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Abstract—
Many organizations depend on software systems that represent large

capital investments. Changes in the economics of the surrounding hard-
ware and operating systems continually reduce the value of such systems.
For example, the economics of software tools for engineering changed dra-
matically when personal computers running the Windows operating sys-
tems overtook Unix workstations running Unix andmainframe as preferred
hardware and operating systems platforms. Many critical tool capabilities
remain tied to these older platforms. In this paper we discuss several ap-
proaches to investing in the migration of such systems to preserve or en-
hance their value in the face of such evolution. We focus on the approach
we call unwrapping. We contribute two results. First, we define unwrapping
and we characterize it in terms of its position in a spectrum of related ap-
proaches, with unrestricted reengineering at one end and wrapping at the
other. Second, on the basis of our experience with two case studies in the do-
main of software tools, we identify a set of technical problems that appear
to arise commonly in unwrapping projects. Awareness of such problems
can help design decision-makers to anticipate technical risks and thus to
make better decisions about how to manage legacy migration; and it builds
the case for research in particular dimensions.

I. INTRODUCTION

Existing software systems often represent major capital in-
vestments. As with nearly any machinery, the value of a soft-
ware system tends to decline as the economic and technology
context changes [2], [5], [29]. Changes in hardware and op-
erating systems have an especially great impact because these
platforms are the means by which the functions of the software
are delivered to users. For example, the ascension of personal
computers and associated operating systems and user interface
styles significantly diminished the value of many software tools
for engineeringmodeling and analysis on Unix workstations and
mainframes.
Reimplementing such tool functions on new platforms can

have obvious benefits. First, valuable functions can be accessed
through the most economical means. Second, the capabilities of
the new technologies add value to the existing tool function. So-
phisticated graphical interfaces and interoperability features can
enhance the value of earlier bare-bones Unix implementations
of engineering modeling and analysis functions, for example.
Such benefits are unfortunately not free. The value added by

a new implementation must be calculated net of cost. The prob-
lem is that the cost of an entirely new implementations is often
prohibitive. A more cost-effective approach in many cases in-
volves use of existing code as raw material in the production of
a new version for a new operating environment. This aspect of
software evolution—often called legacy migration—is the topic
of this paper.
We discuss a particular legacy reuse approach that we call un-

wrapping. In particular, we discuss unwrapping in the context

of the migration of software tools for engineering applications.
The approach is not new: it has probably been used for almost
as long as software has been built. Our contributions are to iden-
tify it as a distinct approach, to name it, to put it in context with
related approaches, to discuss tradeoffs in selecting it over re-
lated alternatives, to document some of the technical difficulties
designers face in using the approach, and to discuss implications
for future research and for the development of tools to support
it. We discuss two case studies that we undertook in developing
a new tool, and from salient points of our experience we discuss
the factors that contributed to our decision making process.
The unwrapping approach is based on three main assump-

tions. First, many tools are organized as two roughly identifi-
able bodies of code without a sharp modular interface separat-
ing them—i.e., as proto-modules. One proto-module comprises
what we will call the core code; the second, the superstructure
code, or what Shaw called packaging. The core implements the
primary computational function of a tool. The superstructure
embeds the core within a technology-specific operating envi-
ronment. For example, a fault tree analysis tool [38] will con-
tain certain core algorithms and data structures for solving fault
trees. That core code will be integrated with superstructure code
providing the interface to the environment: to file systems, sys-
tem calls, input and output devices, etc.
The second assumption is that core code has often evolved

into a state of considerable complexity: it mostly works but it
is poorly documented, poorly understood, complex, brittle, and
critical. By critical we mean that the consequences of compro-
mising the correct functioning of the code could be significant.
Breaking the code that performs fault tree analysis, for example,
could infl uence key design decisions that lead to the production
of critical systems having less than the required levels of reli-
ability. The key point is that these properties place a demand-
ing premium on using such core code without change—or, more
precisely, without any change whose correctness is not obvious.
The third assumption is that there are significant costs associ-

ated with the retention of legacy elements of the old superstruc-
ture in a new technology context. One of the primary drivers
of efforts to implement existing functions in new technology
contexts is to break completely from dependence on obsoles-
cent technology. Any remaining dependencies of the core on
old technology would preclude separation, defeating the pur-
pose of the reimplementation exercise. More subtly, including
old superstructure elements in the new context incurs costs in
design inconsistency and associated development, maintenance,
risk, and perhaps runtime costs. This is true even if this is done
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without dragging in the old technology itself, such as the hard-
ware on which the old operating environment runs. It is always
ideal from a technical perspective to retain only core code and
no legacy superstructure.
The problem is that even if the legacy superstructure can be

separated from the old technology, the intertwining of core and
superstructure makes it hard to isolate the core for use in the
new environment. The designer thus has to make a tradeoff of
an economic nature. The tradeoff is driven by the presence of de-
pendencies of core code on legacy superstructure that are hard
to break without changes that risk compromising the correctness
of the core code. The designer is forced to decide how much of
the legacy superstructure to include in the new implementation
in order to avoid having to make such risky changes, while also
avoiding burdensome costs of including legacy code and tech-
nology in the new system.
A tradeoff spectrum emerges. At one end, it is easy to reuse

a core without change if the entire legacy superstructure is in-
cluded in the new system. A new superstructure suitable for
the new environment is superimposed upon and encapsulates the
old superstructure. This is the familiar wrapping approach [1],
[30]. A Windows program could wrap a Unix tool, for example,
by presenting an interface whose functions make remote proce-
dure calls to the legacy tool running on the legacy platform. No
dependencies of the core on the legacy superstructure need to
be broken or rebound, nor are dependencies of the legacy su-
perstructure on its legacy environment disrupted; so few or no
changes have to be made to the existing system. The problem
is that this solution fails to satisfy the common requirement that
the core function work in the new environment alone—that the
legacy environment be left behind entirely.
At the other end of the spectrum, dependencies of the core

on the legacy superstructure and of the legacy superstructure on
the legacy environment can be eliminated entirely by the unre-
stricted reengineering of the core code. Chikovsky and Cross
define reengineering as “examination and alteration of a sub-
ject system to reconstitute it in a new form and the subsequent
implementation of the new form [13].” Reengineering involves
reverse engineering the existing code to produce a specification,
followed by development of a new implementation. The prob-
lem is that this approach involves unrestricted changes to the
legacy core, which, as we have observed, can carry unaccept-
able costs and risks, not to mention development intervals.
In general, neither approach is economically optimal. Un-

wrapping seeks solutions in compromise positions. By unwrap-
ping we mean an approach whose fundamental operation is the
identification of a boundary along which a legacy system is sep-
arated, in the simplest case, into two bodies of code in an eco-
nomically optimal or suitable manner. One part contains the
core, but also, in general, some legacy superstructure elements.
The other part contains only legacy superstructure that is to
be discarded. The first part, the extended legacy core, is then
wrapped or otherwise modified, consistent with the stricture on
changes that are hard-to-verify, to sever any remaining depen-
dencies on the legacy environment and to make it suitable for
integration into a new system.
In general there are many boundaries along which such a sep-

aration can be made. Each boundary has an associated economic

payoff corresponding to the benefits of having the core function
in the new context, net of costs over the lifetime of the result-
ing system. The costs depend on the factors that we have dis-
cussed: an up-front design cost that depends on the complexity
of the task of separating the core; the cost of any delays incurred
in producing code that functions in the new environment; any
downstreammaintenance and evolution costs incurred by incor-
poration of any superfl uous legacy elements or by the use of a
legacy core; as well as any performance overheads incurred by
retention of legacy structures, including both runtime overhead
and continued dependence on legacy technology.
Speaking informally, the potential value of unwrapping in a

particular case is the maximum payoff over the set of bound-
aries that can be selected. At one end of the spectrum, as we
have noted, is the wrapping of the entire legacy system, includ-
ing hardware technology. Close to that extreme is the wrap-
ping of the entire legacy application but with a separation from
the legacy hardware, typically by the provision of a virtualizing
layer, such as a legacy environment emulator, running on the
new platform. More interesting cases occur as the boundary is
moved inward, cleaving off parts of the legacy superstructure
and virtualizing some parts of the cleaved environment as nec-
essary to enable the newly isolated core to work. Other legacy
superstructure elements are incorporated into the new core be-
cause separating the core from themwould be too costly or risky.
We call these unwanted but hard-to-remove elements “warts.”

legacy hardware�

legacy operating system�

legacy superstructure�

legacy core�

new hardware�

new operating system�

new superstructure�

wrapper�

legacy core�

Fig. 1. The reuse of a system using unwrapping.

Figure 1 illustrates the unwrapping concept. Figure 1a depicts
one possible extracted core embedded in a legacy superstructure
running on a legacy platform. It also represents dependencies of
the core on the legacy superstructure, and of that superstructure
on the core. Dependencies are illustrated by lines with circles on
the ends. The circles indicate the elements depended upon. Fig-
ure 1b depicts the unwrapped core, with both warts and unbound
dependencies included. Figure 1c depicts the integration of the
unwrapped core into a new system: only the unwrapped code,
along with any unremovedwarts, is wrapped for integration into
the new system. The wrapper servers two purposes. First, it
binds the dependencies of the legacy-core-with-warts required
for the core to operate, through the provision of an interface that
virtualizes those parts of the legacy superstructure on which the
core continues to depend. Second, it provides a clean interface
to the core for use by the new system.
In the next section we make the idea of unwrapping concrete

by discussing the integration of embedded legacy tool code into
our tool, Galileo. In particular, we have integrated into Galileo
computational cores from two Unix-based legacy fault tree anal-
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Fig. 2. Screen shot of Galileo

ysis tools: DIFTree [22] and MCI-HARP [6]. Sections III and
IV present details of the unwrapping of the legacy cores. Sec-
tion V presents our evaluation of the unwrapping concept based
on work done to date. Section VI discusses research related to
unwrapping. Section VII concludes with a discussion of options
for future work.

II. OVERVIEW OF THE GALILEO PROJECT

The Galileo project is a case study in the construction of soft-
ware tools using an approach we call package-oriented pro-
gramming (POP) [35], [36]. It is also a project involved in
producing novel tools for reliability engineering. In particular,
the project is building a novel fault tree analysis tool that is in-
tended for use in the reliability engineering of aircraft. POP is an
approach in which multiple shrink-wrapped packages are used
as large-scale components to be integrated into systems. Our
goal was to use POP to build a fault tree analysis tool initially
supporting the computational core of an earlier Unix-based tool
called DIFTree III. Galileo was to have significantly enhanced
usability features and was to run on a Windows platform.
Fault tree analysis [38] is a reliability engineering model-

ing technique. A fault tree model of a system expresses how
component-level failures combine to produce system-level fail-
ures. See Figure 2 for an example. The interior nodes are called
gates. They express how lower-level failures combine to pro-
duce higher-level failures. Traditional fault tree models employ
combinatorial “and” and “or” gates. The failure that a gate rep-
resents is assumed to occur if the specified combination of fail-
ures corresponding to the children of the gate has occurred. The
top-level gate in a tree represents the condition under which a
particular system-level failure occurs. At the leaves of a tree
are “basic events,” whose stochastic failure characteristics are
specified as inputs. Fault tree analysis computes the stochastic
failure characteristics of the system-level failure based on the
characteristics of the basic events and the structure of the fault
tree. DIFTree is distinguished in its support of special gates that
express infeasible combinations of failures (useful in keeping

the required computation manageable), and that express tempo-
ral relations required for failures to occur and causal relations
that describe how failures can cascade through a system. The
technical details are not critical in this paper.

The original implementation of the core analysis functions
of DIFTree was hosted in a superstructure that implemented
graphical and textual manipulation using a complex combina-
tion of Unix mechanisms, including the pipe-and-filter compo-
sition of separate executable programs, the use of programming
tools such as Tcl/Tk [28], Python [37], Perl, and operating sys-
tem calls. We wanted to reuse the core without change in Galileo
while severing all ties to Unix. We were faced with removing the
Unix-based superstructure, including editing and storage func-
tions, the use of Unix scripts, and the pipe-and-filter structures
that were used in integrating aspects of the core analysis algo-
rithm.

Upon inspecting the existing computational core we found it
to be extremely complex and brittle and also intertwined with
elements of the Unix-based superstructure. The complexity pre-
sented daunting barriers to rewriting the code and to changing
it. In the complexity of the existing code were embedded many
subtle decisions that were critical to the correctness of the com-
putation, but which were documented nowhere outside of the
code itself.

We ruled out complete reengineering for two reasons. First,
we were afraid that we would get a new implementation wrong
for not knowing all of the special-case logic in the existing, com-
plex code. Second, for similar reasons, we judged that we could
not change the existing core code in any substantial way with-
out running a serious risk of compromising its proper function-
ing. The code was extremely complex, having been designed,
implemented, and maintained by less-than-expert programmers.
Third, we were not sure that the Galileo tool would be well re-
ceived “by the market,” so we were loath to make the substantial
up-front investment needed to produce a completely reimple-
mented core in the face of such uncertainty about the ultimate
payoff. Rather, we sought an iterative, prototyping approach in
which we would produce a system at a low up-front cost, with
the option to make substantial changes in the future contingent
on the success of the prototype [12]. We eliminated compre-
hensive reengineering as an alternative on both technical and
economic grounds.

Similarly, complete wrapping of the existing tool including
the legacy Unix environment was judged not workable. The
point was to provide a version of the tool at low cost on desk-
top PC machines. Wrapping the whole implementation while
breaking its dependences on Unix was also judged not accept-
able. There would have been many problems with such an ap-
proach. The legacy user interface and process structures were
wholly incompatible with Windows. We would have had to em-
ulate Unix system calls. We would have ended up with an ex-
tremely complex tool that had parts written in both compiled
C++ and interpreted Perl and Python languages. It was clearly
not an optimal solution, even in light of our need for an inexpen-
sive, evolutionary prototype of a Windows-based tool. We were
left with unwrapping as apparently the most attractive approach.
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Fig. 3. File system and console usage in DIFTree.

III. UNWRAPPING DIFTREE

The design and implementation of the DIFTree tool, includ-
ing the legacy core, comprised 32,159 lines of C++, C, Perl,
Tcl/Tk, and Python. The program was quite poorly designed
to begin with (though quite clever in its core data structures and
algorithms), and its structure was further compromised by unco-
ordinated changes made by four graduate students over several
years. The core source code was extremely hard to understand,
and almost completely undocumented. Developed for use on
Unix, the DIFTree tool as a whole was structured as several ap-
plications communicating with each other, with the user, and
with the operating system through a variety of interfaces, as il-
lustrated in Figure 3.
In Section III-F, we discuss the results of the unwrapping,

rebinding, and integration of the DIFTree core into the new en-
vironment. However, it is useful at this point to view Figure 4 in
comparison to Figure 3. As one can see, the dependence on the
Unix file system for inter-module communication has been re-
placed with memory-based communication, and the dependence
on the console has been replaced with a graphical interface. Fur-
thermore, the Dysol.pl and Stsol.pl modules have been removed,
and their use of the file cache replaced by a hash in memory.
The rectangles in the middle of the figure represent the dif-

ferent Unix programs constituting the tool. The arcs represent
data fl ows between these programs and their supporting environ-
ment. The outer oval shape is meant to suggest that the central
computational elements of the tool are embedded in and to some
extent intertwinedwith a superstructure consisting of a graphical
front-end and the Unix operating system: its console interface;
file system; and command shell, as invoked by system (program
invocation) calls. The shapes in the lower oval represent aspects
of Unix that the tool uses. For example, the tool maintains a
cache of partial results within the file system.
The user creates fault trees with the DIFTree front-end imple-

mented in Python and Tcl/Tk. When the analysis is begun, the
front-end outputs the fault tree to a file using a text-based repre-
sentation, and invokes SplitTrees. The user then enters analysis
parameters through the SplitTrees console interface. SplitTrees
reads the fault tree file and partitions it into subtrees that are

output as text files for solution by DynaSolver and Dredd. Split-
Trees generates control files containing simulated user input for
Dysol.pl and Stsol.pl (Perl programs), which are invoked with
Unix system calls.
Dysol.pl and Stsol.pl consult the file-system-based cache of

results of previous computations. If a cached file matching the
current inputs is found, Dysol.pl or Stsol.pl copies the cached
data to make it appear as the expected result. In case of a cache
miss, Dysol.pl or Stsol.pl generates another control file contain-
ing simulated user input to drive either DynaSolver or Dredd.
Dysol.pl and Stsol.pl capture and cache the output files gener-
ated by DynaSolver and Dredd and then return the results and
control to SplitTrees.
As an added complication, DynaSolver uses the file system

internally to store temporary values involved in producing the
matrices that are ultimately passed to the mathematical library.
This kind of implementation detail, which results in embedded
dependencies on the legacy environment, complicates the pro-
cess of legacy code reuse. A key part of the unwrapping ap-
proach is to locate and then to “rebind” these kinds of depen-
dencies. By rebind we mean to identify and create surrogate im-
plementations to replace functionality not provided by the new
environment. We now describe the unwrapping process and its
application to DIFTree in more detail.
In the following five sections, we describe the steps of the

unwrapping process in the context of the DIFTree example,
namely: finding an internal interface, identifying dependencies,
extraction of the core, wrapping the exposed core, and integrat-
ing the wrapped core into the new superstructure. In Section
III-F, we discuss the results of this work.

A. Find a Suitable Internal Interface

The first step in unwrapping a legacy system is to identify an
interface that separates the core from the superstructure, consis-
tent with value maximizing (or at least value-producing) trade-
offs under uncertainty and limited resources. Examples of fac-
tors to consider while choosing a suitable interface are: the time
available; the difficulty of isolating the interface; the labor re-
quired in removing the superstructure at that interface; the en-
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gineer’s knowledge of the system; the warts that will remain af-
ter unwrapping is finished; and the superstructure dependencies
that will have to be reimplemented in the new environment.
A common tradeoff, in our experience, is the speed of inte-

gration versus the number of warts remaining in the unwrapped
core. An unwrapping approach using an interface “close to
the surface” of the legacy tool might realize short-term gains
more quickly, while incurring higher long-term costs, perfor-
mance degradation, and possibly architectural incoherence. On
the other hand, an approach that utilizes an internal interface
that circumscribes the desired core code tightly might result in a
cleaner integration, but requires a higher up-front investment of
time and other resources.
Our requirementsmade the option of wrapping DIFTree in its

entirety unattractive. One alternative that we considered briefl y
was to unwrap it to enough to make it independent of the Unix
operating system, but to leave it structured as a set of separate
processes. We discarded this alternative because it would have
required the use of Perl and yielded a poorly structured design
that would have been costly to manage, even in the short term.
Instead, we decided to unwrap more aggressively, so that the
core code would be integrated into Galileo as a statically linked
library. That degree of unwrapping exposed several dependen-
cies of the core on the legacy superstructure that we had to re-
bind, including the dependence on console I/O. Concern regard-
ing performance also led us to choose an internal interface that
removed the file system.

B. Identify Dependencies

The next step in unwrapping is to identify dependencies of the
remaining core on parts of the superstructure being removed. In
some sense the consideration of dependencies plays a role dur-
ing the selection of a suitable unwrapping interface, since tight
coupling increases the cost of separation. Likewise, the diffi-
culty of resolving dependencies between the core and its new
environment can affect the location of the unwrapping interface.
In addition to the file system and console dependencies men-

tioned earlier, DIFTree relied upon other aspects of its environ-
ment. The simplest case was a system call within SplitTrees to
the Unix date program, which, on the Windows operating sys-
tem sets the date instead of prints it. In invoking Dysol.pl and
Stsol.pl, DIFTree depended on the availability of Perl, and on
the meaning of Unix shell redirection. DIFTree also depended
on the Gnu C++ library [24], since it relied on particular defi-
nitions and on a memory allocation component called Obstack.
Furthermore, the code assumed a specific version of the com-
piler that allowed the use of C++ language constructs that later
versions did not. Lastly, DIFTree assumed the the console to
be a part of the user interface, an incorrect assumption for the
Windows-based Galileo.

C. Physically Extract the Core

The next step is to physically separate the source code im-
plementing the core from that implementing the superstructure.
The source files we removed entirely were those related to the
graphical front-end and the parsing of the textual representation
of a fault tree, as well as Dysol.pl and Stsol.pl. Fortunately, no

files contained both superstructure and core code. If they had,
we would have split the files in order to isolate the core code.
A particularly difficult aspect of the legacy environment was

Obstack, a memory management class, from the Gnu library
mentioned earlier. At first we intended to simply remove the
dependence on this component, but our lack of understanding of
its precise behavior and its widespread use in the desired core
code suggested that this would be risky. Rather than change the
core so that Obstack was not used, we decided to port it—as a
wart—to the new environment.
Other dependencies on the legacy environment manifested

themselves not as explicit source code references, but rather as
subtle system dependencies. For example, we found that the
core depended upon an outdated compiler, which required that
we modernize the code in order to remove incompatibilities re-
sulting from changes in the source language’s definition.

D. Rebind Dependencies and Wrap Interface

After core code has been unwrapped, exposed dependencies
must be rebound. A wrapper around the extracted core can serve
this purpose (as well as to provide a better interface for use by
the new host environment). Warts from the legacy system be-
come encapsulated within the core’s new wrapper, as do any
necessary functions that must be reimplemented as a result of
being removed during the unwrapping process.
For example, we rebound DIFTree’s use of the Unix date

program by substituting standard date routines in the C++ li-
brary that provide equivalent functionality. Similarly, the wrap-
per implemented a graphical window consistent with the user
interface of the Galileo tool, and redefined the C++ cout and
cin within the core to use the graphical window instead of the
Unix console.
We used a variety of approaches to rebind dependencies on

the Unix file system. We removed the user interfaces to Dyna-
Solver and Dredd and replaced them with direct function calls,
passing simulated user input contained in the control files as ar-
guments. In the case of the large complex data file used within
DynaSolver to store temporary values, we identified two possi-
ble means of removing the dependence on the file system: ei-
ther to reverse-engineer the data file’s format to a high-level ab-
stract representation, or to keep the complex data format, but
store it in main memory instead of a file. Because we were
not comfortable with the risk that we would misunderstand the
file format, we decided to replace the file stream with a stream
to memory by rebinding the C++ ostream file interface to a
strstreammemory-based one. Since the semantics of ostream
and strstream were comparable, we were confident that this
change did not adversely affect the code.
The file system is also used by DIFTree to store three different

fault tree representations, which are input into SplitTrees, Dyna-
Solver, and Dredd. Unlike the large DynaSolver file, these files
were easier to understand, which allowed us to identify the syn-
tactic elements that corresponded to specific fault tree structures.
Using this correspondence as a guide, we unwrapped SplitTrees
to remove its file output, and then created a wrapper that built an
equivalent data structure in memory. In this way, we were able
to replace the non-standardfile communication with the transfer
of a canonical fault tree data structure in memory.
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Next we adapted the input routines of SplitTrees and Dyna-
Solver to use the new data structure. Because these modules
used LEX and YACC [23], [25] to parse their input files, we
were able to use the semantic action rules of the parsers to de-
termine how to populate SplitTrees and DynaSolver’s internal
data structures for a given fault tree data structure. For example,
when the original system parsed a basic event and its parame-
ters, the add params() function in the legacy core was called.
Similarly, our wrapper acquires the analogous parameters from
the Galileo abstract data type and calls the same function. Thus,
we engaged in a re-engineering task within the overall unwrap-
ping exercise.
Our approach to removing and rebinding the file caching im-

plemented by Dysol.pl and Stsol.pl was to create a hash data
structure in memory in which the keys are the inputs to Dyna-
Solver or Dredd and the values are the resulting outputs. Since
the result returned by the solvers is small in size, the amount
of memory required to hold the hash values is correspondingly
small (about 6 bytes for each subtree solved).

E. Integrate Core Into New System

Once the core has been wrapped to resolve exposed depen-
dencies and to provide a suitable interface for use by the new
system, it is integrated into the new environment. We found that
wrapping and integration occur simultaneously to some extent
because one must be cognizant of the future environment when
constructing the wrapper.
The strategy we chose for integrating the core into the new

system was to set a series of milestones to ease the integration
process. The first milestone was to compile the modernized
source code (including part of the superstructure) on the Unix
platform, but with a new compiler. The second milestone was to
compile the same source code on the Windows platform. Both
of these milestones helped isolate any remaining dependencies
on the legacy system.
During the next milestone, we removed the remaining super-

structure from the core code, and compiled the core as a library
to be used by Galileo. It was at this step that we encountered
unanticipated interactions between the newly integrated core

and the new environment. In particular, we found that Dyna-
Solver and SplitTrees referenced different global variables by
the same name, a problem referred to as “name clash”. To
solve this problem, we encapsulated the two modules to limit
the scope of the variables.
The final milestone was to modify the Galileo superstructure

to invoke the DIFTree core. At this point we discovered a more
serious integration problem in that all of the legacy components
were designed to simply abort execution on detecting an error.
This approach was workable in the context of loosely coupled
Unix applications, but it was untenable for tightly coupled com-
ponents within a Windows-based program.
To resolve this issue, we modifiedGalileo to validate the input

before the core code was invoked in order to ensure that none
of these error conditions could occur; and we provided error-
handling code that would gracefully exit Galileo in the case of
catastrophic error. In other words, we had to reverse engineer
the core code responsible of exiting the program to derive pre-
conditions strong enough to prevent that code from executing
unsafe statements.

F. Results

The careful unwrapping and integration of DIFTree into the
Galileo project resulted in the merger of a rich user super-
structure and a state-of-the-art analysis functions. By making
DIFTree available on the Windows operating system we have
expanded the market for the tool, so that over 400 people have
downloaded it over a two-year period. Our work also created a
close collaboration with engineers at Lockheed-Martin, which
has helped in the development of both Galileo and DIFTree.
Having resolved the uncertainty over the demand for our tool
while hedging our risks on the cost front, we are now under-
taking a more costly and comprehensive reengineering of the
legacy core to resolve long term maintenance and correctness
problems.
Referring back to Figure 3, the unwrapping interface we

chose included the core elements of SplitTrees, DynaSolver,
and Dredd, except for the textual fault tree parsers, textual out-
put routines, and system calls. Figure 4 shows the structure
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of the resulting implementation, where DIFTree’s core elements
have been unwrapped, their legacy dependencies rebound, and
then wrapped. We rebound dependencies on the file system to
memory-based methods, the console user interface to a graph-
ical one, and operating-specific system calls to function calls.
The canonical fault tree data structure is now the common for-
mat exchanged between SplitTrees and the subtree solvers, with
object translators replacing the parsers in the legacy system.

IV. THE MCI-HARP CASE STUDY

Our second application of unwrapping was the integration,
into Galileo, of another fault tree solving engine called the
Monte Carlo Integrated Hybrid Automated Reliability Predictor
(MCI-HARP) [6]. Using Monte Carlo techniques, this program
simulates stochastic failures of the basic elements of a fault tree
to determine the probability of overall system failure. Unlike
our careful integration of DIFTree, our goal for MCI-HARP
was to produce a prototype integration quickly as a proof-of-
concept for purposes of demonstrating the potential of package-
oriented-programming to collaborators at NASA. The tradeoffs
made during the work described in this section were in favor of
time instead of long-term system structure.
MCI-HARP has had a long history, beginning in 1981 as a

fault tree evaluation package called HARP, developed at Duke
and Clemson universities [17]. About seven years later HARP
was used in a Monte Carlo simulator (MCI-HARP) built at
Northwestern University [32]. For about the past five years, the
system has undergone several enhancements at NASA, and is
now called MCI-HARP. All told, about 20 people at four insti-
tutions have worked on it.
Unlike DIFTree, MCI-HARP integrates computation and

fault tree editing into one executable program. Its console-based
interface is menu-driven, and it uses files as input and output and
to store data between program executions. At about 38,000 lines
of Fortran code, MCI-HARP is 18% larger than DIFTree, but is
better modularized.
In contrast to the decision to remove dependencies on the files

system made in the DIFTree project, we chose to retain the files
used by MCI-HARP in order to avoid the costs associated with
removing them. The costs would have been higher in this case
in part because, unlike the DIFTree case, we lacked a conve-
nient way to rebind them using a strstream object. Because
of the modular nature of the code, we found it easy to iden-
tify a reasonable interface to the computational core in the form
of a simple function call, two input files, and a report in a text
file for output. In choosing this interface, we bypassed MCI-
HARP’s superstructure for editing of fault trees, thereby render-
ing it “dead code”. Because this was a prototype integration, we
did not perform the step of physically separating the core code
from the superstructure.
Because MCI-HARP had been ported to several platforms

(including Intel-based computers), there were no adverse de-
pendencies upon the operating system, and no compiler-specific
constructs in the code. However, the computational core did rely
upon the input text files generated by the superstructure. We de-
termined the extent of core’s dependence on the input files by
examining the contents of the files themselves and referring to
the software’s extensive documentation. We determined the for-

mats of the data in the files by talking to the original developers
of the software at NASA and the University of Virginia. This
task was somewhat more difficult than with DIFTree because
the files did not have an easily identified correspondence with
the Galileo fault tree representation.
There were two major issues during the rebinding and wrap-

ping phase. The first was the need to implement a wrapper that
fabricated MCI-HARP’s input files from a Galileo fault tree ob-
ject and which then called the computation engine. This was
straightforward given our previous reverse engineering of the
file formats. Similarly, we wrote a simple routine to read the
result of the computation from the output file and return the de-
sired value.
The second issue was the legacy console interface. Here we

encountered a significant difference between Fortran and C or
C++: the PRINT statement in Fortran is part of the language
and can not be redefined. This forced us to modify the code at
every output statement. We wrote a small script that replaced
each call to PRINT with a call to an external C++ procedure that
we wrote. After rebinding the Fortran PRINT statement to our
implementation in this manner, we were able to use the same
technique that we used in DIFTree to replace the standard cout
with a GUI-based implementation. Thus, in this unwrapping
exercise, we did change core code, but only in a way that was
easy to understand and verify.

V. EVALUATION

Naı̈ve wrapping of DIFTree in its entirety would have saved
us the trouble of having to modify the original code, but it would
have caused unacceptable problems:

1. inefficiencies of file-based communication
2. the possible need to implement a “screen scraper” [39], a
wrapper that captures console output and presents the data to
an external program
3. the need to port part of the Unix operating system or re-
main on Unix and communicate with Galileo over a network
4. the need to distribute a Galileo tool that would run using
multiple processes dependent on Perl and Python
5. a poorly constructed componentwithin the well-structured
Galileo system

While it is not quite fair to compare across computer architec-
tures and operating systems, a DIFTree solution that previously
took about 45 seconds to compute on an unloaded 167 Mhz Ul-
traSparc 1 on a network file system took only 6 seconds to com-
pute on a single-user 133 Mhz Pentium. Informal timing of the
original code using the Unix time command shows that of the
45 seconds, about 36 seconds (80%)were spent in an I/O-bound,
non-running state. We infer that most of this overhead resulted
from the use of pipes and the file system to communicate data
between the Unix processes that constituted the primary mod-
ules of DIFtree.
Wrapping MCI-HARP without modification would have re-

quired us to write a screen scraper to capture console output,
and to simulate extensive user interaction to create fault trees
using its built-in support. Furthermore, following this course
would have incurred extra overhead and redundant superstruc-
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ture. Unwrapping MCI-HARP to remove its support for fault
tree creation simplified the functional interface substantially.
As a prototype integration, we did not physically remove

MCI-HARP’s code resulting from unwrapping, however we es-
timate that about 1,700 lines of code were rendered unreachable
by our modifications. The wrapper we constructed consisted of
283 lines of code, which does not include the GUI code that we
reused from SplitTrees. In addition, 1283 lines of code were au-
tomatically added by the transformation that rebound the PRINT
operation.
Using unwrapping followed by rebinding and wrapping, we

were able to integrate two legacy systems into a modern appli-
cation while removing undesirable dependencies on the Unix
operating system, graphical and console interfaces, and the for-
eign language processors. Part of the success of these projects
is because the operating system and console interfaces represent
levels of functionality that are well defined, narrow, and usu-
ally easily accessible. For tools, the separation between the core
and superstructure appears likely to hold. It is not yet clear how
successful this technique would be for other legacy systems.

VI. RELATED WORK

Unwrapping is clearly related to a great deal of work on re-
verse and re-engineering, especially that on reusable component
extraction. We also address work on wrapping and repackaging.

A. Reusable Component Extraction

Much work has been done on the extraction of reusable com-
ponents from legacy source code [4], [9], [10], [11], [18], [26],
[14], [15]. Space prevents us from discussing many useful re-
sults. Our work could use many of the tools and techniques
that have been developed. However, what is important is that,
though not immediately obvious, our work differs substantially
from previous efforts in this area.
Previous work starts with the assumption that legacy systems

might contain code with reuse value. The work seeks tools and
techniques to identify and then to extract candidate reusable
code, which is then evaluated and reengineered for purposes of
populating a reuse library. Etzkorn and Davis, for example, seek
natural-language and structure-analysis-based tools for “identi-
fying reusable subroutines or code fragments in legacy systems
[18].” Similarly, the reuse re-engineeringwork of Cimitle, Can-
fora, et al. [9], [10], [11], is founded on the basic notion of
candidature, which involves the application of code analysis,
often using semantically powerful tools, to identify potentially
reusable elements in poorly understood legacy code.
Our work differs from these previous efforts in its basic as-

sumption: we know that our legacy system contains code that
we want to reuse. Our problem is not to ascertain the presence
of potentially valuable code within legacy systems, but to extract
valuable code that we already know is there, without breaking
it. The task, then, is to determine the most suitable interface
between the core and superstructure.
There is little doubt that the use of code analysis tools,

whether semantically rich or not, could assist in this process.
We have not used semantically rich tools to date, owing to the
real-world messiness of our legacy systems, which are written in

multiple languages, which use Unix-based composition mecha-
nisms, and so forth. The use of semantically light-weight ap-
proaches, such as refl exion model techniques [26], promises to
be especially valuable as an aid in unwrapping. Automated ap-
proaches to user interface reengineering such as that used by
Csaba [15] and Claßen, et al. [14] might be used to help unwrap
and rebind complex text-based user interfaces utilizing menus
and windows. Tool support for automatically identifying sys-
tem dependencies, such as the work of Baratta-Perez et al. [4],
also offers a good first step in separating core code from super-
structure.

B. Wrapping

Unlike unwrapping, wrapping is now a widely known ap-
proach to legacy code integration. Much work has been done
in this area. Much of the interest comes from the business sec-
tor, where CORBA [27], OLE [7] and similar developments en-
able encapsulation of legacy systems behind distributed object-
oriented interfaces. The theory of wrapping was addressed by
Parodi [30], who identified four major types of wrappers, and
Aronica and Rimel [1] who examined implementation issues.
Wiederhold’s CHAIMS [31] defines a high-level language for

composing largemodules, often wrapped versions of legacy sys-
tems running on legacy platforms and invoked by remote proce-
dure call. Baker described procedures for wrapping C-language
libraries using C++ [3], and Van Camp used wrappers to im-
prove library portability [8]. Flint [20] wrapped legacy COBOL
applications using an object-orientedwrapper. Reznick wrapped
Unix applications to enhance their functionality [33]. The HP
Encapsulator provides a wrapper-based framework for integrat-
ing Unix tools into the HP SoftBench environment [21]. Many
of these techniques might be useful in wrapping core code once
unwrapped.

C. Flexible Packaging

DeLine’s work on Flexible Packaging [16] allows the devel-
oper to defer some design decisions about the external interac-
tions of a core component until integration time. The core com-
ponent, called a “ware” is integrated with a wrapper, called a
“packager”, which provides an external interface suitable for a
given environment. By substituting different packagers a spe-
cific ware can be made usable in a number of contexts.
Flexible Packaging is a natural complement to unwrapping.

Unwrapping deals with the isolation of a core component and
the removal of the superstructure. By modifying the core’s ex-
ternal interface, it can be made into a ware that supports a num-
ber of packagers. Unwrapping extends the notion of Flexible
Packaging beyond newly developed code, to include valuable
core code that already exists but is integrated into existing sys-
tems.

D. Systems Reengineering Patterns

Systems reengineering patterns is a nascent field of research,
the goal of which is to codify and document the processes
by which systems are reengineered. The Framework-based
Approach for Mastering Object-Oriented Software Evolution
(FAMOOS) project [19] is currently constructing a handbook
consisting of patterns describing how to perform reengineering
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tasks. Stevens [34] provides a survey of current work in the
field, as well as several example patterns.

This paper presents a candidate strategy that can be further
elaborated into a reengineering pattern for inclusion into the cat-
alog of standard practice. By making the process explicit in a
pattern, we can create a discrete unit of knowledge that can be
learned and applied in relevant contexts.

VII. CONCLUSION AND FUTURE WORK

Unwrapping as we have defined it in this paper refers to a
style of reengineering legacy code for reuse in a new technology
context when valuable core code is too complex and brittle to
be changed significantly with confidence. Unwrapping leaves
the core code unchanged but for changes whose correctness is
easily verified. The key question in an unwrapping activity is
where to draw the boundary at which point dependences of the
part inside are severed from the parts outside by virtualization
of the relevant parts of the outer part.

We have characterized this decision as being fundamentally
an economic decision. We want to emphasize here that in par-
ticular it is generally also a decision made in the face of uncer-
tainty: about the immediate and downstream costs, benefits, and
technical risks of any given choice. In one case we wrapped a
legacy core without change but were surprised to find that our
system failed when the core code took an action (exit) that was
appropriate in the Unix environment but not in the Windows
environment. The cost to wrap the core thus increased unex-
pectedly, in that we had to enhance the wrapper to prevent such
inputs from reaching the core, and doing that required under-
standing the core in significantly greater detail than we had an-
ticipated.

One area for future work is of course in tool support for un-
wrapping. But we would like to suggest that tool support for
decision-making might also be useful. Modeling the up-front
and downstream costs, benefits, and technical risks the uncer-
tainties involved, and the designer’s tolerance for risk (e.g., in
changing core code, or in wrapping it without fully understand-
ing it), we hypothesize, could help engineers to make better
choices in how to get value from complex code embedded in and
intertwined with increasingly obsolescent hardware and soft-
ware environments.

In addition to tool support, process guidance might be de-
veloped and evaluated. In our case studies, for example, we
addressed uncertainty by building a series of prototypes that re-
solved specific issues, and analyzing the technical details of our
options.

The contributions of this paper are the identification and char-
acterization of unwrapping as a distinct approach in the con-
text of other related approaches, and the examination of rel-
evant tradeoffs and technical difficulties involved in using the
approach in the context of a case study in the domain of soft-
ware tools. We also framed unwrapping as involving a process
of decision making under uncertainty with an economic (utility
maximization) objective. We did not show how to make such
decision problems precise.
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