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Abstract

Architectural modeling and analysisis a critical phase in
developing large and complex software systems. The use-
fulness of multiple views has likewise long been recog-
nized. In this experience report, we explain how we used
two ADLs to model a system initially described in UML.
The system (SCRover) is designed and built in close col-
laboration with NASA's Jet Propulsion Laboratory, using
their Mission Data System technology. We describe (@)
the processes that we used to extract architectural models
from the UML description, (b) the way in which each
ADL was used to model the system, (c) a classification of
the architectural defects we uncovered, and (d) a com-
parison of the relative benefits of the two ADLS in terms
of the different classes of defects they uncovered.

1. Introduction

It has long been recognized that multiple architectural
views of a large and complex software system are neces-
sary to understand the system’s different aspects [3][10].
These views may not contain the same details of a system,
or they may be suitable for varying analyses to discover
different errors. Each of these views can be considered to
represent different conceptual architectural models of the
system. For example, some models may be more suitable
for code generation, while others may be more suitable for
forma analysis with respect to topology, interfaces, or
interaction protocols. However, in the pantheon of archi-
tectural modeling approaches, it is still unclear what these
different approaches focus on, how they relate, and what
benefits they can provide in increasing the quality of a
software system. Thus, when making decisions about how
to model a system, it is often hard to determine the best
approach to take, and whether the effort required in pro-
ducing different models will provide sufficient benefits.

A case in point is the role of modeling in the design of
SCRover. SCRover is a mobile robot designed based on
the Mission Data System (MDS) architectural style [5][6]
from NASA'’s Jet Propulsion Laboratory (JPL) and built
using the MDS implementation framework. MDS is an
architectural approach being promoted by JPL, to stream-
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line the development of software for space missions.
SCRover is designed and developed in full collaboration
with the MDS team and is sufficiently complex to be in-
dicative of typical autonomous robot software used in
NASA'’s space missions. Additionally, it isbeing used asa
testbed for research by various ingtitutions into increasing
the dependability of NASA’s space software, through
NASA’s High Dependability Computing (HDC) project
[15].

The SCRover project represents a typical approach to
developing MDS-based systems. The modeling ap-
proaches applied can thus be transitioned to other MDS
adaptations. Furthermore, the errors detected in the design
of SCRover may be indicative of the types of errors en-
countered in other MDS-based systems.

The broad applicability of SCRover means that it is
also an attractive testbed for applying modeling technolo-
gies. SCRover was designed in the context of the MBASE
software process [20], which extensively employs UML.
The architectural nature of MDS makes SCRover an ideal
candidate for architectural modeling. Architectural as-
pects of SCRover are difficult to extract from the UML
documentation, and automated analysis of the documenta-
tion is not practical. Instead, peer-reviews are used to ana-
lyze SCRover’s design documentation.

In this paper we document our experience in using two
architecture description languages (ADLs), Acme [8] and
Mae [17], to model SCRover." Both models were based
on the UML design. Both Mae and Acme are good repre-
sentatives of ADLSs, and the automated analyses provided
by their accompanying tool support are important in de-
tecting architectural defects.

The architectural models produced by each approach
focus on different aspects of a system and actualy un-
cover different and complementary errors when applied to

! Note to reviewers: A related paper [2], also submitted to this con-
ference, provides a complementary view of this effort. While that paper
focuses on the use of testbeds like SCRover for speeding technology
transfer, this paper provides in-depth discussion of the use of ADLs for
modeling MDS systems, specificaly detailing (a) the processes used to
recover the architecture from UML, (b) how MDS systems were mod-
eled, and (c) a fine-grained classification and analysis of the architec-
ture-related defects found in this effort.



SCRover. In this paper, we describe how each approach
used the SCRover documentation to develop the two ar-
chitectural models and discuss the differences that re-
sulted from focusing on different aspects of the original
documentation. We show how these differences led to the
automatic detection of distinct classes of errors, and how
automatic analysis yields better results than peer-review of
the SCRover documentation for architectural defects.

This experience serves as a data point for how two dif-
ferent architecture modeling approaches can be used in a
complementary manner (both with one another and with
UML) to uncover different errors in software systems.
This experience can also serve as a start for researchers to
identify other complementary tools and techniques that
help detection of other defect classes. Even though this
paper reports our experience on one example in the space
software domain, we feel that it is indicative of a broader
range of software systems that use UML documentation,
but also have a non-trivial architectural style.

The rest of this paper is organized as follows: Section 2
provides some background to software architectures and
architectural modeling, and introduces MDS and
SCRover. Section 3, describes the multiple views used to
model SCRover, discusses details of each approach, and
the process of developing each model. In Section 4, we
evaluate the results of each of the approachesin terms of a
fine-grained classification of architectural defects. Section
5 summarizes the lessons learned and the future work is
discussed in Section 6.

2. Background

2.1. Software Architecture

While there are numerous definitions of software archi-
tecture [1][16][18], the basis of al of them is the notion
that an architecture describes a system’s gross structure
using one or more views. These views shed light on con-
cerns such as how the system is composed, its main path-
ways of interaction, and the key properties of its parts.
Furthermore, an architectural description ideally includes
sufficient information to alow analysis and critical ap-
praisal.

At its core, an architectural description language
(ADL) [13] typically represents an architectural model as
a graph of interacting components (e.g., [4][8][14]).
Nodes in the graph (the components) represent the princi-
pal computational elements and data stores of the system:
clients, servers, databases, etc. Arcs are termed connec-
tors, and represent the pathways of interaction between
the components, which can be realized in a system by a
complex base of middleware and distributed systems sup-
port. To account for various behavioral properties of a
system, elements in the graph can typically be annotated
with property lists, although the precise mechanisms for

this differ between ADLSs. For example, properties associ-
ated with a connector might define its protocol of interac-
tion, or performance attributes (e.g., delay, bandwidth).

There are a number of benefits to constraining the de-
sign space for architectures by associating a style with the
architecture. An architectura style typically defines a set
of types for components, connectors, interfaces, and prop-
erties, and may include rules that govern how instances of
those types are composed. Requiring a system to conform
to a style has many benefits, including support for analy-
Sis, reuse, code generation, and system evolution
[4][14][16][21]. Any architectural model has some archi-
tectural style, whether this is explicitly recognized and
ally defined or not. Analysis of an architectural model
cannot be defined rigorously without appeal to a particular
style, even if that style merely states that every component
must have certain properties.

2.2. Mission Data System (MDS)

The Mission Data System (MDS) [5][6] is a methodol-
ogy, an architectural style, and an implementation frame-
work designed and built by NASA’s Jet Propulsion Labo-
ratory (JPL). It captures decades of experience of devel-
oping space software so that the lessons learned on earlier
systems can be applied to new space missions, and defines
a product family approach to space mission software. The
goa of MDS is to bridge the conceptual gap between sci-
entists, system engineers, and software developers. It aso
strives to provide a set of tools and methodologies that
enable building reliable systems and help reduce the de-
velopment cost by promoting reuse and preventing erro-
neous behaviors early in the development life cycle.

The MDS design methodology offers a technique for
capturing the data in terms of Sates, Commands, and
Measurements. Moreover, MDS component types are
designed to be Controllers, Estimators, Sensors, State-
Variables, and Actuators. They interact by manipulating
or communicating data. A set of constraints that govern
mani pulation and communication of the data among archi-
tectural elements forms the MDS architectural style. The
MDS implementation framework offers implementation-
level abstractions that adhere to the MDS style. The
framework is a C++ library of approximately 250,000
lines of code that provides over 35 reusable packages for
common functionality such as state-oriented control, event
logging, time services, data management, visualization,
and units of measurement.

2.3. SCRover

The SCRover project [2] is a collaborative effort by the
University of Southern California (USC) and JPL to de-
velop a campus public safety robot performing mission
scenarios representative of JPL's planetary rover mis-
sions. It is designed and built using the MDS methodol ogy
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Figure 1. SCRover high-level architecture

and implementation framework. In the version of
SCRover used in this report, its functionality includes
basic robot navigation and control capabilities such as
moving along awall, turning as needed, and avoiding ob-
stacles. In addition the robot reports the images obtained
by its camera, range information, and sensor and battery
health data. The implementation has over 3000 lines of
code in addition to the MDS framework code.

The SCRover project is intended to serve as a testbed
for research and academic organizations to help accelerate
the software engineering technology maturity and transi-
tion in the context of NASA’s High Dependability Com-
puting (HDC) project [15]. With this potential scrutiny in
mind, SCRover was designed carefully using the MBASE
process, with extensive documentation for requirements
and design, and extensive use of design reviews.

3. Multiple View Architectural Modeling
for SCRover

The high-level architecture of the SCRover is shown in
Figure 1. In accordance with the MDS architectural style,
each high level component shown in the figure will be
further refined into corresponding Controller, Estimator,
Adaptor, and Sate variable components, with connections
between them. These components and connectors interact
according to the stylistic constraints of MDS. The rest of
this section describes each of the three models of
SCRover and how the architectural models were derived
from the UML models.

3.1. TheMBASE-UML Modeling Approach

Initially the architecture of the SCRover system was
designed by a separate research group at USC using a
subset of UML in the context of USC's MBASE process
[20]. MBASE offers a set of integrated models that cap-
ture product, success, process, and property models of the

system under the development. MBASE provides an ap-
proach for negotiating requirements, capturing operational
concepts, building initial design models, capturing feasi-
bility rationale, assessing project risks, and planning the
life cycle. These aspects are captured in separate docu-
ments that are constantly maintained to ensure their intra-
consistency.

MBASE's Software and System Architecture Descrip-
tion (SSAD) is a 140-page long document that uses a sub-
set of UML diagrams (use-case, class, and sequence dia-
grams) to model the topology and interactions among dif-
ferent SCRover's subsystems. The SSAD also models the
process that leads to achieving the specified system goals.
Additionally, English prose, tables, and other conventions
are extensively used to further elaborate the functionality
of the system. Specifically, the SSAD focuses on the fol-
lowing aspects of system design:

o System Analysis elaborates the goals of the system, the
processes by which the goals may be achieved, and the
use-cases associated with scenarios that describe these
processes.

Architectural Design describes the topology of the sys-
tem in terms of components and their interfaces (i.e.,
method signatures). It describes the components’ be-
haviors in English, and the system’s overall behaviors
using sequence diagrams. Use-cases model the manner
in which components are used in the system.
Implementation Design further refines the components
in terms of class diagrams that specify the compo-
nents attributes and their provided interfaces. The
Operations are associated with interfaces, and are
modeled in terms of pre- and post-conditions captured
in English.

The SSAD provides a starting point for understanding
a system’s structure and functionality. However, the lack
of formal semantics associated with UML manifests itself
in this process. Moreover, the use of English prose, a-
though descriptive, hampers effective modeling of the
system since no automated support may be provided to
ensure the consistency and correctness of the specifica
tion. Instead, peer-reviews of the documentation are per-
formed to ensure both its internal consistency, and its
compliance with the MDS architectural conventions.

In the context of our experience, the complexity of
SCRover and the underlying MDS architectural style mo-
tivated us to consider other modeling approaches that
would enable automatic analysis and help to revea a
broader class of errors early in the development process.

3.2. The Acme Modeling Approach

In order to model systems written using the MDS
framework, the Acme team first encoded the MDS archi-
tectural conventions as an Acme style. We based the style
on a set of documents elicited from JPL. The documents



were manually translated into Acme by extracting the

element types and trandating the rules into Acme from

English text. The resulting style captures the high-level

vocabulary and rules governing the architectures of all

MDS systems.

The architectural style consists of six component types
(e.g., Sensor, Actuator, Controller), eight connector types
(e.g., Command Submit, Measurement Request, State Up-
date), seventeen port types and eighteen role types, in
addition to 39 formal rules that specify the correct topol-
ogy of an MDS system. Figure 2 illustrates a small seg-
ment of an architecture written in this style. This segment
depicts interaction between a Controller, an Actuator, and
an Estimator. In this interaction, the Controller submits a
command to an Actuator viaits Command Submit connec-
tor. The Actuator then notifies the Estimator that it re-
ceived a command. Subsequently, the Estimator queries
the Actuator to find out what the command was. Examples
of the rules to ensure that thisis a legal configuration ac-
cording to the MDS style are:

1. If an Estimator is notified of acommand by an Actua-
tor, then that Estimator must query the Actuator for
the command.

2. Only one Controller may be connected to an Actua-
tor.

3. An Actuator must have the same number of Com-
mand Submit, Command Notification, and Command
Query ports (one for each type of command that it re-
ceives).

The first MDS rule above can be captured in Acme
with the following predicate:®

invariant (forall e :! EstimatorT in self.components |
(forall cnp :! CmdNotProvT in e.ports |
(forall a :! ActuatorT in self.components |
(forall cnr :! CmdNotReqgrT in a.ports |
(connected (cnp, cnr) ->
(exists cqr :! CmdQryReqrT in e.ports |
exists cqp :! CmdQryProvT in a.ports|
connected (cqr, cqp)))))));
This rule, in addition to others, is automatically
checked by the Acme tool set.

3.21 TheAcme Process

The Acme team primarily used the SSAD to develop
an architectural model of SCRover. The followed process
consisted of three phases that built up evidence for the
types of components and connectors in the architecture.

Phase 1. Identify components and possible connec-
tions. Primarily using the class diagrams, the components
are identified, and then the connectors are recorded based

2In this rule, self refers to the system, italicized words refer to prede-
fined Acme functions, and the clause <name> :! <type> means that
<name> declares the type <type>
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Figure 2. A Controller/Actuator/Estimator pattern in MDS

on their associations in the diagrams. Because a particular

UML association between components may be one of

several possible architectural connectors, some of these

are marked as possible pending further evidence from the
other phases.

Figure 3 gives an example of a diagram from the
SSAD, showing an interaction between a Position &
Heading Estimator and the Hardware Adaptor.? From this
diagram, it is straightforward to derive the existence of an
Estimator component. However, there are several choices
as to what the association in the diagram could mean:

e The Hardware Adaptor is being used as a Sensor, and
either the Estimator is periodically requesting meas-
urements, or it is notified of measurements from the
Sensor. The direction of the arrow argues against the
former; if it is the latter, however, there is no corre-
sponding measurement requested by the Estimator, as
necessitated by MDS rules.

e The Hardware Adaptor is being used as an Actuator,
and the Estimator is either notified of a command, or
is querying a command. For similar reasons as above,
we cannot tell which connector it actualy is.

To resolve the above ambiguity, we need the informa-
tion from Phase 2.

Phase 2: Refine connections based on sequence dia-
grams. Evidence from messages in sequence diagrams is
used to substantiate and disambiguate possible connectors
obtained from Phase 1. If a message cannot be mapped to
any possible connectors from Phase 1, a connector is
added to the architecture based on knowledge of the MDS
style. The connector is marked as an omission from the
SSAD class and interaction diagrams.

Figure 4 shows the portion of a sequence diagram from
the SSAD used to disambiguate whether the Hardware
Adaptor is being used as a Sensor or Actuator by the Po-

3 In the Acme MDS architectural style, Actuators and Sensors are
distinguished as separate entities whereas in the SSAD they are bundled
together in Hardware Adaptors. The mode of use of an Adaptor dictated
whether it was a Sensor or an Actuator in this process.
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sition & Heading Estimator, and to determine the type of
connection between the two components. The method call
and parameter name suggest that the Estimator is polling a
measurement from the Adaptor, leading to the conclusion
that the hardware adaptor is being used as a sensor in this
case, and that the connection is a measurement request.

Phase 3: Review and resolve inconsistencies. In order
to complete the MDS architecture, the final phase reviews
the results of the previous phases against al the other
available documentation. Any inconsistencies that arise
from decisions made in Phase 1 or 2 are also reviewed. If
an inconsistency is found, “reasonable” decisions based
on knowledge of the MDS architectura style are made. If
necessary, Phase 1 and/or 2 are followed again.

3.22 AcmeView of SCRover

At the end of this process we have an architectura
view of SCRover that shows the components involved in
each control loop, their connections, and the relationship
between control loops. For example, from the model it is
evident that the Position and Heading Controller uses
information from both SCRover’s Position and Heading,
as well as the nature of known Obstacles. It is also imme-
diately apparent from the model that components query
Sensors and State Variables directly, and are not notified
of changes (which the MDS style alows).

3.3. TheMaeModeling Approach

Acme models were primarily used to capture stylistic
congtraints. Conversely, Mae [17][21]was used to model
the refinement of the SCRover components’ functionality
and enable analysis of architectura mismatch. Mae is an
extensible architectural evolution environment that en-
ables modeling, analysis, and management of different
versions of architectural artifacts, and supports domain-
specific extensions to capture additional system proper-
ties.

At its core Mae leverages xADL 2.0 [4], an XML-
based ADL. xADL 2.0 is acollection of modularly organ-
ized XML schemas that represent components, connec-
tors, and interfaces. Extensions to XxADL may be built to
represent additional architectural properties via new XML
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Estimator

T
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Figure 4. Portion of SSAD’s sequence diagram
showing interaction between Adaptor and Estimator

schemas. The extensions used for modeling SCRover are
depicted in Figure 5 (b).

Mae employs the Static Behavior extension to xADL's
core to capture static behavioral properties of the system.
Figure 5 (a) depicts how a component type is specified in
the context of this schema: pre- and post-conditions and
invariants are used to statically describe the state of the
component using a set of variables (StateDecl); invariants
may constrain the values for these variables, signatures
are instances of an interface type (not shown in the fig-
ure), and in addition to a pointer to their parent type, have
a name, a direction (provided or required) and a set of
interface elements; an interface element in turn is speci-
fied in terms of a method signature, and is mapped to one
or more operation where associated pre- and post-
conditions are captured; finally, the subtype field is used
to capture relationships among components.

The MDS Types extension shown in Figure 5 (b) was
built by extending the static behavioral model to capture
namespaces and complex inheritance information for
components. Finaly, the MDS Implementation schema
links architectural artifacts to their implementation-level
counterparts. This extension is primarily used for code
generation from the architectural model.*

3.3.1 TheMaeProcess

These extensions in concert define a specific ADL that
can capture al the functional requirements of architectural
elements in the context of MDS. To build a Mae architec-
tural model of SCRover, we needed to refine the models
in the MBASE-SSAD document. This process was cen-
tered on the following two activities:

Phase 1: Identify Components and Connectors. Simi-
larly to the experience of the Acme team, the Mae team
extensively used the class diagrams to identify compo-
nents and connectors in the system. Sometimes compo-
nents were formed by merging two or more classes that
together would correspond to an MDS component type
(Controller, Estimator, etc.). Once the components were

* The details of MDS Types and MDS Implementation schemas may
not be described in this paper as they may be subject to the U.S. Interna-
tional Trafficin Arms Regulation (ITAR).
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al identified, their interconnections were established by
leveraging associations in the diagrams. Additional con-
nectors were also identified in the next phase, when the
components' interfaces were modeled.

Phase 2: Refine component services in terms of inter-
faces and their associated operations. Once the compo-
nents were identified, we needed to specify the services
they provide to the system, as well as those they require
from the system. The former were directly obtained from
the UML class diagrams, while the latter were derived
using a combination of class diagrams and the detailed
information provided in the implementation design section
of the SSAD, aong with extensive help from a SCRover
system architect.

Using this information, we were able to partially model
the system in Mae. Additional work was required in con-
verting the pre- and post-conditions as specified in the
implementation design section of the SSAD into first-
order logic expressions required by Mae due to two obsta-
cles: (1) These conditions were specified in English prose
and often lacked proper connection to a component’s
state. Consequently a great portion of the Mae team’s ef-
fort focused on determining and formalizing these condi-
tions, such that they can be later analyzed by Mae; (2) The
Operations specified in the SSAD failed to identify the
signatures (interface types) to which a given interface
element belongs. Identifying these signatures required
intimate knowledge of the MDS stylistic rules that dictate
specific interactions among components and connectors.
This also was performed in close collaboration with a
system architect.

3.3.2 MaeView of SCRover

Following the above process, we constructed a com-
plete Mae model of SCRover. For illustration, a partia

specification of SCRover's PositionHeadingStateVar
component type obtained using the above process and
built based on the Mag' s xADL schemas is shown below.

ComponentType:
MDS.SCRover.PositionHeadingStateVar

StateDecl PHSV: PositionHeadingSVType
Invariant
Subtype MDS.StateVar
Signature (Prov) StateUpdate
InterfaceElement setPHStateVar
InputParam Var: PositionHeadingSVType
OutputParam
Operation
PreCond Var <> NULL
PostCond ~PHSV <> Var
Signature (Prov) StateQuery
InterfaceElement getPHStateVar
InputParam Time: TimeTag
OutputParam PositionHeadingSVType
Operation
PreCond (Time > 0) AND #PHSV > 0
PostCond result = PHSV

3.4. Summary of Approaches

Both Acme and Mae used the MBASE UML documen-
tation as the basis for developing the two architectural
models. The first phase of each approach was essentially
the same, using class diagrams and associations to get a
first cut of the SCRover architecture’ s topology. However,
the subsequent phases differed. While the Acme team
primarily used sequence diagrams to clarify the connec-
tions between components, the Mae team used the
SSAD’s implementation design to ascertain component
services and behaviors.

The differences in these phases highlight a key differ-
ence in the two modeling approaches. The Acme team was
mostly interested in checking whether the topology of the
SCRover architecture conformed to the MDS rules. On
the other hand, the Mae team assumed that the topology of
the architecture conformed to the MDS style and was in-
terested in checking whether component services were
used correctly.

The differences in approach produced complementary
models that were able to detect different kinds of errors.
These errors are discussed in the next section.

4. Evaluation

While UML provided a broad view on the SCRover’'s
design and functionality, Acme and Mae specificaly fo-
cused on architectural aspects of the system. Conse-
guently, the classes of defects discovered by each ap-
proach differed. In analyzing these defect classes, we real-
ized that there is a pattern to the kinds of defects each

5 In this notation, ~ denotes a new value for a variable, while # de-
notes cardinality of a set.



approach helps to reveal, resulting in a taxonomy depicted
in Figure 6 The taxonomy focuses on classes of defects
that are architectural in nature. It helps to understand the
respective strengths and weaknesses of each approach,
and can serve as a basis of identifying other approaches
that may help detect other types of defects.

At its core, the taxonomy classifies architectural de-
fects as Topological errors or Behavioral inconsistencies.
Topological errors tend to be global to the architecture
and concern aspects related to the configuration of com-
ponents and connectors in the system. They are often a
result of the violation of constraints imposed by architec-
tural styles. Some topological errors are directional in
nature: the specific direction of communication required
by the style is violated. An example of this error is when
in a Client-Server architecture the server requests a ser-
vice from a client. Other topological errors are structural
in nature and are further divided into usage violations and
incompleteness of the specification. An example of a us-
age violation is when a communication link between two
components is missing or aternatively, when a communi-
cation link between components exists where it should not
be present. Incompleteness manifests itself when there is
insufficient information for specifying the properties of
the architecture’s components and connectors.

Behavioral inconsistencies relate to architectural in-
formation local to a component or a connector servicing a
set of interacting components. They concern mismatches
between interfaces, static behaviors, or protocol of inter-
acting components. An interface defect occurs when the
signatures of the corresponding provided and required
services of two components are mismatched. The static
behavioral inconsistency reveals mismatches between the
pre- and post-conditions of corresponding provided and
required services in two components. The foundation for
identifying these mismatches may be found in [12]. Fi-
nally, a protocol inconsistency reveals mismatched inter-
action protocols among components.

In the rest of this section, we use the above taxonomy
to discuss the defects identified as a result of peer-review
of SCRover's MBASE-SSAD document, as well as the
results of the automated analysesin Acme and Mae.

4.1. MBASE-UML Defect Detection

UML diagrams produced in the context of the MBASE
process were effective in providing a high-level graphical
view of the SCRover application that is easy to under-
stand, although not always easy to unambiguously inter-
pret. In addition to understanding the properties of the
system under development, another goal of software mod-
eling is ensuring correctness of the models as well as con-
sistency among them. The latter would help to detect er-
rors early in the development process, thus reducing the
development costs.
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Directional I
{ Usage
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Inconsistency
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Figure 6. Classification of architectural defects

Unfortunately, the UML diagrams, along with the ta-
bles and English language prose that detailed the architec-
ture and design of the system, cannot be automatically
analyzed. Instead, a peer-review process of the artifacts
proved helpful by identifying 38 defects in the documen-
tation. The peer-review was carefully conducted by the
system architects, and had to be repeated after each major
change to the design. The discovered 38 defects were fur-
ther classified and documented [2][19]. Even though peer-
reviews are an effective way to detect defects, our initial
hypothesis was that automated support can help to make
this process even more effective. In the next two sections,
we describe how Acme and Mae were used to detect ar-
chitectural defects beyond those identified by the peer-
review process.

4.2. Acme Defect Detection

The developers of SCRover used the MDS implemen-
tation framework where type checking embeds some of
the MDS rules. They operated with incomplete tacit
knowledge of the informal English rules that were given to
the Acme team by JPL to define the Acme MDS style.
Instead, they had to rely on JPL personnel with knowledge
of the MDS style rules to uncover architectural errors in
design reviews. On the other hand, once the Acme team
codified the rules, one was able to automatically check
architectures for violations of these rules.

Following the process outlined in Section 4.2, the
Acme team developed a full Acme architectural model of
SCRover. This architectural model was created using
AcmeStudio, an architecture development environment.



AcmeStudio alows an architect to draw an architectural
model, and utilizes architectural styles to give the archi-
tect “templates’ for element types. Additionaly,
AcmeStudio provides integrated checking of the adher-
ence of an architectural model to style rules via a con-
gtraint analysis engine. AcmeStudio also conducts type
checking of the design to ensure that all aspects of typesin
the MDS style exist in instances in the SCRover system.
Moreover, AcmeStudio prevents some errors occurring.
For example, if it is specified that component type A can
only have ports of types B and C, then AcmeStudio will
not allow the architect to add ports of other types to com-
ponents of type A.

Using AcmeStudio we discovered 11 defects in the
SCRover model derived from the SSAD documentation.
An example defect detected by AcmeStudio is the Posi-
tionHeadingSensor component querying the Position-
HeadingEstimator component for a measurement; the
communication direction as specified in the SSAD vio-
lated MDS stylistic rules.

It is worth mentioning that the total effort expended on
adapting Acme to MDS was mild. The total effort was
roughly 120 person-hours, 80 hours of which was used to
develop the architectural style, 30 hours to transform the
SCRover UML documentation to an architectural model
in that style, and 10 hoursto tailor the environment, model
the system, and conduct the analysis.

4.3. MaeDefect Detection

The specialized MDS schemas discussed in Section 3.3
were used to create a complete model of SCRover. To do
that, xADL 2.0's accompanying toolset [4] was used to
automatically reconfigure the APl needed to manipulate
architectures adhering to these schemas. In turn, this re-
sulted in the automatic adaptation of Mae's design subsys-
tem. Furthermore, Mag's analysis subsystem was manu-
ally adapted to correspond to the updated schemas. Con-
sequently, Mae supports analysis of static behavioral
properties of asystemin MDS style.

To verify the consistency of an architectural configura-
tion, Mae makes sure that the interfaces of the correspond-
ing provided and required services of communicating
components match, and then it does so for the compo-
nent's static behaviors (specified in first-order logic)
[12][21]. Finally, Mae verifies whether the subtyping rela-
tions specified between the components within the archi-
tectural configuration hold.

Using the Mae environment, we were able to identify
21 inconsistencies in the SCRover architecture. The in-
consistencies were the result of mismatched signatures
and pre- and post-conditions of components’ services. An
example mismatches is an error in the specifications of the
PositionHeadingController and PositionHeadingStateVar
component types. The PositionHeadingController re-

ZUML mAcme @ Mae |

Z

Incomplete Pre/Post

conditions

Directional Usage

Signature

Figure 7. Defects detected by UML, Acme and Mae
approach (by type and number)

quires the getPHStateVar service that is provided by Posi-
tionHeadingStateVar. The provided service's pre-
condition was more restricted than the pre-condition of the
required service, and thus the required service may not
have been satisfied under certain circumstances.

Asin the case of Acme, the total effort spent on adapt-
ing Mae to MDS was mild. The total effort was roughly
160 person-hours of which about 50 hours was spent on
adapting the tool to model MDS architectures, 80 hours
on extracting the Mae models out of the UML specifica-
tion, and the remaining 30 hours was spent on building the
model, using the tool, and performing the analyses.

4.4, Summary

We used the taxonomy depicted in Figure 6 to classify
the defects detected by each of the three approaches. The
results reinforced the hypothesis of the benefits of multi-
view modeling. Figure 7 depicts the number and type of
defects in each category. We should aso note the follow-
ing:

o Peer-reviews of the UML design diagrams revealed
both structural and behavioral inconsistencies. In par-
ticular, they revealed directional errors as well as mis-
matches in interfaces and pre- and post-conditions
(shadowed boxesin Figure 6).

e AcmeStudio detected primarily structural errorsin all
three categories of directional, usage, and incomplete
specification (light shading in Figure 6).

o Mae detected behavioral inconsistencies at the level of
interfaces and static behaviors (dark shading in Figure
6).

o Of particular interest is the observation that both Acme
and Mae helped revea certain errors previousy unde-
tected using UML peer-reviews. Additionally, Acme
and Mae detected different classes of errors, which



emphasizes the complementary nature of these models

and associated analyses.

The three approaches, which were applied independ-
ently by three different research groups, not only con-
firmed each other’s analysis results, but also demonstrated
the need to view SCRover (and MDS) from different per-
spectives. Mae and Acme were capable of detecting all
architectural defects identified by the peer-review of UML
models and additionally detected previously undiscovered
defects. UML peer-reviews on the other hand, identified
additional classes of defects that were not architectural in
nature [2]. Finaly, taking the effort data into considera-
tion, once theinitial style characterization and MDS adap-
tation of Mae and Acme were complete, the effort and
expertise required to detect errors using the automated
tools became significantly lower than what is needed for
peer-review of design documents. This benefit would par-
ticularly manifest itself in modeling future MDS-based
systems.

5. LessonsLearned

The work described in this paper was valuable in that it
enabled us to apply our respective technologies to a “real
world” problem. There are, however, some general les-
sons that make this experience more broadly applicable,
beyond our two research groups. These lessons can be
classified into two categories:

5.1. Multi-View Design

It has been accepted that it is both beneficial and nec-
essary to design a software system from multiple perspec-
tives. For example, this belief is reflected in the central
role multiple views play in UML and the recent IEEE
standard for architectural description (IEEE Std 1471-
2000). Degspite this, however, there is till a lack of spe-
cific details, or experience, regarding the choice and value
of particular types of view, and their inter-relationships.
Our experience provides two general lessons in this re-
gard.

The first lesson deals with the complementary nature of
UML and ADLs. While previous work, including our
own, has looked at this issue from a more analytical per-
spective [9][11] we have now demonstrated in an actual
project that it is possible, and indeed useful, to map from
UML to architectures in a principled way. A related ob-
servation is that, while our previous work strived for
automatable refinement solutions from UML to ADLS,
UML’s semi-formal nature (and often informal use) re-
quired a much more human-intensive refinement process
in the SCRover project. UML’s lack of formality and its
typical use, which involves only a subset of the available
diagrams (e.g., extensive use of class and sequence dia-
grams in SCRover), also make it harder to uncover archi-
tectural errors directly as compared to Acme and Mae. On

the other hand, UML models system aspects that are
closer to the implementation than is the case with the two
ADL models. UML is, therefore, more beneficial to sys-
tem implementors than are ADLSs.

The second lesson deals with the complementary na-
ture of different ADLs. Again, our previous work [13] has
argued that different ADLs provide complementary capa-
bilities, but this project has given us practical evidence to
support this claim. Different ADLs can detect different
kinds of architectural errors depending on the system as-
pects and properties they model. While one could choose
an arbitrarily large number of ADLS to maximize system
analysis, the pragmatics of a software project are likely to
mandate that this be limited to a small number of nota-
tions that cover the largest cross-section of pertinent is-
sues. Our experience with SCRover indicates that two
natural candidate analyses enabled by ADLSs include con-
formance to style rules, and consistency of component
interactions.

5.2.  Architectural Design

The benefits of formal architectural design have been
widely touted in research literature. At the same time,
practitioners have often opted for less formal modeling
solutions such as UML. Our experience provides credence
to the view that some degree of formality is a “necessary
evil,” at least with respect to two types of architectural
analysis: high-level behaviors and style invariants.

In both cases, formality of models enables automated
analysis, which is essential for scalable error detection.
For example, SCRover is a medium-sized project, consist-
ing of around 30 components. But even for this size, basic
architectural errors such as interface mismatches and im-
proper connector usage were |eft undetected in SCRover’s
UML models. Furthermore, the complexity and interplay
of the set of architectural style rules (39 in the case of
MDS) make their informal modeling impractical and
manual checking infeasible.

On the other hand, an ADL’s explicit focus on compo-
nent signatures and interface semantics is a direct enabler
of problem detection in cases where components do not
agree (perhaps in subtle ways) on assumptions of interac-
tion. Similarly, architectural style invariants permit one to
check for satisfaction of structural (topological) con-
straints, missing or extra elements (such as missing con-
nectors), and missing or inadequately specified system
property values. In both cases, the formal models are
much more amenable than informa models to early detec-
tion of errors and tracing the sources of those errors.

6. Conclusion and Future Work

In this paper we have presented our experience in ap-
plying two architectural modeling techniques to software
in the space domain. The experience showed that Acme



and Mae can be used in a complementary fashion to dis-
cover different defects. We showed that the process of
translating existing UML documentation into architectural
modeling, while human-intensive, is similar in both cases.

While our experience was restricted to one particular
piece of software, the approach taken and the lessons
learned should apply to other software systems that use
UML for documenting their design, and that have a rich
architectural style.

This experience also indicates some future work. First,
and most obvious, is the verification and generalization of
the lessons learned. We plan to do this by conducting
similar analyses of other JPL space software, and then
later other domains in which the architectural styleis also
rich (for example, automotive software). We anticipate
that the result of different case studies will be a more for-
mal classification scheme, and a more rigorous mapping
between UML and architectural models.

The second area of future work involves developing a
better understanding of the relationship between architec-
tural modeling approaches, particularly between Mae and
Acme. Not every feature of each approach was used in
this experience, and so there may be more areas of overlap
between these tools that need to be more fully understood
and reported. To facilitate this, we plan to explore integra-
tion opportunities between the two toolsets. This integra-
tion will also provide the opportunity to address consis-
tency maintenance issues between the models.

Finally, our experience was restricted to two types of
architectural modeling approaches, and two types of
analyses. We would like to understand where other model-
ing approaches and analyses fit into this context (for ex-
ample, some of those described in [13]).
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