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Abstract

The reflexion model originally proposed by Murphy
and Notkin allows one to structurally validate a de-
scriptive or prescriptive architecture model against a
source model. First, the entities in the source model
are mapped onto the architectural model, then discrep-
ancies between the architecture model and source model
are computed automatically.

The original reflexion model allows an analyst to
specify only non-hierarchical architecture models, which
is insufficient for larger systems that are decomposed
into hierarchical subsystems. This paper extends the
original reflexion model to hierarchical architecture
models, describes a method to apply this technique, and
reports on case studies conducted on two large-scale and
complex applications (namely, the C compiler sdcc for
8-bit microprocessors and the GNU C' compiler gcc).

1 Introduction

Among the four viewpoints' to describe the archi-
tecture of a software system introduced by Hofmeister
and colleagues is the module viewpoint. The module
viewpoint shows the decomposition of the system and
the partitioning of modules into layers [2], pp. 12-13.

Modules constitute work assignments and are used
to allocate a project’s labor and other resources dur-
ing development as well as maintenance. Examples for
modules are subsystems, packages, classes, processes;
examples for their relations are data and control flow
and use dependencies.

By creating the module view during forward engi-
neering, the architect addresses how the conceptual

1A viewpoint is a specification of the conventions for con-
structing and using a view. A pattern or template from which
to develop individual views by establishing the purposes and au-
dience for a view and the techniques for its creation and anal-
ysis [3]. A view is a representation of a whole system from the
perspective of a related set of concerns.

solution can be realized with available programming
languages, software platforms, and technologies.

Far too often, the module view that was initially
designed is not in sync with the real implementation
due to changes made in the source without updat-
ing the documented module view. Murphy and col-
leagues [6, 7, 8] have developed the reflexion model
technique to reconstruct the mapping from the speci-
fied or hypothesized to the concrete module view. The
basic idea of the reflexion model is to create a hypoth-
esized view from existing documentation or interviews
with architects and then to map elements in the con-
crete module view to the hypothesized view. A tool
then computes resemblances and differences between
the two views.

The technique was successfully used in several case
studies. The most interesting case study—reported by
Murphy and Notkin [6]—is the analysis of Microsoft
Excel, which consists of about 1.2 MLOC of C code.

The original reflexion model does not allow an an-
alyst to structure the hypothesized modules hierarchi-
cally. Yet, large systems are typically decomposed into
modules with submodules. Knodel reports that practi-
cioners noted that the lack of means to further decom-
pose the hypothesized view is a major shortcoming in
the practical use of the technique when he tried the
original reflexion model in an industrial case study at
a system of 1.5 MLOC [4].

Contributions. This paper extends the original
reflexion model to hierarchical hypothesized module
viewpoints (Section 3). The extension requires to de-
fine consistency constraints for the specification of hy-
pothesized views. Because the hierarchical reflexion
model offers multiple levels where an analyst can start,
this paper provides a method for an incremental appli-
cation of the hierarchical reflexion model (Section 4).
We applied the hierarchical reflexion model on two
C compilers (Section 5). A comprehensive discussion
on related research on component recovery has been
published elsewhere [5].
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Figure 1. Terminology translation.

2 Original Reflexion Model

This section describes the original reflexion model
as proposed by Murphy and colleagues [6, 7, 8]. Our
extensions to the technique are described in Section 3.

In the following, we align our terminology with
the TEEE standard [3] and the terminology used by
Hofmeister and colleagues [2] and therefore diverge
from the terminology by Murphy and her colleagues.
A mapping of our terminology and the original termi-
nology used by Murphy is provided in Figure 1.

The hypothesized view of the original reflexion
model is depicted in Figure 2 using the UML nota-
tion. (Note that module viewpoints by Hofmeister
and colleagues [2] are semantically richer.) Concrete
entities are entities that are present in the module
view—in other words—are derived from the source
code. Concrete physical entities are those that
can be immediately derived from the sources (through
parsing) or from the file system. Examples are func-
tions, variables, types, classes as well as files and di-
rectories. Concrete logical entities are coherent
concepts, such as modules and subsystems, that may
not be specified explicitly by means of the program-
ming language. They may be derived by an intermedi-
ate step by means of (semi-)automatic or purely man-
ual component recovery techniques (for an overview on
component recovery techniques, see [5]). Examples for
concrete logical entities are logical modules and sub-
systems. For the purpose of this paper, the distinction
between concrete physical and logical entities can be
neglected. We mention these two types of concrete en-
tities here just to point out that the reflexion model
allows an analyst either to start immediately with the
files and directories (if they represent coherent modules
and subsystems) or to derive the coherent modules and
subsystems first (if the existing system decomposition
into files and directories does not match the logical or-
ganization of the system).

The reflexion model allows to describe the concrete
module view at different levels of granularity. For in-
stance, a system may be organized in global declara-
tions, modules, and subsystems. A part-of relation-
ship is used to specify the composite entity to which

an entity belongs. The part-of relationship is reflex-
ive, asymmetric, and transitive, and each entity has at
most one composite to which it belongs.

Conceptual entities are entities of the hypothe-
sized view. They represent coherent conceptual mod-
ules, that is, key abstractions of the problem or so-
lution domain that are expected to be present in the
system. In the original reflexion model, conceptual en-
tities are not hierarchical (in Section 3, we will extend
the original reflexion model to cope with hierarchical
conceptual entities).

In the following, we are using the convention that
capital letters denote conceptual entities and lower-
case letters denote concrete entities. Graphically, we
are using the UML notation with stereotypes for rela-
tions and entities; we render concrete entities as circles
and conceptual entities as boxes. Hypothesized views
are drawn above concrete views and the two views are
separated by a dotted line.

Concrete entities may reference other concrete enti-
ties, and conceptual entities may reference other con-
ceptual entities. The reference relationship is an ab-
stract dependency relation. In case of concrete enti-
ties, the reference relationship is derived from source
code. Concrete references are, for instance, calls, vari-
able accesses, and type dependencies. We will use ref
to denote the reference relationship in the following.

As an extension to the original reflexion model, we
may arrange types of concrete references in a type hi-
erarchy; the root of this type hierarchy is the reference
relationship. For instance, variable accesses may be ei-
ther reads or writes of a variable. The advantage of
type hierarchies for references is that we can refer to
variable accesses when we mean both reads and writes
of variables. For instance, an analyst can then spec-
ify a general reference relationship in the hypothesized
view—when she does not really care about the exact
type of dependency—or a more specific type, such as
call, if she expects only this type but no other. In the
following, we do not make a distinction between differ-
ent types of references; but it should be obvious to the
reader how such a distinction could be made.

Generally, facts on the concrete view are derived
automatically from source code, whereas the hypoth-
esized view is created by an analyst manually. The
mapping of the concrete to the conceptual entities—
denoted by maps-to—is also specified by the analyst.
This mapping may be partial (because not all concrete
entities are relevant) and should be injective to obtain
results that can be interpreted easily.

Based on the hypothesized and concrete module
views and the mapping between these two views, re-
semblances and differences can be specified as follows
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(cf. Figure 3):

Convergences are references in the hypothesized
view also present in the concrete view.

Divergences are references in the concrete view for
which no reference in the hypothesized view exists.

Absences are references in the hypothesized view not
present in the concrete view.

In the following, we refer to these relationships as
comparison relations. The definitions of the com-
parison relations can be formalized as follows, given a
hypothesized view, C, and a concrete module view, M,
(A, B € C; ref describes the actual reference between
conceptual entities according to the concrete module
view):

ref(A, B) & 3J(a,be M) : (refla,b)
Amaps-to(a) = A
Amaps-to(b) = B)
convergence(A,B) < ref(A, B) A rf’\c;f(A B)
divergence(A,B) & —ref(A,B) A ;\c;f(A, B)
absence(A, B) < ref(A,B) A ﬁ;\c;f(A, B)

3 Improved Reflexion Model

This section discusses problems of the original re-
flexion model and shows how to overcome these.

3.1 Mapping

If not only leaf nodes but also composite nodes in the
module view are mapped, an injective mapping may be
difficult to ensure. Consider, for instance, the mapping
in Figure 4: If a is mapped onto A, we would assume
that all its parts are likewise mapped to A. Yet, one
of its parts, namely, b, is mapped to B. This situa-
tion raises the question what the semantics of map-
pings for composite entities should be. Murphy and
colleagues circumvent this problem by defining a prece-
dence for the mappings rules: Technically, the mapping
is achieved through a specification file that contains
mapping rules. Each rule consists of a regular expres-
sion and a target conceptual entity. The first regular
expression that matches the name of a concrete entity
determines the target conceptual entity. But what if
the mapping is established through a click-and-drop
user interface? Should the precedence be determined
through the order in which mappings were added? We
think this is inappropriate because the order is deter-
mined just by the analyst’s preference for either a top-
down or bottom-up approach (or a mixture of both).

<<maps-to>>

<<rer>>

<<maps-to>>

Figure 4. Inconsistent mapping?

Drawing any conclusion for the semantics of the map-
ping specification is usually inadequate.

Because mappings at the lower levels are more spe-
cific than mappings at a higher level and are rather
used to specify exceptions to larger-grained mappings,
we let lower-level mappings override higher-level map-
pings (a is in concrete view; C denotes the hypothesized
view):

maps-to(a) =
A : maps-to(a, A)
maps-to(parent(a)) : —-3(A € C)maps-to(a, A)

undefined otherwise
a : partofla,a’)
parent(a) = { undefined otherwise

3.2 Hierarchical Reflexion

A shortcoming of the reflexion model is that it does
not allow an analyst to further decompose the hypoth-
esized view. For the architecture of large systems, it is
necessary to be able to describe the hypothesized view
at varying levels of details. This section extends the
original model to a hierarchical model.

An extension to the hypothesized viewpoint using a
part-of relationship (cf. Figure 5) requires to refine the
definitions of ;Zf and the comparison relations. This
refinement should be consistent with the original re-



flexion model. For this reason, let us review the orig-
inal semantics of the reference relationship in the hy-
pothesized view implied by the original definitions of
convergence and divergence:

1. presence of a reference relationship from A to B in
the hypothesized view implies that every concrete
entity that is mapped onto B is visible to every
concrete entity that is mapped onto A

2. presence of a reference relationship in the hypoth-
esized view implies that there must be at least one
such corresponding reference in the concrete view

3. absence of a reference relationship from A to B
in the hypothesized view implies that none of the
concrete entities mapped onto B is visible to any
of the concrete entities mapped onto A

To transfer these ideas to a hierarchical hypothe-
sized view, it is straightforward to introduce a ”lifted”
reference relationship: In case of hierarchical views,
we can specify that a composite entity, A, references
another entity, B, if at least one of the parts of A ref-
erences B or at least one of the parts of B. In other
words, we can lift the reference relationships from parts
to composites.

The adjustments to the definitions of the comparison
relations are more complicated. We need to consider
the influence of a reference relationship between two
conceptual entities view both on these entities and on
their containing entities. Let us first look at an ex-
ample in which we have a reference relation at a lower
level, as sketched in Figure 6. According to the refer-
ence relation between A” and B’, the reference between
a’ and b is a convergence. On the other hand, a naive
definition of visibility could cause the absence of a ref-
erence between A and B to suggest a divergence.

This problem cannot be solved simply by lifting al-
lowable references from parts to their composites. If
the analyst lifted references from parts to composites,
she would allow any other part of the composite to ref-
erence the entity referenced by the part, too. For in-
stance, in Figure 6, v may then also reference b, which
is obviously not intended.

A reasonable interpretation of Figure 6 is to say that
the reference at a lower level is an exception to a must-
not-reference (i.e., absence of a reference relation) at a
higher level. This way the analyst can express: “All
parts of A—except A” and its parts—must not refer-
ence anything of B.” In other words, the more specific
specification (the one at the lower level) overrides the
more general specification.

The second issue with the definition of the compar-
ison relations we need to look at is the influence of
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Figure 5. Concepts in the hierarchical reflex-
ion model.
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Figure 7. Inconsistent hierarchical view?

a reference relationship at a higher level on reference
relationships at lower levels. Figure 7 serves as an ex-
ample. The reference between A and B allows all parts
of a to reference b and would also allow u to reference
b. At the lower level, we find a reference between A”
and B’. On one hand, this reference is subsumed by
the reference between A and B: It allows all parts of
a to reference b. On the other hand, it is also more
specific to the reference between A and B: It does not
allow u to reference b. To decide how this case should
be handled, we need to investigate how this situation
can arise in the first place. We assume a scenario in
which the analyst specifies the hypothesized view inter-
actively and incrementally. We do not know whether
she builds the hypothesized view bottom-up or top-
down. If she worked top-down, it could be that she
wants to refine a reference relationship after she has
gained more knowledge. If she works bottom-up, she
might want to generalize a reference relationship found
at the lower level. Which of these two possibilities lead
to the situation is hard to judge. The order in which
the relations were defined is a hint, but we should not
rely on that. What we can offer instead is a check for
consistency before the hypothesized and concrete mod-
ule view are contrasted. Pragmatically, the check may
be used to just emit warnings rather than to disallow to
compute comparison relations altogether, which is use-
ful for an incremental application of the reflexion model
where temporary inconsistencies are acceptable in the
course of the analysis. On the analyst’s wish, consis-
tency can be turned into a hard precondition. Consis-
tency can be defined as follows (non-hierarchical views

are always consistent according to this definition):

() V(A,B,A",B):
(ref(A, B) N ref(A’, B")A
partof “(A’, A) A partof *(B’, B))
> A=A NB="5

Let us summarize our consequences for the definitions
for ref and wisibles: References at a lower level of the
hypothesized view override absent references at higher
levels; references at lower levels are superfluous if they
are covered by references at higher levels; that is, they
do not imply that siblings of their sources must not
reference the target. Such lower level references can be
removed for computing divergences altogether. Con-
sistency of the hypothesized view—as defined by (x)—
may be checked on demand. The definitions of the com-
parison relations, however, do not enforce (x). Now we
are in the position to define ref and wvisibles appropri-

~ 1
ately (partof™ is the transitive closure of partof; ref is
the lifted actual reference relationship as derived from
the concrete view M; A, B in hypothesized view C):

ref (4, B) o 3(a,be M) : (ref(a,b)
Apartof* (maps-to(a), A)
Apartof ™ (maps-to(b), B))

ref(A, B) A ref (A, B)

ref(A, B) A —ref (A, B)
-3(A4’, B') : (partof* (A, A)
Apartof* (B, B')

Aref(A’, B")) A ref(A, B)

Because of partof*(X, X) holds for all X, the pre-
ceding definitions are consistent with the original defi-
nition by Murphy and colleagues.

Convergence and absence classify existing reference
relations in the hypothesized view, whereas divergences
result from non-existing reference relations in the hy-
pothesized view. Thus, divergence is a predicate on
unexpected actual references immediately derived from
the concrete view. That is why we are using the non-
lifted reference relationship in the definition of diver-
gence. All three relations may be lifted in a hierarchical
hypothesized view—Ilike references—as an information
to an analyst who may want to inspect only one level
of the hierarchical hypothesized view at a time. The
lifting, however, gives only informative annotations be-
cause it may result in divergences, absences, and con-
vergences between the same two composite nodes; for
instance, in Figure 8, ref(a,b) and ref(A”, B') imply a
lifted convergence between A and B; ref(a,b’) implies a
lifted divergence between A and B; ref(A’, B') without
corresponding reference in the concrete view implies a
lifted absence between A and B.

convergence( A, B)

=
absence(A, B) &
divergence(A, B) &
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Figure 8. Lifted comparison relations.

4 Method

This section describes a method to apply the hier-
archical reflexion model. It consists of the following
highly iterative steps:

1. Define the scope for the reflexion model in terms
of the hypothesized as well as the concrete module
view.

2. From available sources of information (documents,
architects, textbooks, directory structures, make-
files, etc.), create a first version of the hypothe-
sized view. Focus on key abstractions that form
larger building blocks. These may be later refined;
yet in the beginning, you should identify what is
in the scope and what may be neglected.

3. Identify initial modules for the concrete view that
implement key abstractions of the application do-
main. In the first iteration, directories may be
considered subsystems and source files may be con-
sidered modules. If the code structure may not
be trusted, automatic and semi-automatic compo-
nent recovery techniques may assist in this step [5].
The key abstractions form a seed for the next
steps. You should start with coarse-grained mod-
ules (modules that may themselves contain mod-
ules) to help with the initial scoping.

4. Map the modules onto the conceptual entities.
Analyze the neighboring modules of the seed mod-
ules to check whether they should be mapped to
the same conceptual entity.

5. Compute the reflexion model.

6. Resolve divergences and absences by adjusting the
mapping (you need to analyze the details now) and
the hypothesized view. You may refine the scope
as well as the concrete and hypothesized view.

7. Continue with step 4 until concrete and hypothe-
sized views are reasonably similar for the task at
hand and the scope chosen.

5. Case Studies

This section reports on two case studies conducted
to investigate the usefulness and feasibility of the ap-
proach in realistic large and complex applications. To
obtain comparable results, both applications analyzed
are similar tools, namely, C compilers. Both compil-
ers are written in C. The entire source code for both
compilers is distributed under GPL.

The first C compiler analyzed is sdcc, a free-ware,
retargettable, optimizing ANSI-C compiler by Sandeep
Dutta designed for 8-bit microprocessors [9]. The cur-
rent version 2.1.8a targets Intel-MCS51-based Micro-
processors (8051, 8052, etc.), Zilog-Z80-based MCUs,
and the Dallas DS80C390 variant. It can be retarget-
ted for other microprocessors, support for PIC, AVR
and 186 is under development. SDCC has extensive
language extensions suitable for utilizing various mi-
crocontrollers and underlying hardware effectively.

The second analyzed application is the well-known C
compiler cc (version 3.1), part of the GNU C compiler
collection (cc! is typically called through the tool gcee,
which acts as a dispatcher to the various compilers: gcc
calls the appropriate compiler based on the file suffix
—gecc itself is not a compiler).

We first introduce our hypothesized architecture for
these two compilers and then describe how the archi-
tectures as-built of the two compilers are mapped on
this reference architecture.

5.1 Hypothesized Compiler Architecture

Our background knowledge in compiler construction
and published compiler architectures, such as the one
by Shaw and Garlan [10], led us to the hypothesized
architecture shown in Figure 9. Note that this architec-
ture is large and complex and, hence, requires hierar-
chical modules. The architecture differs considerably
from the architecture described by Shaw and Garlan
both in terms of details—our architecture has more
details—and the relations in the view: The architec-
ture by Shaw and Garlan is more abstract using logical
control and data flow relations, whereas we consider
reference relations that can be directly derived from
the source. To make the difference clearer, from the
point of control flow successorship, it does not matter
whether module A calls B or whether another mod-
ule D calls first A and then B. In both cases, B is a
control flow successor of A. In a view that has only



references, the fact that A references B is completely
different from D referencing first A and then B. An-
other difference is that the view based on references
does not imply any order in which the references oc-
cur, whereas control flow is necessarily at least a partial
order. It should also be noted that in principal the re-
flexion model also works for more abstract control and
data flow relations; only the analysis to generate these
flow relations is more difficult.

The basic building blocks of the compiler are the
front, middle, and back end and two additional data
structures that represent the input program at differ-
ent levels of details and degrees of source and target
language independence. A source-language specific ab-
stract syntax tree (AST) is used to represent the syn-
tactic nesting of the input program and is later trans-
formed to a more primitive intermediate language (IL)
on which the code optimizations are performed. IL is
highly independent from the source and target lan-
guage. To perform the optimizations, the IL nodes
are embedded in a control flow graph (CFG).

The front end is in charge of analyzing the source
program and is a source-language specific part of the
compiler. The front end generates an AST and a sym-
bol table. The latter allows immediate access to AST
nodes that represent declarations. Some C compilers
integrate a preprocessor module to handle the prepro-
cessor directives. Other C compilers read only prepro-
cessed code and require an external preprocessor. That
is why the module Preprocessor is optional. Another
particularity of C is the ambiguity of identifiers repre-
senting types defined by typedef and other identifiers
in the C grammar. One solution to this problem is to
let the Lezer access the symbol table to decide whether
it should return a token representing an identifier as-
sociated with a typedef or an ordinary identifier. In
the architecture, this solution is anticipated by the ref-
erence from the Lexer to the Symbol Table.

The middle end implements the optimization based
on IL. This part may be reused for different source and
target languages. The back end performs additional
target-language specific optimizations and eventually
generates code.

Control is the driver of the compiler. It initiates the
initialization of all modules by way of module Initial-
ization, sets the command line switches contained in
and offered to all other modules by Global Configura-
tion, and then calls the Parser, the Semantic Analysis,
the mapping of the AST to IL, the various code op-
timizers, and eventually the code generation. An ad-
ditional module offers utilities and error handling to
most other modules.

reference type description

static call
dynamic call

statically bound call of function
call through function pointer

access use, set, or address-taken of a
variable or record component
r-access address-taken of a function
signature type occurs in function signature
of-type type of a variable or record

component
function has local variable of type
one type uses another type for its
declaration

local-var-of-type
based-on-type

Figure 10. Extracted reference types.

5.2 Extraction

For extracting the facts for both compilers, we
used the Bauhaus toolkit [1], which offers an extrac-
tor for C, a points-to analysis based on Steensgaard’s
algorithm [11] to resolve function pointers for a con-
servative call graph, computation of the hierarchical
reflexion model, and support to navigate and visualize
the reflexion model.

Figure 10 summarizes the extracted reference types.
Note that we—unlike the original application of the
reflexion model by Murphy and colleagues—are also
using type dependencies. If a module of one system
were to be used in a different system, the other sys-
tem would need to offer a type comparable to the one
referenced by the reused module. Moreover, the type
dependency gives important information on how the
individual data structures are related. That is why we
are also interested in type relationships.

As it turned out in the case studies, the points-to
analysis was a particularly helpful part of the fact ex-
traction because both systems use numerous function
pointers. Otherwise we would have missed important
dependencies.

5.3 Compiler sdcc

The compiler sdcc is a relatively new and still on-
going development. The compiler is being extended
to support other target languages. As opposed to ccl,
sdcc supports only one source language. It has one
principal author, but many people are currently con-
tributing to its extensions. The sources consist of about
100 KLOC of C code (including comments and blank
lines; counted with the Unix tool wec). The 49 source
units that make up the system contain about 2.360
global declarations in total (header file.h and code
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file file.c together comprise a source unit file) and
about 15.300 references in between.

The modules of sdcc map easily to the hypothesized
architecture in Figure 9. We needed six iterations to
establish the mapping. Each iteration refined the map-
ping and the hypothesized view further. Altogether,
the whole architecture reconstruction process took us
about six hours.

We started with mapping source units and directo-
ries. All the references in Figure 9 could be confirmed
(sdcc does not have a module for preprocessing). How-
ever, there were many divergences. As a matter of fact,
the dependency graph for sdcc is a highly connected
graph at the source file level. We then refined the map-
ping at the level of global declarations after investigat-
ing the divergences. We mapped 45 global declarations
to conceptual nodes different from those to which the
source units were mapped that contain these global
declarations. These global declarations were mostly
mapped on Global Configuration, which contains infor-
mation about the currently processed compilation unit,
function, output filename, etc. In one notable case, we
mapped a character buffer declared but not referenced
in the AST module to module Utilities. We also refined
our hypothesized view: We overlooked the dependen-
cies from IL and Code Generator to the Symbol Table.
Both the basic blocks in the CFG and the operands
in the IL refer to symbols stored in the Symbol Table.
This information is also needed for code generation.
Another dependency we added later was the one be-
tween Symbol Table and Target Machine Description
because symbols in Symbol Table also refer to register
descriptions.

Still, even after the refined mapping, there are still
many divergences. The reasons for these divergences
are that later compilation stages require information
from earlier stages that are not transmitted through
the AST or IL modules. Symbol Table refers to vari-
ables of Parser to obtain the declaration block number
and line number in which a symbol was declared when
a new symbol is created by function newSymbol. This
dependency seems to be questionable because the cur-
rent block and line number could also be transferred
as a parameter to newSymbol. Comparable functions
in Symbol Table actually obtain these values as param-
eters. Similarly questionable dependencies exist from
AST to Parser.

There are accesses from the Back End to the Parser,
which are most questionable, too: The Parser declares
and initializes (statically) two variables that adminis-
ter stack sizes for activation records. The Parser does
not use or manipulate these variables otherwise. These
two variables are referenced only in later compilation

stages.

The optimizations are actually triggered by the Back
End and not—as we assumed—by Control directly.
However, Control calls a module of the Back End which
in turn starts the optimizations.

Other unexpected divergences are caused by local-
var-of-type and signature dependencies. They are
harmless from an information hiding point of view, yet
do represent a static dependency.

Another kind of interesting unexpected dependen-
cies are dynamically bound calls through function
pointers. Some of these divergences may be caused by
the overly conservative points-to analysis we used (the
analysis is both context and flow-insensitive). Never-
theless, these dynamic calls let us uncover an interest-
ing architectural pattern in sdcc used to parameter-
ize the compiler for the various supported target plat-
forms. Certain optimizations require additional infor-
mation on the target platform, such as number and
types of register and so on. The target platform is an
exchangeable part of the compiler so that the optimiz-
ers cannot reference a certain back end directly. In-
stead they obtain the necessary information through a
data structure representing the target machine. There
is one instance of this data structure for each target
machine. Each instance is configured for the specific
target machine with appropriate function pointer val-
ues that yield the machine-specific information upon
call. This way, sdcc does not need to be recompiled for
each platform; the same executable of sdcc may gener-
ate code for all supported platforms. By similar means,
IL obtains register names from the back end.

This kind of parameterization is very different from
other cross-compilers such as ccl. As we will see in the
next section, ccl is parameterized statically through
code generation and may be configured for only one
target platform at a time.

Another dependency through dynamic calls exists
from the Parser to the Back End. This dependency
is due to passing pragma directives that are specific to
a platform directly to the Back End. Finally, there is
another dependency through dynamic calls from Utili-
ties to the Code Generator: Utilities offers an abstract
data type set. This set type offers an access function
that allows one to apply a function passed as parameter
to all members of the set.

5.4 GNU Compiler ccl

The first stable version of the C compiler cc1 was re-
leased in 1990. Since then it has evolved and many pro-
grammers have contributed to it. Today, ccl consists
of about 500 KLOC (including comments and blank



lines; counted with the Unix tool we).

The compiler cc! supports code generation for vari-
ous platforms, similarly to sdcc. However, the compiler
can be configured for only one platform at a time. The
configuration of cci we analyzed generates code for
Linux/Intel 686.

As opposed to sdcc, the overall architecture of the
GNU compiler collection supports multiple source lan-
guages. The compilers for these source languages share
a common middle and back end.

The build process for ccl creates three static li-
braries that are linked to the sources of the language-
specific front end. One of these libraries, namely [ibib-
erty, offers re-usable utilities. Because this library does
not really belong to the core of cc1, we excluded it from
the analysis. The other libraries, libcpp and libback-
end, implement the C preprocessor and the language-
independent optimizations and code generation of the
GNU compiler collection, respectively. The latter is re-
used for other compilers in this collection. The name
of this library is somewhat misleading as it constitutes
both the middle end (platform-independent control and
data flow analyses and optimizations) and platform-
specific code generation (register allocation, assembler
generation, and peephole optimizations); but from the
perspective of the language-specific front ends, this dis-
tinction does not matter.

The two selected libraries and the front end con-
sist of 156 source units. Some of these source units
are automatically generated (namely, the scanner and
parser from a lex/yacc specification and the platform-
dependent code generator from a target-machine de-
scription). The sources contain about 13.600 global
declarations (variables, constants, functions, types)
and 104.000 references between these global declara-
tions. Because of this huge amount of global decla-
rations, we mapped only source units onto conceptual
entities and did not further refine the mapping at the
level of global declarations.

We mapped the source units onto the architecture
described in Figure 9 where we refined this architecture
by additional modules as part of the existing ones. The
mapping took about eight hours.

The language-specific part of the compiler ccl pre-
processes the sources (by means of an integrated pre-
processor), analyzes C (lexically, syntactically, and se-
mantically), and creates an annotated abstract syntax
tree (AST). The AST is transformed into the regis-
ter transfer language (RTL), a language and platform-
independent intermediate language, on which control
and data flow analyses and optimizations operate.
Eventually, the optimized RTL is transformed to as-
sembly code.

It was straightforward to identify and structure the
Front End. Also the basic division of the modules into
middle and back end was relatively easy because the
target-specific part consists of only a few source units,
one of which automatically generated. Likewise, it was
relatively easy to assign meaning to the modules in
the middle end. Yet, the number of divergences was
enormous. Figure 11 shows the references between the
source units of ccl: The modules in the middle and
back end are highly coupled such that a hypothesized
view without divergences would resemble a fully con-
nected graph.

On the other hand, the Front End is relatively
loosely coupled to the other subsystems. The only ref-
erences from the other subsystems to Front End are
initializing calls and the call to the parser. As one
would expect, there is no reference from Control to the
preprocessor, so it is hidden from Control whether the
internal or an external preprocessor is used.

One particularly strange divergence at first sight was
a reference from the Middle End to the Preprocessor.
As it turned out, this dependency is caused by a hash
table implemented for the preprocessor and used by the
middle end. For programs linked with libbackend,
this requires to link libcpp as well. To resolve the
divergence, the hash table may be moved to Utilities
conceptually. Interestingly enough, there are at least
three different hash table implementations in gcc.

A more interesting divergence is a coupling between
the code for profiling and the Front End. The profiling
instrumentation injects own functions being called at
the entry of a user-defined function. To generate these
artificial functions, a compilation of a function is faked:
The body is created by AST constructors and then
the semantic analysis is started to eventually generate
code. For a correct semantic analysis, the profiling
instrumentation calls functions to enter and exit scopes
declared in Front End.

6. Conclusions

This paper extends the reflexion model to hierar-
chical hypothesized views and describes a method to
apply the technique. The method was applied to two
large and non-trivial systems. The size of both systems
called for hierarchical hypothesized views. The analy-
sis of the resulting reflexion model led to adjustments
in all three constituting parts: the hypothesized view,
the concrete view, and the mapping.

Although some parts of the methods may be auto-
mated (extraction, computation of the reflexion model,
visualization and support for navigation), the process
is mainly manual. Considerable domain knowledge is



Figure 11. Module dependencies for  cc1.

required for the hypothesized view and the mapping.
Although we were not familiar with the implementa-
tion of the two systems we analyzed, we succeeded in
the mapping in relatively short time. A critical fac-
tor for this success was the relatively high coherence of
the concrete modules which allowed us to map whole
source units with only minor adjustments. If the con-
crete module view needed to be recovered before, the
whole process would have taken much longer.

One shortcoming of our current implementation of
the reflexion model is that it is based on references only
(although we do extract a rich set of references includ-
ing calls through function pointers). More abstract re-
lations are required to specify hypothesized views that
abstract from irrelevant details. In particular, we need
abstract transitive control and data flow relations.

An overall observation of the two case studies is that
architecture reconstruction is a difficult task, highly it-
erative and manual to a large extent due to the com-
plexity of the systems. The highly idealized architec-
tures one finds in the literature turn out to be very com-
plex in real implementations. There are typically many
more references as suggested by idealized architecture
descriptions. These references are partly a consequence
of software aging and ad-hoc changes, but they are also
due to the inherent complexity of the application. Even

the still idealized compiler architecture in Figure 9 has
many dependencies, for which there are good reasons.
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