figure6
shows the oldINPUTITERATORconcept, which is in the new
proposal refactored into two concepts,SINGLEPASSITERA-
TOR andREADABLE ITERATOR. As CCIA will reveal, how-
ever, the new and oldINPUTITERATOR concept are, in fact,
not fully compatible. The proposal also aims at increas-
ing the genericity of a number of STL algorithms and, to
that end, provides rules for rewriting the current constraints
on type parameters by the appropriate constraints through
the new concepts. For instance, one of the rules specifies
that for the STL algorithmsequal andmismatch, all param-
eters constrained by (the second occurrence of) the concept
INPUT are now to be constrained by the conceptsINCRE-
MENTABLE andREADABLE. CCIA will confirm that (under
additional conditions, see Section 6.4) the application of
this rewrite rule will dispose of 4 requirements, thus makes
both algorithms more generic.

6.2. Experiment Setup

Before the analysis can be conducted, the conceptual
specifications have to be encoded in a form from which
the dependence graph (see Section 5.1) can be constructed.
Unfortunately, this encoding cannot be automated. As ex-
plained, the iterator concepts are specified informally, us-
ing natural language, with parts of the requirements for-
matted as tables (see, e.g., Figure 1). Further syntactic
and semantic requirements are dispersed throughout the
documentation—manual encoding is thus unavoidable.

The conditional specifications that are often used in valid
expression tables represent an additional complication; they
have to be encoded as two different requirements in two dif-
ferent concepts, each corresponding to one branch of the

Old concept Corresponding new concepts
INPUT READABLE, SINGLEPASS

OUTPUT WRITABLE, INCREMENTABLE

FORWARD READABLE, READABLELVALUE , FORWARD

MUTABLEFORWARD READABLE, READABLELVALUE , FORWARD,
BASICWRITABLE, WRITABLELVALUE

BIDIRECTIONAL READABLE, READABLELVALUE ,
BIDIRECTIONAL

MUTABLEBIDIRECTIONAL READABLE, READABLELVALUE ,
BIDIRECTIONAL, BASICWRITABLE,
WRITABLELVALUE

RANDOMACCESS READABLERANDOMACCESS, READABLE,
READABLELVALUE , RANDOMACCESS

MUTABLERANDOMACCESS READABLERANDOMACCESS, READABLE,
READABLELVALUE , RANDOMACCESS,
WRITABLERANDOMACCESS, WRITABLE,
WRITABLELVALUE

Table 1. Correspondences between the old
and the new iterator concepts

condition [10, App. A]. For example, the return type of the
dereference operator “∗a” in FORWARDITERATOR is stated
as “T if X is mutable, otherwiseconst T&” (whereT denotes
the value type,X the type of the modeling iterator) [14, Ta-
ble 75]. To represent this requirement we had to introduce
the MUTABLEFORWARDITERATOR concept corresponding to
the “is mutable” condition. Other conditional specifications
in disguise have the form of optional (type) qualification or
different return types of overloaded expressions. We forgo
the further discussion of the details of the encoding process
as they are not crucial to the case study. Table 1 shows
the intended compatibility between old and new concepts
including the concepts added during the encoding process.
Using this table, compatibility can be decided row-wise: a
concept in the old taxonomy is forward-compatible if any
type modeling the concept also models the new concepts in
the same row. Conversely, a concept of the new taxonomy
is backward-compatible if every modeling type also models
the old concept in the same row.

The setup of the case study is now easy to explain. To
check the compatibility between the old and the new con-
cepts, we proceed essentially as already illustrated in Sec-
tion 5.3: based on the expected compatibilities defined in
Table 1, we redefine all old concepts in terms of their coun-
terparts in the new proposal, that is, we mark all requires-
and refines-relations from the old specification asdeleted
and thenaddrefines-relations from every old concept to the
corresponding new one(s). From there, we build the con-
ceptual dependence graph and then run algorithmConcept
Compatibility. To calculate the changes in the requirements
of STL algorithms, we encode the rewrite rules from the it-
erator proposal (see Section 6.1 for an example) and apply
Constraints Changeto the type parameters of the STL al-
gorithms. The following two subsections discuss the results
of the two CCIA algorithms. An example of the command-
line output of CCIA can be found in Figure 7.
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INPUTITERATOR

operation type
X u(a); X
u = a; X&
a == b convertible tobool
a != b convertible tobool
∗a convertible toT
a→m
++r X&
(void) r++
∗r++ convertible toT

SINGLEPASSITERATOR

operation type
++r X&
r++ X
a == b convertible tobool
a != b convertible tobool

READABLE ITERATOR

operation type
X u(a); X
u = a; X&
∗a convertible toT
a→m

T denotes the value type,X the type of the modeling iterator.

Figure 6. “Valid Expression” tables of the I NPUTI TERATOR concept [14, Table 73] and its (incompatible)
refactoring into the concepts SINGLE PASSI TERATOR and READABLE I TERATOR of the new taxonomy [19]

Full:
InputIteratorModel --> constrains --> Iter (of InputIterator) --> refines --> (DELETED)

T (of CopyConstructible) --> requires --> T (of T t; T(t);)
T (of CopyConstructible) --> requires --> T (of const T u; T(u);)

InputIteratorModel --> constrains --> Iter (of InputIterator) --> refines --> (ADDED)
Iter (of ReadableIterator) --> requires --> T (of typename T::value_type;)
Iter (of ReadableIterator) --> requires --> T (of T::value_type v; T p; v = *p;)

Compatibility-summary:
InputIteratorModel NOT COMPATIBLE
ForwardIteratorModel NOT COMPATIBLE

Compatibility-incompatible:
InputIteratorModel

Requirement "T t; T q = t++;" added 1 times, deleted 0 times. (FORWARD INCOMPATIBLE)
Requirement "typename T::difference_type;" added 0 times, deleted 1 times. (BACKWARD INCOMPATIBLE)

Compatibility-short:
OutputIteratorModelIter

Requirement "T t; T u; T& q = (t = u);" added 1 times, deleted 1 times.
Requirement "T t; const T v; T& q = (t = v);" added 1 times, deleted 1 times.

Genericity-change:
find_first_of::ForwardIterator2 --- Genericity not increased.

Figure 7. Examples of five different kinds of output from the a nalysis

6.3. Compatibility

Surprisingly, the analysis yields that new and old itera-
tors are not compatible. More specifically, none of the 8 old
concepts and their corresponding new concepts (in the sense
of Table 1) is backward- or forward-compatible. Even if we
ignore incompatibilities propagated through the refinement
hierarchy, there are only 3 concepts that introduce no in-
compatibilities on their own:FORWARDITERATORandBIDI -
RECTIONALITERATOR (yet, see the discussion below), and
theMUTABLEBIDIRECTIONAL ITERATORconcept that we had
to introduce (Section 6.2). These 3 concepts will be auto-
matically both backward- and forward-compatible provided
their refined concepts have been made compatible.

Table 2 details the incompatibilities. Following the re-
finement hierarchy, the table lists for each concept exactly
the incompatibilities this concept introduces, that is, omits
those incompatibilities that are only propagated through re-
finement. Each row, thus, corresponds to one incompati-
bility; the kind of incompatibility is indicated in the last

column. For instance, line 1 of the table indicates that
the associated type “value_type” of the old specification
of OUTPUTITERATOR is missing in the specification of the
corresponding new concepts (WRITABLE ITERATOR and IN-
CREMENTABLEITERATOR), which breaks backward-compati-
bility. A further 6 incompatibilities of theOUTPUTITERA-
TOR concept are given in lines 2-7. They all propagate to all
refining concepts—that is, all other concepts except theIN-
PUTITERATORconcept—but are not listed again in the table.

It is important to note that some incompatibilities de-
tected by our analysis are in fact wrong, albeit in a subtle
way that shows a general limitation of our approach. We
indicate all faults on part of the analysis by stricken text in
the last column of Table 2. In all cases, the reason of the
false positive is that the analysis does not take the seman-
tics of the requirements into account. As a purely syntacti-
cal analysis, it cannot recognize mere splitting or merging
of C++ expressions. For example, the requirement “∗r++”
of the FORWARDITERATOR concept is decomposed into two
requirements, “r++” and “∗r”, which are then associated to
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Con. Requirement
1 O typename Iter::value_type; b
2 O Iter r ; Iter q = r++; f
3 O typename Iter::difference_type; b
4 O typename Iter::pointer ; b
5 O typename Iter::reference; b
6 O Iter r ; const Iter & q = r++; b
7 O Iter r ; V o; ∗r++= o; b
8 I Iter r ; Iter q = r++; f
9 I typename Iter::difference_type; b

10 I typename Iter::pointer ; b
11 I typename Iter::reference; b
12 I Iter r ; r++; b
13 I Iter r ; Iter :: value_type q = ∗r++; b
14 F Iter r ; const Iter :: value_type& q =∗r++; b
15 MF Iter r ; Iter :: value_type& o =∗r; f
16 MF Iter r ; Iter :: value_type o; ∗r++= o; b
17 B Iter r ; Iter :: value_type q = ∗r--; b
18 RA Iter r ; Iter :: value_type q = r [n ]; f
19 RA Iter r ; const Iter :: value_type& q =r [n ]; b
20 MRA Iter r ; Iter :: value_type v; r [n] = v; f

whereO=OUTPUT, I=INPUT, F=FORWARD, MF=MUTABLEFORWARD,
B=BIDIRECTIONAL, RA=RANDOMACCESS, MRA =MUTABLERANDOMACCESS

Table 2. The requirements that cause
forward-incompatibility (f) or backward-
incompatibility (b). False positives are indi-
cated by stricken text.

algorithms Del.
reverse_copy, find_end, adjacent_find, search, search_n,
rotate_copy, lower_bound, upper_bound, equal_range,
binary_search, min_element, max_element

1

find_first_of 3, 4
copy_backwards 1, 0
equal, mismatch, transform 4

Table 3. STL algorithms with increased
genericity, grouped by the number of require-
ments removed per parameter (second col-
umn); backward-compatibility is provided.

different new concepts (false positive on line 14). False pos-
itives were identified manually after the analysis has com-
pleted.

6.4. Constraints Change of Parameters

Every backward-incompatibility from Table 2 introduces
an additional requirement on an algorithm parameter, which
it originally did not have to meet. Since it is of inter-
est to understand nevertheless how much the genericity
could increase, we enforced total compatibility for the pur-
pose of the experiment. For every backward- and forward-
incompatibility in Table 3 we accordingly added and re-
moved the corresponding requirement in the old concepts.

Table 3 shows for which algorithms their genericity in-
creases provided the intended compatibility between the
new and the old iterators holds. The algorithms are grouped
by the number of requirements removed for each of their

type parameters. From the 42 STL algorithms that are af-
fected by the changes to the iterator concepts, 17 became
more generic.

7. Conclusions

Generic libraries in C++ use so-calledconceptsto con-
strain type parameters in templates; conversely, concepts
control the degree of genericity of an algorithm or a class.
The task of a generic library designer, therefore, includes
the development of a concept taxonomy for the particu-
lar application domain of the library. Despite their impor-
tance for specification and implementation, however, very
little mechanical support exists for concepts. In this paper,
we introduce the first conceptual change impact analysis,
CCIA. The analysis is a reachability analysis, comprising
a forward-reachability stage and a backward-reachability
stage. For extensibility and scalability, the two stages are
organized in a pipe-and-filter manner.

We applied CCIA to an officially submitted proposal
to change iterator concepts, one of the most fundamental
constructs in STL and other generic libraries. The analy-
sis shows that, unexpectedly, the two iterator concept tax-
onomies are neither forward- nor backward-compatible and
lists the parts of the specification that cause incompatibility.
Its results can help library designers to avoid unintended
effects of a change and, in general, provides a base for as-
sessing its impact.

8. Future Work

As the two next steps, we want to fully automate our
analysis and make it more customizable. To develop CCIA
into a full-fledged tool, we plan to integrate it in the Con-
ceptGCC compiler [7, 9], which is an experimental imple-
mentation of concepts for C++ [10]. Full integration in a
real compiler requires extending our analysis with support
for all linguistic features of concepts, like nested require-
ments, for example.

To make our analysis more customizable, we want
to identify basic “queries”, similar to the queries in
PathInspectorTM [6]. These queries should allow construct-
ing new filters by simple combining basic queries appropri-
ately. We expect already the existing filters,Constraints
Changeand Concept Compatibility, to be decomposable
into smaller, reusable computation units.
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