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Abstract

Domain-specific modeling languages and tools can de-
liver enormous computational leverage to domain experts.
Such languages and tools are most valuable when they have
a number of properties. First, language syntax and seman-
tics must be based on abstract, formal specifications if mod-
els and results are to be trusted. Second, tools must imple-
ment these languages faithfully. Third, development costs
must be low because they cannot be amortized in mass mar-
kets. Fourth, tools must be powerful in function and easy
to use by domain experts. There are strong tensions among
these requirements: formal methods, ease of use, power-
ful function, and faithful implementation conflict with low
cost. We present an approach to overcoming this tension
based on a pairing of two approaches. First, we apply for-
mal methods, focused narrowly: not on the tool, but only
on its language. Second, we use modern shrink-wrapped
packages as vehicles for editing models in these languages.
We hypothesize that this approach can help resolve the con-
flict we identified. Domain-specific languages (unlike tools
that support them) are often small enough to be reasonable
targets for formalization. Using packages as components
reconciles cost, function and usability for the rest of the
tool. To test this combination, we are applying it in the
experimental design of a new dynamic fault tree tool sim-
ilar to Galileo. The tool implements a new graphical lan-
guage based on a formal specification of an abstract syntax
and semantics of dynamic fault trees. It uses a domain-
specific extension of Microsoft Visio for manipulating mod-
els. Overall the tool delivers a low-cost capability to edit
models having abstractly and precisely specified meanings,
unlike other tools in this category.

1. Introduction

An important role for software is to increase the produc-
tivity of non-programmer domain experts, enabling them to
perform valuable new tasks. Engineers, for example, often
use modeling and analysis tools to gain insights into proper-

ties of complex engineering designs. To use such a tool the
engineer creates a model on the computer (often a drawing),
from which the computer calculates performance estimates.

To be most valuable such tools and modeling notations
have to have several properties. First, tools should have us-
ability and functionality similar to mass-market packages.
Second, if users are to trust their models and analysis re-
sults, the syntax and semantics of the notations must be
precisely and abstractly specified. Third, the software that
implements the semantic analyses must be created in a way
that justifies trust in its dependability. Fourth, development
costs must be low for such tools to be viable in small mar-
kets.

Unfortunately, delivering such capabilities is hard be-
cause there is a strong tension between demands for low
costs and the other properties. Consequently, tools often
cost too much to develop, lack the usability and function-
ality that people need–and so cost too much to use–and
present users with seductive graphical notations for which
no precise semantics have been defined (except in impene-
trable computer codes).

We have developed an approach to relieving this ten-
sion based on the novel synthesis of two strategies. First,
viewing the domain-specific modeling notation as a formal
language, we use denotational semantics and formal meth-
ods techniques, focused narrowly, to create precise and ab-
stract definitions of the language syntax and semantics. Sec-
ond, we leverage programmable mass-market software to
support manipulation of models–e.g., graphical drawings–
expressed in the language.1

In earlier work we presented the Galileo tool, which
showed that mass market packages can support manipu-
lation of engineering models (namely for dynamic fault
trees) [2, 8, 9]. We have also presented an abstract syntax
and formal semantics for an improved dynamic fault tree
language [3]. Here we make two new contributions. First,
we present a new graphical syntax for dynamic fault tree

1This research is not intended to advance our ability to program anal-
ysis functions with high confidence given their specifications. That is a
general software development problem that is beyond the scope of this
work.



modeling based on our formally defined abstract syntax.
Because that syntax already has a semantics (based on fail-
ure automata and Markov chains as semantic domains) the
concrete graphical language inherits that semantics. Sec-
ond, we present a graphical tool for this language based on
the Visio drawing program. The result is a tool for mod-
eling fault-tolerant systems which represents a step toward
a more general tool fortrustworthy, affordable analysis of
domain-specific models having well defined meanings.

Section 2 describes our previous work formalizing and
revising Dugan’s dynamic fault tree framework. Section 3
then presents the derivation of our new graphical language
from the revised formal specification of DFTs, and com-
pares the new language to the original. Section 4 presents
a prototype Visio-based tool for creating, editing, viewing,
storing, and printing drawings in this new graphical lan-
guage. The tool, built in just a few weeks, is a front end for
a forthcoming analysis function based on our formal speci-
fication. Section 5 discusses some related work. Section 6
concludes.

2. Background: Formalization and Revision of
Dynamic Fault Trees

In this section we present an overview of our previous
work in which we formalized the DFT modeling language,
and then revised the language based on issues discovered
during the specification process. In the next section of this
paper we show how such clarifications made using the ab-
stract specification of the modeling framework resulted in a
simpler and cleaner concrete language.

Traditional static fault trees [10] model how boolean
combinations of component-level failure events produce
system failures. For example, traditional constructs include
the AND, OR, and KOFM gates, which model all, any, and
minimal occurrences of events in a system. Dynamic fault
trees [1, 4] (DFTs) extend traditional fault trees, allowing
the engineer to model dynamic systems with sequences of
failure events, pools of spare components, common-cause
failures, and imperfect coverage of failures. For exam-
ple, users can model the use of replacement components
with the cold, warm and hot spare gates, the “tempera-
ture” of which indicates whether an unused spare does not
fail, fails at a reduced rate, or fails at its normal rate. An-
other construct, the functional dependency (FDEP), models
common-cause failures in the system where a trigger event
causes immediate and simultaneous failure of the dependent
events.

2.1 Formalization Of The DFT Specification

In previous work [3] we formalized the dynamic fault
tree modeling language, providing, for the first time, a com-

plete mathematical semantics for the framework. We struc-
tured the formal specification in a denotational style that
separates two domains: an abstract syntax and an under-
lying semantic domain. The abstract syntax specifies the
essential content of a given model in abstract mathematical
terms. The semantic domain is a domain in which models
are well understood and directly solvable: e.g., differential
equations, Markov chains, binary decision diagrams, etc.

In this paper we will focus on theconcrete syntax, which
specifies the form of the models that the user manipulates
directly with a tool. Each element of the concrete syntactic
domain is associated with a corresponding element of the
abstract syntactic domain. Then, using the specification,
each of those is mapped to a corresponding element of the
semantic domain. Thus, each concrete model that the user
defines, sees and manipulates has an associated model in
the semantic domain.

We formalized DFTs using the Z specification lan-
guage [7]. Z is a language based on predicate logic and
typed set theory, and supports specifications built using a
structuring mechanism called the schema. A schema de-
fines a type by specifying the state components of an ele-
ment of the type, as well as invariant relations over these
state components that are satisfied by all elements of the
given type. State components of a schema can be basic
types, given types, or other schemas. In addition, aschema
calculusprovides mechanisms for composing smaller spec-
ifications into larger ones.

The schema shown in Figure 1 defines the fault tree type.
The portion of the schema above the middle horizontal line
defines the state components, and the portion below the line
defines the invariants over the state components. Although
many of the details have been omitted, this example pro-
vides some understanding of the formalization of DFTs and
introduces the predicates that define valid combinations of
DFT constructs.

The three lines beginning on line 2.1 incorporate the def-
initions of the gates, invariants, and basic events. Their def-
initions, not presented here, establish important constraints
on the range of values of parameters, the failure context
in which the gates are defined, the connectivity, etc. The
eventsset (line 2.2) is the set of all events in the fault tree,
and inputs is partial function from events to sequences of
events. (inputsis a partial function because basic events are
events but do not have inputs.) At line 2.3 we declare a
single event in the fault tree that is the system level event.

Some constraints on the fault tree elements are implied
in the declarations. For example, the events state compo-
nent is declared as a finite set, which places a constraint
on the cardinality of events. In addition, there are several
predicates over the state variables. For example, the predi-
cate on line 2.4 states that event identifiers are unique. The
three predicates starting on line 2.5 state that only gates can



FaultTree
Gates (2.1)
Invariants
BasicEvents

events: FEvent (2.2)
inputs: Event 7→ iseqEvent

systemEvent: Event (2.3)

〈basicEvents,gates〉 partition events
∀e1,e2 : events• e1.id = e2.id⇔ e1 = e2 (2.4)

dominputs= gates (2.5)
∀g : gates• ran(inputs(g))⊆ events
∀g : gates• ¬ IsInputTo(g,g, inputs)

systemEvent∈ events (2.6)
¬ (∃g : gates• IsInputTo(systemEvent,g, inputs))
systemEvent.replication= 1

∀sg: spareGates• ran(inputs(sg))⊆ basicEvents (2.7)
∀sg: spareGates; be: basicEvents| IsDirectlyInputTo(be,sg, inputs) •
¬ (∃g : gates\spareGates• IsDirectlyInputTo(be,g, inputs))

∀s : seqs• rans⊆ events (2.8)

domfdeps⊆ events (2.9)
∀d : ranfdeps• rand⊆ basicEvents

∀g : gates• IsInputTo(g,systemEvent, inputs) (2.10)

Figure 1. Z Specification Of The Domain Of
Abstract Fault Trees

have inputs, the inputs must be one of the other events in
the fault tree, and no gate can be input to itself (directly
or indirectly). These predicates define the abstract syntax
of fault trees—the combinations of abstract elements which
are considered to be legal fault trees.

2.2 Revision Of The DFT Specification

Formalization of the DFT modeling framework revealed
important issues and subtle concepts in the specification. In
light of these insights, we improved the framework by re-
solving or clarifying the issues in the specification. This
section summarizes a few of the issues described in previ-
ous work [3], and the changes we made. These changes re-
moved special cases and redundancy in the modeling frame-
work at the level of the abstract representation, and had a
direct impact on the resulting concrete representation.

Some revisions largely involved clarification of our un-
derstanding of the model. For example, the functional de-
pendency and sequence enforcing constructs were previ-
ously treated as gates, even though they did not compute
an output based on the value of their inputs. We renamed
these constructsconstraintsbecause they constrain the se-
quences of events that can occur in the system. Similarly,
the transfer gate construct allows the user to refer to an-

other gate or basic event by name. However, it is not a gate
because it has no inputs. We renamed the transfer gate an
indirect connector, because, like a direct connector, it con-
nects the output of one gate or basic event to the input of a
gate or constraint. The difference is that the association is
indirect—the indirect connector refers to the gate or basic
event by its name.

Other revisions involved removing unnecessary and
error-prone redundancy. For example, the KOFM gate’sM
value represents the total number of inputs to the gate, and
is redundant because it can be computed from the inputs to
the gate. Having to properly compute this value increases
the burden on the modeler, and increases the chances of
error. Our solution was to remove the M value, and re-
name the KOFM athresholdgate, where the threshold value
serves the same purpose as theK value of the KOFM gate.
Another obvious area of redundancy was the use of three
types of spare gates. Our formalization effort revealed that
the cause of the redundancy was lack of orthogonality in
the language—sparing behavior and failure rate attenuation
need not be tied to the same modeling construct. Our solu-
tion was to remove the attenuation semantics from the spare
gate and represent it solely as a dormancy value for the ba-
sic event. This change allowed us to replace three types of
spare gates with a single spare gate, and also allowed greater
modeling flexibility than was allowed by the previous con-
structs.

Another type of revision was the removal of special
cases. For example, the original formulation of the spare
gate included a specialprimary input. This input ensured
that every spare gate would have an operational component
at the start of the system’s mission time. Our specification
effort made it clear that the primary input was not required.
As a result, we decided to make the inputs of the spare gate
uniform, and to properly handle the semantic issues associ-
ated with not having a primary input.

3. Deriving A New Graphical Language for
Dynamic Fault Trees

In this section we describe how we derived a new version
of the concrete language based on our formal specification.

3.1 Lexical Elements

The lexical elements of a language are the concrete rep-
resentations of the language elements—the spelling of the
words. In terms of a graphical language, the lexical ele-
ments are the shapes shown in a drawing.

Four concerns guided our design of the DFT shapes. The
first was adherence to the formal specification. For exam-
ple, if the formal specification stated that an event did not
have an input value, then the corresponding shape should



not have an input connection point. The second concern
was compatibility with legacy shapes—we did not want to
force the user to re-learn shapes. The third concern was the
intuitive nature of the language—any new shapes should be
suggestive of their meaning. Finally, we did not want to de-
sign a language that would be difficult to implement. These
four concerns were not always in agreement—sometimes
we were forced to compromise one for another.

The state components of our specification indicated
which portions of the language needed lexical representa-
tion. In addition to the basic event, our specification parti-
tioned the set of gates into five types of gates (AND, OR,
Threshold, PAND, and Spare) and two types of invariants
(FDEP and SEQ). Our resulting DFT language has con-
crete lexical constructs for each of these eight abstract con-
structs. In addition, our specification abstracts the notion of
connectors, representing inputs implicitly. In the graphical
language, we included connectors to make input relations
explicit: a direct connector which directly connects shapes,
and an indirect connector which connects shape by naming
the input shape.

We restricted the connections to shapes based on the
specification (Figure 1). For example, the input constraints
starting on line 2.5 allowed us to determine that all gates
must have input connection points, and all events (basic
events and gates) must have output connection points. In
our specification a functional dependency has both a trig-
ger input and a dependent event input, so the corresponding
drawing shape has a connection point for both. Similarly,
the sequence enforcer is a relation over a sequence of in-
puts, so it has an input connection point.

The resulting DFT lexical elements are shown in Fig-
ure 3. These shapes reflect the modifications made to the
language in the abstract specification. For comparison, the
original constructs are shown in Figure 2. The new lexical
elements include a single spare gate, and it does not have a
separate primary input. We retained several of the shapes,
but also standardized the “label above smaller shape” struc-
ture of the SEQ and FDEP shapes, and added or modified
the shapes of several gates in order to provide more intuitive
representations. For example, the threshold gate has a “T”
like structure, the spare gate has several sub-parts, and the
sequence enforcer suggests an ordering. We also renamed
the shape types based on the clarification in the specification
of the differences between gates, basic events, constraints,
and connectors.

In studying the specification, we realized that certain
shapes had ancillary information essential to understanding
the DFT. In particular, threshold gates have threshold val-
ues, and basic events have replication. We decided to repre-
sent these explicitly in the shapes. In addition, we needed a
representation for the ordering of inputs to order-dependent
gates, so we decided to indicate the order of an input as a

number on the connector. Unlike threshold and replication,
we decided not to explicitly represent basic event models in
the fault tree drawing. See Section 4.2.1 for more informa-
tion.

3.2 Grammatical Structure

The grammatical structure of a language describes the al-
lowable combinations of lexical elements—the structurally
correct sentences. In a graphical representation, the gram-
matical structure indicates the legal connections of shapes
and values for the attributes of the shapes.

Many of the structural rules imposed by the formal spec-
ification are implicit in the drawing. For example, rules that
state that the number of basic events is finite, or that the
system level event must be in the set of events for the fault
tree are implicitly fulfilled by the definition of the concrete
graphical representation. Similarly, the constraint that a ba-
sic event can not have an input is implicit in the fact that we
did not give the basic event an input connection point.

The other structural rules of a graphical fault tree corre-
spond to the abstract structural rules described in Section
2.1. For example, the fifth predicate in Figure 1 disallows
cycles in the fault tree, and is implemented as a function
that checks for cycles in the fault tree drawing. We chose to
allow the user to violate most of the global structural con-
straints while constructing the drawing, invoking a “validity
check” which ensures that all the constraints are satisfied.
See Section 4.3 for more information.

In a few cases, the usability of the language outweighed
our desire to adhere to the formal specification. For exam-
ple, the replication for gates is not represented because it is
always 1 in the abstract specification. Similarly, we only re-
quire the ordering of inputs to be specified for gates whose
semantics are order-sensitive. Lastly, although the specifi-
cation defines the semantics of gates for no inputs, we re-
quire at least one input in the graphical language in order to
avoid confusion on the part of the user.

4. A Dynamic Fault Tree Editor Built Using
POP

Our implementation of the new graphical language was
built using a volume-priced mass-market application—
Microsoft’s Visio drawing tool. The construction of this
modeling tool is part of an ongoing evaluation of the
package-oriented programming (POP) [2, 9, 8] style of
component-based software development. In this style, mul-
tiple mass-market applications are specialized and inte-
grated to provide the bulk of the software system’s function-
ality at greatly reduced cost. Not only does the developer
reuse the person-years of development effort typically em-
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bodied in such packages, but the user enjoys mass-market
pricing, high usability, and low training costs.

In this section we present our work specializing the Visio
application for the modeling of dynamic fault trees. This
work provides an additional data point demonstrating the
feasibility of POP. In particular, it demonstrates that mass-
market packages can support more aggressive specialization
of behavior than previously shown.

4.1 Specialization Capabilities Of Visio

Applications such as those in Microsoft’s Office suite
provide the programmer certain specialization capabilities.
In addition to user-visible mechanisms such as custom
menus, applications also expose a programmer-visible ob-
ject model. This object model allows the programmer to
set properties of objects in the application, call methods on
objects, or handle events raised by objects.

Visio provides user-level customization through the con-
struction of customstencilsof drawing shapes. Stencils
contain ashapesheetwhich is a spreadsheet with instruc-
tions for drawing the shape, as well as properties for its for-
matting, text label, grouping behavior, etc. For example,
a shape may be locked against being flipped horizontally,
or may contain context menu items which invoke software
functions when selected.

Functions are implemented using a general-purpose pro-
gramming language such as Visual Basic or C++. In ad-
dition to the arguments supplied to a callback, the pro-

grammer has access to any objects that are visible in the
context of the function, such as the globalApplication,
ActiveDocument, andActiveWindow objects. From these
objects, the programmer can access collections of objects
related to various drawing elements.

Visio objects expose events allow behaviors to be inter-
cepted and modified. There are drawing-level events asso-
ciated with the opening of documents, the deletion shapes,
and the connection of shapes. However, with the exception
of the double-click of a shape, Visio does not expose low-
level events associated with mouse movements or individual
key presses.

4.2 Overview Of The Tool

Figure 4 is a screenshot of the tool. Visio provides much
of the overall functionality, such as zooming, scrolling, for-
matting, saving, printing, etc. In addition, we specialized
the interface in several dimensions, creating a complete,
stand-alone editor for dynamic fault trees. First, a stencil
of shapes has been added which contains the graphical de-
pictions of the shapes as described earlier. Second, a menu
and toolbar of functions has been added to perform DFT-
specific operations such as changing a gate’s type or select-
ing a subtree. Third, certain functions which are inappro-
priate for DFTs have been removed or replaced in the inter-
face. Fourth, the behavior of Visio has been enhanced—for
example, Visio automatically checks for duplicate names



Figure 4. A Screenshot of the Tool

when a shape is given a name. Each of these is described in
more detail in the following sections.

4.2.1 The Stencil

The stencil of shapes that we created implements the graph-
ical depictions shown in Figure 3. In addition, the shapes
in the stencil implement dynamic constraints. For example,
the text box associated with a shape can be manually re-
sized, and also automatically expands to accommodate long
text. There is a “control point” that the user can also use to
change the size of the DFT shape under the text box. In
addition, each shape has a context menu for operations that
can be performed on that shape.

The threshold gate and basic event also have an extra text
field on the shape in which the user can enter the thresh-
old value or replication. Because Visio only allows a shape
to have one text box, we were forced to design the basic
event and threshold shapes as a group of two shapes—one
having the main text box, and one having the threshold or
replication text box. This design complicated the shapes
because a change to the size or position of one member of
the group required that the other be updated to match. Un-
fortunately, we found the shapesheet model unable to easily
handle the cyclic updates that result from the modification
of a group member. As a result, we had to implement our
update routines as a Visual Basic callback that would be in-
voked whenever a group member’s position or size changed.

We integrated database support into the tool in order
to allow the user to include instances of predefined basic
events in DFTs. A context menu item allows the user to set
the basic event’s characteristics to those of an event selected
from a database. In other words, one can store a generic
“wheel assembly” basic event in the database, and import
its characteristics into a “left wheel assembly” basic event
and a “right wheel assembly” basic event. One can also

easily add a new basic event to the database, or refresh an
event’s characteristics from the database.

4.2.2 Editing Operations

Domain-specific editors are oftenstructure editorswhich
maintain the validity of the model at all times by forcing
the user to use validity-preserving operations for construct-
ing the model. In contrast, Visio is a free-form editor that
allows drawings to be constructed using generic low-level
operations. Instead of attempting to change this design de-
cision in the Visio application, we decided to implement a
free-form fault tree editor, and augment this interface with
validity-preserving, structure-based editing operations. Be-
cause the user may construct an invalid fault tree using
the low-level editing operations, we also provide a valid-
ity check operation which can be used to verify that a fault
tree is valid.

Each of the structure-based operations is implemented
in terms of basic Visio objects, which provide for low-level,
generic manipulation of graphical drawings. An earlier tool
we built using Visio followed a bottom-up implementation
which addressed the large degree of uncertainty in the func-
tionality that can be efficiently implemented in terms of Vi-
sio objects. We followed the same approach, building a
library of drawing manipulation functions appropriate for
DFT manipulation. The high-level functionality was then
implemented in terms of this library. For example, the “send
subtree to page” operation is implemented in terms of a
lower-level “select subtree” DFT operation, which is in turn
implemented in terms of Visio’s native shape and connec-
tion object functionality. Examples of the structure-based
editing operations we implemented include “add shape and
connect to selected shapes”, “change shape type”, “send
subtree to page”, “fit page to drawing”, and “lay out se-
lection or page”.

4.3 Implementing Structural Constraints

The structural constraints of the formal specification can
be divided intolocal and global constraints. Local con-
straints are those that are expressed in terms of one or a
few constructs of the fault tree. Global constraints are those
expressed in terms of all of the constructs of the fault tree.
For example, the constraints which states that the trigger of
an FDEP must have a replication of 1 is a local constraint,
while the constraint which says that event identifiers must
be unique is a global constraint.

We perform validation of local constraints as the fault
tree is constructed, but defer most global constraints to the
validity check. This decision also helps to address perfor-
mance issues in Visio, because global checks typically re-
quire traversal of the entire drawing one more more times.



Performing such analyses as the fault tree is constructed
would make the editor seems sluggish.

4.3.1 Inappropriate Functionality Modified Or Hid-
den

In addition to binding functions to shape behavior,
the programmer can also use the VisioDocument and
Application objects to extend the interface by creating
new menus and toolbars. Similarly, existing functionality
can be removed, or rebound to perform a different function.
For example, Visio provides two methods for viewing the
custom properties of shapes. One method reacts dynam-
ically to changes to the underlying shapesheet, while the
other does not. Or solution was to rebind the static method
to invoke the dynamic method instead.

4.3.2 Enhanced Behavior

An important and necessary specialization capability is the
specialization of package behavior. In several cases we
found the default behavior of Visio to be inappropriate or
insufficient for our application. Using Visio’s event inter-
ception mechanism we were able to redefine or augment
the application’s behavior in a number of important ways:

• Duplicate names and invalid connections: As shape
names are changed, we check for duplicates and issue
a warning if any are found. Similarly, when a connec-
tion is made, we break the connection if the connection
between shapes is input-to-input or output-to-output.

• Directed vs. undirected connectors: Visio by default
uses directed connectors. (They are directed even if
they have no arrowheads.) In contrast, the connectors
in the DFT language are not directed. Generally this
is not a problem, but we discovered that the layout al-
gorithm depends on the directivity of the inputs. As
a result, when a connector is attached to a connection
point on a shape, we intercept the connection event and
flip the connector if necessary.

• Proper hyperlink management: When a page is
deleted in Visio, hyperlinks between shapes become
invalid because the page numbers change. As a result,
we had to intercept the page deletion event and update
the hyperlinks ourselves.

• Automatic shape coloring: We wanted the system-
level event for the fault tree to be automatically col-
ored red. To implement this, we had to intercept every
connection event and shape name change in order to
correctly color the connected shape.

• Dynamically glued connectors: Visio supports a fea-
ture called “dynamic glue” in which shapes are con-
nected by a connector which automatically selects con-
nection points on the shapes in order to minimize con-
nector length. Unfortunately, this behavior is inappro-
priate for DFTs, where connection points are not in-
terchangeable. Because Visio provided no user-level
ability to disable this feature, we had to automatically
detect dynamically glued connectors when a connec-
tion was established and convert the dynamic glue to
static glue.

• Custom properties window: By default, Visio dis-
plays a custom properties window even if a shape has
no custom properties. The only shape in the DFT
framework which had such properties was the basic
event, so we wanted to modify the behavior of the
window such that it would only display only if a ba-
sic event is selected. In order to do this, we rebound
the custom properties functionality to our own callback
function which only shows the window if a basic event
is selected.

4.4 Discussion

Our use of formal specification for the abstract represen-
tation of the modeling framework revealed opportunities to
revise the graphical language. The resulting graphical lan-
guage is simpler and more consistent. The implementation
of the language was greatly informed by the specification,
although some compromises were made for ease-of-use.
Importantly, having the formal specification of the mod-
eling framework allowed us to make conscious and well-
informed tradeoffs between the abstraction of the specifica-
tion and the ease of use of the language.

Our use of package-oriented programming allowed us to
create a complete, richly functional modeling tool for dy-
namic fault trees in a fraction of the time that a from-scratch
development effort would have required. Using the special-
ization capabilities of Visio, we were able to successfully
modify the interface, functionality, and behavior to suit our
needs.

The implementation of the modeling tool required about
4 weeks of effort by a single programmer, which includes
about 1 week learning Visual Basic for Applications and
the Visio object model. In addition to the stencil, the im-
plementation consists of about 3800 non-comment, non-
whitespace lines of code. The use of Visio provides a
tremendous amount of reuse—provided that the user has the
application, the components required to specialize it can be
distributed in a 500 kilobyte package.

On the down-side, our current prototype implementation
has poor evolution characteristics. If a document is created



from the DFT template and stencil, its associated imple-
mentation is bound to the document file, making upgrade
difficult. However, it is possible to create a level of indi-
rection, storing the implementation in a dynamically linked
library. This allows the implementation to be upgraded in-
dependently from the document.

We found the specialization capabilities of Visio to be
adequate for our needs. In particular, we found that the
event-based mechanisms allowed for easy composition of
behaviors. For example, we implemented an event handler
to respond to the addition or deletion of shapes, automati-
cally adding or removing hyperlinks between indirect con-
nectors and the shapes to which they refer. Later, when we
implemented the “send subtree to page” functionality, hy-
perlinks were automatically updated for shapes in the sub-
tree because the event handlers where implicitly invoked as
each shape when the subtree was deleted from one page and
added to another.

We did encounter performance issues that forced us to
modify our design slightly. For example, we discovered that
determining the type of a shape was a very common opera-
tion that would access the stencil repeatedly. For this situa-
tion we amortized the cost by caching the objects retrieved
from the stencil. We also found that we had to disable the
on-the-fly checks performed in the event handlers while we
were making changes to the document programmatically.

We also found Visio’sUpdateUI application method to
be particularly slow, which resulted in noticeable delays in
the selection of shapes on the drawing page. As a result,
we had to modify our design so that user interface updates
are performed during idle times. In general, performance
limitations can seriously compromise a design because the
black-box nature of application packages does not provide
the programmer any recourse for addressing poor package
performance. In this case, our redesign resulted in accept-
able performance, and discussions with Visio developers re-
vealed that the upcoming Visio 2002 has a new user inter-
face object model which has better performance properties.

5. Related Work

Our earlier work on the formal specification of dynamic
fault trees [3] established, for the first time, a complete for-
mal semantics of dynamic fault trees in terms of Markov
chains. The representation that we chose to formalize was
an abstract one—we abstracted away the details of connec-
tors, graphical depictions of the shapes, etc. This paper
addresses the design of a graphical language based on the
specification, and the corresponding implementation of that
language in a modeling tool.

The DIFTree tool by Dugan et. al [5] included a graphi-
cal DFT editor built using Tcl/Tk. This editor implemented
the original DFT language, and was not based on a formal

semantics. Although it lacked much of the functionality of
the tool presented in this paper, both the graphical depic-
tions of the shapes and structure-based editing operations
were adopted in the present tool. In comparison to our 4
weeks of implementation effort, the DIFTree implementa-
tion took about 6 person-months.

This paper presents work that is part of an ongoing eval-
uation of package-oriented programming [2, 9, 8]. In ear-
lier papers, we described the use of multiple packages in-
tegrated together in the Galileo tool for dynamic fault tree
modeling and analysis. Our preliminary evaluation of the
POP approach indicated that it has the potential to succeed,
and that the model has the potential for both significant ben-
efits and significant risks. In contrast to our previous work,
our current efforts are driven by the use of a formal specifi-
cation of the modeling framework. In terms of the evalua-
tion of POP, the work presented here provides an additional
data point for the feasibility of the model, demonstrating
that designers can successfully implement more aggressive
specialization of application behaviors.

Goldman and Balzer report on the use of Powerpoint as a
platform for building a software architecture modeling and
analysis tool [6]. They cite many of the same benefits that
we discussed here and in earlier work. Our experience was
different from theirs in that Goldman and Balzer found that
they had to intercept low-level events not exposed by the ap-
plication. In contrast, we found that all of our functionality
could be implemented in terms of the object model exposed
by the application, which allowed us to avoid understanding
and utilizing the low-level Windows event model.

6. Conclusion

The contribution of this paper is a proof-of-concept eval-
uation of one part of this approach: the use of shrink-
wrapped packages to present engineering models whose se-
mantics are formally defined. We found the approach to
be workable and cost-effective, developing an editor for a
domain-specific modeling language having a formal seman-
tics.

This tool is the front-end for the system we are build-
ing to evaluate our overall approach. Having completed the
modeling capability, we must now turn our attention to the
automated analysis of DFTs. We intend to use the formal
specification in conjunction with a disciplined process to
implement both an abstract software representation for dy-
namic fault trees and an engine for mapping them to Markov
chains and then to analysis results.
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