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ABSTRACT Software architectures are multi-dimensional entities that

Software architectures are multi-dimensional entities thatcan be fully understood only when viewed at four levels of
can be fully understood only when viewed and analyzed atabstraction: internal functionality of a component, the
four different levels of abstraction: (1) internal functionality interface(s) exported by the component to the rest of the
of a component, (2) the interface(s) exported by the system, interconnection of architectural elements in an
component to the rest of the system, (3) interconnection ofarchitecture, and rules of the architectural style.
architectural elements in an architecture, and (4) rules of th
architectural style. This paper presents the characteristics o

each of the four levels of architectural abstraction, outlines h . .
the kinds of analyses that need to be performed at eaclput is not restricted to, checking for adherence to the style,
correctness of components and architectures, interface

level, and discusses the kinds of formal notations that are . : . :
suitable at each level. We use the pipe-and-filter and Chiron—matchlrlg among_interacting components, generation of
2 (C2) architectural styles as illustrations. In particular, we component domain translators in the cases of interface
present formal models of C2 at the last three levels of 'SMatches, concurrency issues, such as deadiock and
abstraction as a first step in enabling a C2 Olesignstarvatlon, and implementation issues, such as operating
environment to perform the necessary analyses ofSystem process splits and host loads. In order to perform
architectures. We discuss the benefits of the formal such analyses, a formal model is needed for each level of

. i abstraction. Different formal notations [30] may be best
definitions and our experience to date. suited for various levels’ models.

he work done by a design environment must span all four
evels of abstraction. Analysis of architectures may include,

Keywords _ . . In this paper, we:
Software architectures, architectural styles, formalism,

architecture definition languages, interface definition * present arguments for modeling software architectures at
languages the four distinct levels of abstraction and assess the ben-

efits of doing so,
INTRODUCTION . . —
Software architectural styles, such as Unix's pipe-and-filter * argue for the potential utility of formalization at each of
style or Al's blackboard architectures, are key design the four levels,
idioms [9][23]. Software development based on common * discuss the maturity of existing formal modeling tech-
architectural idioms has its focus shifted from lines-of-code ~ hiques at each level, and
to coarser-grained architectural elements (softwaree discuss ways in which a specific architectural style, Chi-
components, connectors, etc.) and their overall ron-2 (C2) [27], can be formally modeled at the different
interconnection structure. Development tools that operate |evels of abstraction, model representative features of
on architectural specifications are as important as tools that C2 at each level, and discuss the lessons learned from
work on individual components. In particular, architectural  doing so.
design environments [5][7] can provide a platform on which tyo naner s organized as follows: An overview of the C2

designers can construct an architectural mod_el of a softwar_esty'e is given in the next section. The section subsequent to
system, have that model checked for syntactic and semantig, - gives a detailed expositon on the multi-level

correctness, receive domain-specific feedback about variougyespective of software architectures. It demonstrates the
design qualities, keep track of unfinished steps in the desig tility and applicability of the technique both by discussing

prr?lcess, and ger;lerate running prograrrgjslfozr that systémyavs in which an existing architectural style (pipe-and-
while preserving the properties of the model [20]. filter) can be modeled and by modeling C2 at each level.

“Value of the C2 Modeling Formalisms” discusses the
1. This material is based upon work sponsored by the Air Force Materiel hanefits and drawbacks of formally modeling C2 at the

Command, Rome Laboratory, and the Advanced Research Projects Agency,: : : :
under contract number F30602-94-C-0218. The content of the informationﬁIﬁerent levels of abstraction. Fma”y’ the conclusion

does not necessarily reflect the position or policy of the Government and nofoUNds out the paper.
official endorsement should be inferred.




OVERVIEW OF C2 various components in the architecture must be notified of
C2 is a component- and message-based architectural stylthose actions. Message-based communication is extensively
designed to support the particular needs of applications thatised in distributed environments for which this architectural
have a graphical user interface aspect, with potential forstyle is well suited.

supporting other types of applications. The style supports 8entral to the architectural style is a principle of limited

paradigm in which ‘Ul components, such as dialogs, visibility or substrate independerica component within

stuctured graphics models (of various levels = of he hierarchy can only be aware of components “above” it
abstraction), and constraint managers, can more readily bé . y y P . .
and is completely unaware of components which reside

reused. A variety of other goals are potentially supported as; ot . . ;
well. These goals include the ability to compose systems in 2€neath” it. Notions of above and below are used in this
which: components may be written in different paper to support an intuitive un_derst_andlng of _the
programming languages; components may be running in aa_rchltectural style_z. As is _typlcal with virtual ma(_:hme_
distributed, heterogeneous environment without sharedd!2grams found in operating systems textbooks, in this
address spaces; architectures may be changed dynamicall iscussion the application code is (arbitrarily) regarded as

multiple users may be interacting with the system: multiple 2¢/"9 at the top while user interface toolkits, windowing
toolkits may be employed: multiple dialogs may be active systems, and physical devices are at the bottom. The human

(and described in different formalisms); and multiple media user Is thus at the very bottom, _interacting with the physical
types may be involved ' devices of keyboard, mouse, microphone, and so forth.

Substrate independence has a clear potential for fostering
substitutability and reusability of components across
frchitectures. One issue that must be addressed, however, is

have a defined top and bottom. The top of a component ma 23 gfsgg;n,t, ?Zperlﬂzncforgf oar‘]e%[[\genatfgvrgpci){]e?ft ggc'ﬁs
be attached to the bottom of a single connector and the P oo pon -
component is built so that its top domain closely

bottom of a component may be attached to the top of aLcorres onds to the bottom domains of those components
single connector. There is no bound on the number of P P

components or connectors that may be attached to a singI}Q’ith .WhiCh it i.S specific_allly intend_ed to interz_act_ir) the given_
connector. Note that when two connectors are attached tc591rch|tecture, its reusability value is greatly diminished and it

each other, it must be from the bottom of one to the top ofcan on'ly be substitutgd by components with similarly
the other (éee Fig. 1) constrained top domains. For that reason, the C2 style

introduces the notion of event translation. Domain
translation is a transformation of the requests issued by a
component into the specific form understood by the

The C2 style can be informally summarized as a network of
concurrent components hooked together by connectors, i.e
message routing devices. Components and connectors bo

Legend: recipient of the request, as well as the transformation of
Component notifications received by a component into a form it
understands. One goal of the C2 design environment [25] is
Connector to provide support for accomplishing this task.

Communicatio

Link

Translato

Internal
Object

Dialog
Fig. 1. A sample C2 architecture. Jagged lines represent the parts of the ar- &
chitecture not shown.

Requests
Notifications

Constraints

Each component has a top and bottom domain. The top
domain specifies the set of notifications to which a
component responds, and the set of requests that the
component emits up an architecture. The bottom domain
specifies the set of natifications that this component emits
down an architecture and the set of requests to which itFig. 2. The Internal Architecture of a C2 Component. A domain translator
responds. All communication between components is SO|e|ysubcomponent may be present to assist in mapping between the compo-
achieved by exchanging messages. This requirement igent’s internal semantic domain and that of the connector above it.

suggested by the asynchronous nature of component-basefihe internal architecture of a C2 component shown in Fig. 2

architectures, and, in particular, of applications that have a targeted to the user interface domain. While issues

GUI aspect, where both users and the application perform . -
actions concurrently and at arbitrary times and where ON¢erMIng - composition of components to form an




architecture are independent of a component’s internallogical groups. At the top of the architecture are the
structure, for purposes of exposition below, this internal components which encapsulate the game’s state. These data
architecture is assumed. structure components are placed at the top since they
receive no notifications, but respond to requests and emit

Each component may have its own thread(s) of control, Anotifications of internal state changes. ADT notifications are
property also suggested by the asynchronous nature of taskg,

in the GUI domain. It simplifies modeling and programming irected to th_e next level where they are received by both
X ' 4 o the game logic components and the artist components.

of multi-component, multi-user, and concurrent applications

and enables exploitation of distributed platforms. Note that The game logic components request changes of ADT state

separating components into different threads of control isin accordance with game rules and interpret ADT state

not a requirement of the style. Moreover, a proposedchange notifications to determine the state of the game in

conceptual architecture is distinct from an implementation progress. For example, if a tile is dropped from the well, the

architecture, so that it is indeed possible for components torelative positioning logiadetermines if thepaletteis in a

share threads of control. position to catch the tile. If so, a request is sent to the palette

to catch the tile. Otherwise, a notification is sent that a tile

Finally, there is no assumption of a shared address spacg,<hean dropped. This notification is detected bgttites
among components. Any premise pf a shared address spaqggic causing the number of lives to be decremented
would be unreasonable in an architectural style that allows ’

composition of heterogeneous, highly distributed The artist components also receive notifications of ADT
components, developed in different languages, with theirstate changes, causing them to update their depictions. Each
own threads of control, internal structures, and domains ofartist maintains the state of a set of abstract graphical
discourse. objects which, when modified, send state change
An example C2 application nqtifications in hope that a Iowgr—level g_raphics component
An example of an application built in the C2 style is a will render them. Thetile artist provides a flexible

i ) o presentation level for tiles. Artists maintain information
version of the video game KLAX.A description of the  apout the placement of abstract tile objects. fleeartist
game is given in Fig. 3. This particular application was intercepts any notifications about tile objects and recasts
chosen as a useful test of the C2 style concepts in that thehem to notifications about more concrete drawable objects.
game is based on common computer science data structurgsyr example, a ‘“tile-created” notification might be
and the game layout maps naturally to modular artists. translated into a “rectangle-created” notification. Ty®ut
manager component receives all notifications from the
artists and offsets any coordinates to ensure that the game
elements are drawn in their correct positions.

ARt

KLAX Chute
Tiles of random colors Clock Status | [ Chute Well Palette
drop at random times Logic ADT ADT ADT ADT
and locations. I I T T T
I I [
Next Tile Tile Match Relative Po$
Placing Logic Logic Logic

KLAX Palette ' |
Palette catches tiles coming [
down the Chute and drops Status
them into the Well. Logic
KLAX Well | | | |
Horizontal, vertical, and Status || Well || Chute | | Palette

diagonal sets of three or Artist Artist Artist Artist
more consecutive tiles of | | | |
the same color are removed [
and any tiles above them Tile
collapse down to fill in the Artist
newly-created empty spaces.

KLAX Status

sumber of Lives: Layout
Manager
Fig. 3. A screenshot and description of our implementation of the KMaX Graphics
video game. Binding

The design of the system is given in Fig. 4. The Componen@:ig. 4. Conceptual architecture for KLAX in the C2 style. Note that the Log-

that make up the KLAX game can be divided into three ic and Artist layers do not communicate directly and are in fact siblings. The
Artist layer is shown below the Logic layer since the components in the Art-

ist layer perform functions closer to the user.

2. KLAX is trademarked 1991 by Atari Games.



The graphics bindingcomponent receives all notifications describing the different levels is unavoidable.

about the state of the artists’ graphical objects and translate%ur discussion proceeds from the most familiar (component
them into calls to a window system. User events, such as a P P

key press, are translated into requests to the artispPecification) to the newest (styles). To demonstrate the
Component,s utility and applicability of this taxonomy, we discuss the

ways in which an existing architectural style, pipe-and-
The KLAX architecture is intended to support a family of filter, can be modeled at each level. With the exception of
“falling-tile” games. The components were designed asthe component specification level, we also provide a model
reusable building blocks to support different game of C2 at each levél.

variations. One such variation on KLAX is shown in Fig. 5. ]
This variation involved replacing the original tile matching, Several aspects of the C2 style, most notably its
tile placing, and tile artist components with components Practicability, have been explored through the construction
which instead matched, placed, and displayed letters. Thef several diverse experimental systems. We believe that our
objective was thus transformed from matching the colors of Preliminary findings are encouraging. At the same time, we
tiles to spelling words. Each time a word was spelled recognize that much additional work is needed on the style

correctly, it would be removed from the well. Tegelling ~ and supporting tools.

logic component wrapped an existing spell-checker. One of the facets that must be studied further is a formal
representation of architectures built according to the style.
E(')%?'é %\tgt#s %%uTte /\A/\\ﬂ PAa[I)eTtte The primary notation used to model mdnﬁldual C2
| I I | I architectures _thus_ far has l_Jeen graphical (“boxes and

T T T arrows”). While its expressive power appears to be

Next Letter Spelling Relative Pos sufficient for this purpose, this notation has introduced
Placing Logic Logic Logic ambiguities in interpreting architectures. Furthermore, its
l | inherent imprecision makes the kinds of formal analyses of

St|atus architecture_s that we would want to perform in th_e Cc2
Logic design environment [25] unachievable. By producing a
formal model at the four levels, while retaining the existing
I I I | graphical notation, we intend to preserve the
e (O ey (e representational simplicity of architectures and the potential
I I I [ for their direct manipulation in the design environment, but
[ also add the ability to formally reason about them.

,I?A?tt{[setr Component Specification

. A formal specification of a component’s internal
| functionality is sought for three reasons. The first is the need

Layout to have rigorously verified components as reusable building
Manager blocks. In [3], Boehm and Scherlis state that the greatest
_— disincentive against reuse is the perceived risk of using code
r developed by others. A small error in any one component

Graphics . . .
Binding can have disastrous effects in an architecture. In order to

minimize this risk, components must be formally specified
Fig. 5. A variation on KLAX. By replacing three components from the orig- gnd verified.

inal architecture, the game turns into one whose object is to spell words hor-

izontally, vertically, or diagonally. The second reason for a formal specification of components
is expressed in two of Krueger’s truisms of software reuse

MULTI-LEVEL PERSPECTIVE OF SOFTWARE [13]: to reuse an artifact effectively, one must know what it

ARCHITECTURES does and it must be easier to find it than to build it. A formal

Software systems built with a focus on architectures arespecification of a component can remedy both problems.

complex, multi-dimensional entities that span four distinct While it requires a higher degree of rigor from a software

levels of abstraction: practitioner than would a natural language description,

« specification of architectural elements, modeling a component formally is a more precise, and often
; i more concise, way of specifying its functionality.

* interfaces exported by the architectural elements, Furthermore, such specifications could assist in automating
* architectures (particular configurations of architectural the task of locating components in a software component
elements), and marketplace [31]. A developer would provide a
* architectural style rules (meta-architectures). specification of desired component properties to a locator

In order to develop a system using an architecture-base@pphcatlon’ which would, in turn, search both local and

approach and fully realize the potential of a component- _ S
based development environment, a software architect needs B8 28 1 TR B G Bo (el G e umderetood area o
to understand system characteristics at all four levels. Dueformal methods research. Instead, V\’/e intend to utilize existing formal tech-

to their common purpose, some overlap in motivating and nigues.




remote software component catalogs for components whoseised in CORBA [21] and Polylith [22]. Rapide [14] also

formal specifications most closely match the target provides a means for modeling component interfaces. Some
specification. An approach for doing so with a local common programming language constructs, such as Ada’s
component repository is discussed in [18]. package specifications, can also be viewed as IDLs. This is,

Finallv. a formal specification of a component can be input therefore, a relatively well explored and understood area of
Ys P P PU'yesearch. Much of this work has been conducted
to a code generation tool. Such a tool may be able to only.

: independently of its application in software architectures
partially generate component code. Furthermore, that COdeand, as in the case of component specifications, it often

[gaﬁi?eerﬁg;%bi?ﬁgﬁglys%%tﬁm:ecdoé%Sagﬁfgrgtie&o”?gzgg redates research on architectures. For example, the
q ' ’ 9 P rchitecture description language (ADL) LILEANNA [28]

\év:fltjlefjarze \éil\?;glee:seg%rfdleasts, Igzsltt v;/gumlg rel:gvfa?nunrﬂgnextends existing Ada constructs to enable architecture-based
P prog 9 development in the language.

responsibilities.

Examples of formal notations in which components can beBOth Rapide and LILEANNA are considered ADLS, yet
np ; ) . P they either provide new or incorporate existing facilities for

specified are axiomatic notations, such as Anna [15],

algebraic notations, such as Obj [11], or abstract modelCOmponent interface speC|f|c'at_|f_5nTh|s combination of

based notations, such as Z [26]. As a collection, COmponenf:\rch!tecture and interface definition in a single language is
modeling techniques are the best understood and mosfélatively common. However, we believe that separating
mature of the formal modeling techniques available at theth®m provides a better conceptual understanding of the
four levels of architectural abstraction. The reason for this is&rchitectural level currently being modeled and affords the
partly that these modeling formalisms predate the researctfl€Signer more power, as the most suitable IDL may be
in software architectures, and were developed with theChosen independently of the ADL.

intent of modeling procedures and source code modules.  Modeling Pipe-and-Filter Component Interfaces

Modeling Pipe-and-Filter Components Due to the characteristics of the pipe-and-filter style,

The Pipe-and-Filter architectural style, best known for its Modeling the interfaces of filters is inappropriate. Since
ability to create chains of input filters in the Unix shell each filter is considered a single transform between its input
highlights the necessity of formal modeling of components. @hd output data streams, there is only one entry point for

Central to the success of the Unix pipe-and-filter style are®ach component. Similarly, there are always two
the robustness and correctness of commonly used filtersParameters, the input and output data streams. However, just

which results in a high level of user confidence in the filters P&cause formal interface modeling is unnecessary for the
and widespread filter reuse. Unix filters have typically not Pipe-and-filter style, it should not be misinterpreted as an
been formally specified, yet are quite robust, the result Of!ndlctmgnt qf_formallty at this Ievgl of abstractlon. Ra_ther, it
thousands of hours of use over several decades. While long'S the simplicity of the pipe-and-filter style itself and its use
term use is an effective way to yield robust components, thisof untyped data streams to foster interoperability that makes
solution is not practical for new architectural styles; the use filter interface modeling unnecessary.

of formal modeling provides equivalent benefits over a far \odeling C2 Component Interfaces

more compact time scale. In this section, we provide a partial syntax of the prototype
Interface Definition C2 IDL, pertinent to our discussion of modeling C2

Just as important as a component’s abstract properties is theomponent interfaces. The syntax is specified in BNF.
concrete interface a component makes available forFurthermore, we give an example of how a KLAX
accessing its functionality and data. Therefore, a formalcomponent from Fig. 4 is modeled in the IDL.

specification of a component’s interface is needed i
addition to the specification of its internal functionality.
Such a specification enables the component locator component := _
application, discussed above, to select the best possible ~ component component_name is

Mac2 component is modeled in the IDL as follows:

interface component_message_interface

match to the needs of a given architecture among parameters component_parameters
components with similar or identical functionalities [30]. Fggthh;dgr CCOO%P;OHneenrft_mbgfhh:‘.jgr]

. . VI VI
Candidate components whose interfaces are deemed too [context component_context]
different from the desired one would hence be discarded. end component_name;

Furthermore, a formal interface definition affords automated A componentss interface is specified as follows:
translation of the selected component’'s domain in cases '
where a perfect match is not found. Finally, interface
definition can help establish a component’s adherence to the
architectural style. For example, a candidate component for . I
an architecture in the C2 style may not make direct &, LLEANNA aeo provites facites for specficaton of component
procedure Ca||S fl’0m Its bOttom S|de, as th|S WOU|d V|0|ate (|_||_) [10]’ which uses Ob] to Spec|fy Component semantics.

the principle of substrate independence. 5. In BNF, “:=" means “is defined as”|*means “or", {...]" denotes an
. L optional item and{:...}” a repetitive item. For simplicity, single character
Examples of interface definition languages (IDLs) are thoseterminals, such as a semicolon, are not surrounded by quotes. Spacing and
indentation are used solely for readability.




component_message_interface ::=
top_domain_interface
bottom_domain_interface

top_domain_interface ::=
top_domain is
out interface_requests
in interface_notifications

bottom_domain_interface ::=
bottom_domain is
out interface_notifications
in interface_requests

interface_requests ::=

{request;} | null;
interface_notifications ::=

{natification;} | null ;
request ::=

message_name (request_parameters)
request_parameters ::=

[to component_name] [parameter_list]
notification ::=

message_name [parameter_list]

Component semantics may be specified by the interface to a

limited degree. The manner in which the C2 IDL does so is
shown below.

component_behavior ::=
startup
cleanup
{internal_state_change | message_transition}

null ;
parameters
null ;
methods
procedure Create_Viewport ();
procedure Destroy_Viewport ();
procedure Draw_Tile (row , col , tag: integer);
procedure Erase_Tile (row , col : integer);
procedure Redisplay_Well (wstate : well_type);
behavior
startup
invoke_methods Create_Viewport;
always_generate ViewportCreated, SendWellState;
cleanup
invoke_methods Destroy_Viewport;
always_generate ViewportDestroyed;
received_messages TileAdded;
invoke_methods Draw_Tile;
always_generate ObjCreated;
received_messages TilesAdvanced;
invoke_methods Draw_Tile, Erase_Tile;
always_generate ObjCreated and ObjDestroyed;
received_messages TilesRemoved;
invoke_methods Erase_Tile;
always_generate ObjDestroyed;
received_messages WellState;
invoke_methods Redisplay_Well;
may_generate ObjCreated or ObjDestroyed;
received_messages WellFull
always_generate null ;
context
internal artist ;
end WellArtist;

TheWellArtistis internal to the KLAX architecture, i.e., itis

The most interesting aspect of component behavior as spedieither a top-most nor a bottom-most component in the

ified in the interface imessage_transition

message_transition ::=
received_messages
[invoked_methods] generated_messages

received_messages ::=
received_messages
[notification_sequence] [request_sequence]

invoked_methods ::=
invoke_methods method_name {, method_name};

generated_messages ::=
[message_generation_frequency request_sequence]
[message_generation_frequency notification_sequence]

message_generation_frequency ::=
always_generate | may_generate

request_sequence ::=
request_name {logical_operator request_name};

notification_sequence ::= o
notification_name {logic_operator notification_name};

Given the above syntax, we can model components in a C
architecture, such as KLAX. ComponenkellArtist from
Fig. 4 is specified as follows:

component WellArtist is
interface
top_domain is
out
SendWellState (to WellADT);
in
TileAdded (I : location; t : tile_type);
TilesAdvanced ();
TilesRemoved (well : well_type);
WellState (well : well_type);
WellFull (1 : location; t : tile_type);
bottom_domain is
out
ViewportCreated (vport : vport_obj);
ViewportDestroyed (vport : vport_obj);
ObjCreated (object : draw_obj);
ObjDestroyed (object : draw_obj);
in

architecture. The artist can issue only one request,
SendWellStateThis request is sent ¥/ellADT at startup
time, but may also be issued during the game to update the
depiction of the KLAX well in the case of lost messages due
to, e.g., network failure. The artist responds to multiple
notifications in order to properly update the depiction of the
well. The notifications it receives on its top side result in
invocations of internal object’s methods and, subsequently,
generation of notifications on the artist's bottom side.
Finally, the WellArtist does not respond to any requests
issued by components below it.

The notation used in the example may appear long and
complex at first. However, it is easy to recognize a number
of patterns in the component’s interface model. For
example, “received_messages” is always followed by
“invoke_methods” and either “always_generates” or

ymay_generate.” Therefore, the designer’s task can easily
e simplified by providing component templates and

appropriate editor support.

Note that the C2 IDL supports communication scenarios in
which a sequence of received notifications and/or requests
may result in a sequence of outgoing notifications and/or
requests. The above example presents a special case where
the lengths of all incoming and outgoing message sequences
are one.

Architectural Description

The next level at which software architectures are described
is that of actual architectural configurations, that is,
architectural elements and connections among them. This
information is needed to determine whether meaningful
work will be performed by an architecture, i.e., whether the
appropriate components are connected and whether their



interfaces match. In concert with the previous two levels, of the prototype C2 ADL, pertinent to our discussion of

architectural descriptions enable assessment of concurreninodeling C2 architectures, specified in BNF (see

and distributed aspects of an architecture, such as thd-ootnote 5). Furthermore, as an example, we model the
potential for deadlocks and starvation. An ADL must be KLAX architecture from Fig. 4 in the ADL.

able to express dynamic (run-time) changes to architecture : : . )
as well. Furthermore, architectural description is necessar}‘ C2 architecture is modeled in the ADL as follows:

to establish adherence to architectural style rules, such as architecture ::=

C2's rule that there are no direct communication paths afChétgr%tugﬁeﬁtfghggﬁéugeﬁ:rﬁ"}gtis
between components. Finally, architectural descriptions Comgonem_instan’ées component_instance_list
enable analyses of architectures to determine whether an [connectors  connector_list]
architecture is “too deep,” which may affect performance [architectural_topology  topology]
- end architecture_name;
due to message traffic across many levels and/or process component list =
splits, or “too broad,” which may result in too many t%p_mo—st {Component_name:}
dependencies among components (a “component soup” internal {component_name;}
architecture). bottom_most {component_name;}
. component_instance_list ::=
Much research has recently been done on ADLs in the instance_name instantiates component_name
software architectures community. There are a number of __[with (parameter_instantiation)];
.. . {|nstance_name instantiates component_name
Wright [2]. However, there is still no consensus on what an  connector Jist ::=
ADL is and is not and what aspects of an architecture {connector;}

should be modeled by an ADL. For example, Rapide is a connector ::=

general-purpose system description language that allows connector connector_name is
message_filter message_filter_type;

modeling of component interfaces and their externally end connector_name:
V|S|_ble be_hawor in a_ddltlon to modeh_ng the arch_ltecture, message. filter_type ::=
while Wright formalizes the semantics of architectural no_filtering | notification_filtering | prioritized | msg_sink

connections with a communicating—sequential-processes-A
like notation [12]. Furthermore, no distinction is made

between ADLs on one hand and formal specification
languages, simulation languages, and programming
languages on the other. Instead, for example, Rapide can b
viewed as both an ADL and a simulation language. Such : o . L L
ambiguity indicates that ADLs are not as well understood ascomponent in order of priority until a termination condition

: i . has been meFinally, themsg_sinKiltering policy allows a
formalisms at either of the preceding two levels (component . i
semantics and interfaces). connector to ignore each message sentto it.

connector with theno_filtering policy becomes a simple
message routeNotification_filteringis a means of message
registration in C2Prioritized message broadcast allows a
connector to define a priority ranking over its connected
gomponents whereby a notification is sent to each

Modeling Pipe-and-Filter Architectures The topology of a C2 architecture is specified as follows:

The Unix shell employs a simple, effective ADL for topology =
describing filter interconnections. The ADL consists of a {Contnector tconnector?name connections
. . . H 3 0Op_ports connection_seqguence
variable set of filter names (the set of all f||ter“s”|n t_he user’s botfom _ports  connection. sequence}
path), an interconnection operator (a bar “|", pictorially _
representing a pipe), and a small set of redirection operators connection_sequence ::=
. b . . connection; {connection;} | null ;
(the greater than and less than signs, “>", “<", redirecting
output and input respectively). Along with a small number  connection ::=

of syntax rules, the combination of filters and operators Conr[‘v%ﬁi‘r’g—[?]fﬁkc—gﬁgﬁﬁon constraint]
allows the specification of all Unix pipe-and-filter [message_filter port_message_filter_type]

architectures. These architectures are easy to understand
due to the simplicity of the formalism, and they are easy to
analyze since component interconnections are so visible.

connection_block_name ::=
component_instance_name | connector_name

connection_constraint ::=
While the Unix shell ADL for pipe-and-filter cannot be used boolean_expr| msg_sequence | environment_command
to model other architectural styles, it does highlight the connection constraints provide a means for dynamically
benefit of small, simple, formalisms highly tailored to & changing architectures, as will be demonstrated in the
specific architectural style. This is in contrast to more ) ax example below. However, these dynamic changes
powerful, and also more complex ADLs such as Rapide. st be planned for ahead of time and specified at
Modeling C2 Architectures architecture definition time. An open research issue is what
C2's ADL is a means by which C2 architectures are facilities are needed to handle unplanned dynamic changes
“orogrammed.” The ADL is a programming-language t architectures and whether there are ways of enabling such
independent modeling technique that specifies thechanges by the ADL.
instantiation of required architectural elements and their
interconnections. In this section, we provide a partial syntax

6. [27] provides a detailed explanation of filtering policies in C2.



For purposes of brevity and clarity, only a partial model of technologies (other components or the operating system).

the KLAX architecture is given below: Software systems for which the style is intended are real-
. . time, distributed, and concurrent. C2 style's requirements
architecture KLAX is . L. . L
components and intended application domain are nontrivial. Therefore,
top_most = we must enable automated analysis of architectures built in
g{gﬁﬂfg? the style to ensure their conformance to the style, as well as
o ’ to the application-specific requirements. The formal
'nteﬂg!(””eplacm Logic: definition of the style is necessitated by the fact that a solid
LayoutManage%; e formal foundation is the basis of analysis.
bottom_most As a research area, architectural styles are more recent than
Gr?phictsBinding; the three preceding areas. Analogously, the techniques
component_instances H H ;
ClockLogic_ 1 instantiates ClockLogic: available for formal modeling of architectural styles are less
StatusADT_1 instantiates StatusADT: mature than those at the other levels of architectural
conmactors abstraction. [1] and [8] present rare attempts at formally
connector Connl is modeling styles. The formal definition of the C2 style, given
message_filter no_filtering ; below, is based [1]'s approach.
end Connil;

Modeling the Pipe-and-Filter Style

architectural_topology A formal model of the pipe-and-filter style is presented in

connector Connl connections

top_ports [1], using the Z notation to describe the style in terms of
(S?{gtCLlfs'-XgiTC_%} three basic syntactic classes for architectural modeling:
ChuteADT 1; components, connectors, and their configurations. In
WellADT_1; addition to demonstrating that formal modeling of
bottc?r%legg?sm_l; architectural style is possible, [1] also shows its benefits:
NextTilePlacingLogic_1 precise description of the architectural style in unambiguous
where not Ctrl-S; language, development of specialized analysis techniques,
NextLetterPlacinglogic_1 and the ability to make comparisons between architectural
TileMatchLogic_1 styles. Similar to this specification is the formal
Spemglf_% gifét lef/-S; specification of the style provided in [7], which, when input
where CIrl-S: to the Aesop system, yields an automatically generated
RelativePositionLogic_1; environment for the development of architectures in the
8822% style. This demonstrates the utility of formal specification of
architectural style for the construction of architectural
end KLAX; design environments.

Note that “Ctrl-S” represents an example of the \jodeling the C2 Style

environment_commarebnnection constraint. This example  Thjs section presents a formal definition of major features of
depicts the dynamic substitution of two of three componentsine C2 architectural style, the fourth level of architectural

used in building “spelling KLAX" from the original  apstraction. The complete formal model of the style is given

application, as shown in Fig. 5. in [16].” Coupled with the formal models at the preceding
Architectural Style Rules three abstraction levels, this work represents the important
It is not necessary for software architectures to adhere to thdirst step in providing a comprehensive formal basis for the
rules of a particular style in order to perform meaningful style and enabling the design environment to perform the
work. However, adhering to a style carries certain benefitsnecessary analyses of architectures.

with it. Architectural styles are formulated and evolved to

consistently repeat successes and avoid failures fromA canonical C2 component is defined below. This definition

previous projects. A style also enables software architects tocorresponds to the internal architecture of a component

reuse successful design patterns [6]. A formal definition of shown in Fig. 2. Since a components dialog can decide

the style enables a design environment to check anWhen and whether to handle a particular message (or

architecture for conformity to style rules. A formal >cddence of messages) that it receives at its top and bottom
definition of the style may also enable automatic generationports [27], themsg_to_handidunction is defined to select
of templates for components, connectors, domain one or more messages at a portstate_transitionin a

translators, main procedures, etc. Finally, a formal definition SOPonent, whose properties are specified in the last
formula in the schema, is defined as processing messages

may highlight those characteristics of the style that can ber ived at either the t r the bottom port and iol

modified to create a family of architectural styles suited for 'ccc ved at either the fop or the bottom port and possibly

different application domains. generating outgoing messages. For each incoming message
it processes, a component may generate multiple outgoing

The goal of the C2 style in particular is to enable messages at each port.

development of GUI architectures with interchangeable and

reusable software ~components. The components are] The formal definition of C2 is given in Z [26]. See the Appendix for a
heterogeneous and must not depend on their underlyingsummary of Z concepts and terminology.




__C2Component

name : COMP_NAME

top_port, bot_port : PORT

top_in, top_out, bot_in, bot_out : PORT -» P MSG

top_domuin, bot_domain : P MSG

dialog_in : P MSG + OBJ_STATE

wrapper, dialog_top_out : OBJ_STATE + P MSG

msg_to_handle : NEXT_MSG;

domain_trans : P MSG + P MSG

internal_states : P OBJ_STATE

start_state : OBJ_STATE

state_transitions : (OBJ_STATE x (PORT - P MSG)) —
(OBJ_STATE x { (PORT + P MSG), (PORT + P MSG) })

top_port = bot_port

dom top_in = { top_port }
dom top_out = { top_port }
dom bot__in = { bot_port }
dom bot_out = { bot_port }

top_domain = top_in(top_port) U top_out(top_port)
bot_domain = bot_in(bot_port) U bot_out(bot_port)

¥ statel, state2 : OBJ_STATE; psl, ps2. ps3: PORT + P MSG
o ((statel, psl),(state2, { ps2, ps3 })) € state_transitions =
statel € internal_states
A state2 € internal_states
A (dom psl = { top_port } v
dom ps1 = { bot_port })
A (dom ps2 = { top_port })
(dom ps3 = { bot_port })
(

>

A (psl(top_port) C top_in(top_port) v
psl(bot_port) C bot_in(bot_port))

A ps3(bot_port) C bot_out(bot_port)

— HandleMessageFromAbove
AC2ComponentState

comp’ = comp

((current _state, top_in_data),
(current_state’, { top_out_data’, bot_out_data’ })) €
comp.state_transitions

top_out_data'(comp.top_port) =
top_out_data(comp.top_port) U
comp.domain_trans(
comp.dialog_top_out(
comp. dialog_in(
comp.domain_trans(
comp.msg_to_handle(
top_in_data(comp.top_port))))))

bot _out _data'( comp.bot _port) =
bot_out_data(comp.bot_port) U
comp.wrapper(
comp.dialog_in(
comp.domain_trans(
comp.msg_to_handle(

lop_in_data(comp.lop_port))}))
top_in_data(comp.top_port) =

top_in_data'(comp.top_port) U
comp.msg—to_handle(lop_in_data(comp.top_port))

bot_in_data’(comp.bot_port) = bot_in_data(comp.bot_port)

For clarity, the expressions defining the new values for
top_out_dataand bot_out_dataabove (denoted with’ ™)

A ps2(top_port) C top_out(top_port) have been broken across several lines. Going from the
bottom of each expression upward, every line represents a
step in processing messages from selecting a sequence of

Note that all definitions involving components assume thatincOmMing messages to producing outgoing messages. For
they are internal components, i.e., they are neither top- no€xample,top_out_data is obtained by the following five
bottom-most in an architecture. However, the top- and St€ps:

bottom-most components are easily described as specig{

cases of the given definitions by omitting from the schemas

references to their sides, top or bottom, that are outermost irb

an architecture.

The following schema expresses substrate independence. A

component must utilize the domain translator for the

messages it both receives and sends on its top side. At the

same time, it has no knowledge and makes no assumption

about its substrate, so that the wrapper around the internar”

object emits messages in the component’s domain of
discourse on its bottom side, unbeknownst to the dialog.

select a set of incoming messages from the top_port:
comp.msg_to_handle(top_in_datayg,..))

perform domain translation on those messages:
comp.domain_trans (1)

interpret the translated messages in the dialog and
invoke the appropriate internal object methods:
comp.dialog_in(2)

interpret the values returned by the internal object’s
methods and generate a set of outgoing messages:
comp.dialog_top_out(3and

5. perform domain translation on the outgoing messages:
comp.domain_trans(4)

A C2 connector has multiple ports on its top and bottom
sides, one for each component attached to it. It is defined as
follows:



_ C2Connector

top_ports, bot_ports : P PORT

top_in, top_out, bot_in, bot_out : PORT - P MSG
Filter_TB : FILTER

Filter_BT : FILTER

top_ports N bot_ports = &

dom top_in = top_ports
dom top_out = top_ports
dom bol_in = bol_ports
dom bot_out = bot_ports

U(ran bot_out) C {J(ran top_in)
U(ran top_out) C |(ran bot_in)

A connector may have the ability to filter messages, so that

the messages it emits on its bottom side are a subset of those

that come in from above and the messages it emits on its top
side are a subset of those that come in from below (See
“Architectural Description”). It is thus possible to define
filtering functionsFilter_TB andFilter_BT that determine

Finally, in any given architecture, there is no guarantee that
all of a component’s services will be utilized by components
above and below it or that the component will understand all
the requests sent to it. This property is a byproduct of
component reusability. A component may be used in
multiple architectures, and different aspects of it may be
needed in each. Since components communicate via
connectors, it is possible to specify pairwise relationships
between the domains of any connector and each component
attached to it, and express the utilization of a component’s
services in terms of that relationship. For example, partial
utilization of a component’s services by a connector, where
the component will receive some, but not all, of the
messages it is capable of handling, is defined as follows:

_ PartialService Utilization
ve @ ValidC2Connections
components : P C2Component
connectors : P C2Connector

Y ¢ : components; b : connectors; bport : PORT

o (bport € b.top_ports A (c.bot_port, bport) € ve.Link =

b.top_out(bport) N c.bot_in(c.bot_port) #+ & A

for each port whether a particular message will be filtered c.bot_in(c.bot_port) N b.top_out(bport) C c.bot_in(c.bot_port))
out or propagated. The below schema shows how the| A (bport € b.bot_ports A (c.top_port, bport) € ve.Link =
Filter TB function is used to decide whether a given b.bot_out(bport) N c.top_in(c.top_port) # @ A
messagensgis filtered out or propagated to a bottom port e.top_in{c.top_port) N b.bot_out(bport) C c.top_in(c.top_port))

port2. For simplicity, the two functions are assumed to filter
out a message by propagating a null message.

VALUE OF THE C2 MODELING FORMALISMS

There are a number of benefits incurred from the interface,
architecture, and style modeling formalisms for C2,
discussed in the previous section. At the same time, the
conn' = conn formalisms fall short in certain respects and a number of
issues remain unresolved.

— RoutMessage FromAbove
AC2ConnectorState

Vmsg : MSG; portl : conn.top_ports | msg € top_in_flow(portl)

o Vport2: conn.bot_ports , , The C2 IDL and ADL were used successfully as the design
o top_in_flow(portl) = top_in_flow'(portl) U { msg }

o) , notation in the KLAX project, described in “An example

A top—oulflow'(portl) = top_out_flow(portl) C2 application”. In projects preceding KLAX, a crossection

A botin_flow(port2) = bol_in_flow(port2) of which is discussed in [27], no particular design notation
A bot_out_flow'(port2) = , , was used. This usually resulted in a mixture of annotated
bot_out_flow(port2) U { conn. Filter_TB(port2; msg) ] boxes-and-arrows diagrams and prose. The designs were

difficult to understand or update in this form and both

Ivabili lability of th ff .
The property that a component may only be attached toevo vability and scalability of these systems suffered

single connectors on its top and bottom sides is expressed aBhe IDL and ADL were, therefore, a needed complement to
follows: these descriptions. The two languages provide structure to
the design process and are simple and easy to understand.
_ Component ToConnectorLinks They are also easily extensible to accommodate new
2 Link understanding of C2 concepts. Finally, a notation equivalent
components : P C2Component to a subset of the ADL was used in Argo, the C2 design
connectors : P 2 Connector environment [25], to automatically generate main
procedures for the different variations of KLAX.

Y comp : components .
The current shortcomings of the IDL and ADL are largely

an indicator of future work. We currently do not support
syntactic or semantic checking of the two languages in
Argo. These facilities are precursors to further architectural
analysis and code generation tools. We also recognize the
potential benefits of treating collections of C2 components
as object-oriented (OO) type frameworks. We have
completed some preliminary work on identifying the issues

o 3, connl, conn2 : connectors; tport, bporl : PORT |
tport € conn2.top_ports
A bport € connl.bot_ports
A connl # conn2
o (comp.top_port, bport) € Link N
(comp.bot_port, tport) € Link




and extending the ADL syntax to accommodate the view of Another shortcoming of Z is that some C2 style rules cannot

C2 architectures as a network of OO types [17]. However, be defined in it. For example, Z is inadequate for C2’s real-

we still need to develop a deeper understanding of thetime, concurrent, and distributed aspects. These must be
ramifications of doing so and provide a complete languagespecified using a different formal method, such as temporal

and toolset to support subtyping and type checking in C2. logic, in a notation such as graphical interval logic (GIL)

The formal definition of the C2 style also has several [41 o ) ]

benefits. The definition fulfills its primary role: it enables [1] demonstrated Z's utility in modeling two architectural
enforcement of style rules, such as substrate independencétyles, pipe-and-filter and the event system (ES). However,
single top and bottom component ports, multiple connectorthese two styles are substantially simpler than C2. It can
ports, and connection of the bottom of a component to theeven be argued that ES is subsumed by C2. This does not
top of a connector, and vice versa. Furthermore, thecontradict our claim that C2 is a simple style. On the
template for components in the C2 style, shown in Fig. 2 contrary, we believe that C2 is easy to understand
and defined in the scher@2Componenmmay be generated ~conceptually and any attempts to simplify the Z definition of
from the model. The model also formalizes the notions of the style would ultimately decrease its understandability.
full, partial, and no service utilization between components For example, it is possible to eliminate the topology
in an architecture, enabling the design environment toimposed by C2 and reduce C2 to a centralized-bus style,
pinpoint components that require domain translation. Thesuch as Field [24]. The topology would then become
definition is flexible; it can be easily modified to reflect any implicit in the single connector’s message routing and
new knowledge we acquire about the style by adding orfiltering logic. This would substantially simplify the
modifying the necessary Z schemas. For example, thecorresponding Z schemas, but the conc_ep_tu_al understanding
definition can be easily extended to include implementationof the style would be greatly diminished. These

characteristics of architectures, such as operating systemshortcomings of Z imply that, just as there are multiple
host, process, task, and address space. formalisms for modeling components, interfaces, and

) architectures, a single formal notation is insufficient for
The formal model also enabled our better understanding ofyodeling all styles.

the style. Merely going through the process of adding rigor

to the definition of a style is a verification process. It CONCLUSION _ _
crystallized our understanding of what the C2 style is and Constructing systems on the basis of a software architecture
exposed several inconsistencies and inaccuracies thagPproach offers many benefits. Since many of these benefits
existed in its less formal definition. In particular, rely on the ability to analyze a system and its constituents,
formalizing C2 corrected a mistake in the prior definition of there are clear and important roles for formal models to
service utilization axioms. It, furthermore, affirmed the play. We have discussed four levels of abstraction,
suspected need for the explicit representation of meaningful in our development strategy, at which formal
communication links, or paths, between individual Specifications are necessary. All four levels are not equally
component and connector ports. Finally, it clarified the Well understood and our discussion of modeling techniques
definition of communication between a component and aestablishes a spectrum of consensus in the research
connector as being on individual port-to-port basis, ascommunity, going from best understood (component
opposed to component-to-entire-connector communication,s€mantics) to least understood (architectural styles).

as was previously expressed incorrectly. We have been pleased to be able to successfully model C2's
On the other hand, the style definition has several component interfaces, architectures, and style rules, and

shortcomings. Many of them may be attributed to the formal "2ve obtained benefits in so doing. At the same time, our
notation we chose. formal models of component interfaces and architectures

L . are currently only prototypes, while the formal definition of
The style definition may be viewed as cumbersome andine style, expressed in Z, has proven both unnecessarily
difficult to read. Z's rigor and insistence on cqmpleteness,comp|ex and inadequate in formalizing certain aspects of
which are the strengths of any formal notation, hamper grchitectures developed according to the style. Additional
understandability in this case. For example, the formula informal specification techniques are required to model C2’s
the C2Componenschema that describes the properties of & regl-time, distributed, and concurrent characteristics.
state_transitionis very long and may require careful pyrthermore, complete tool support for the four levels of
examination. Yet, it was informally described simply as gpstraction is needed as part of Argo to facilitate

‘processing messages received at either the top or thchjtecture-based development in C2.
bottom port and possibly generating outgoing messages.” . .
Furthermore, the property that a component may only peVVe are dismayed by the prospects of having to use several

attached to single connectors above and below it, specifiedlifferent formal specification techniques, sometimes even at
in the ComponentToConnectorLinkechema, is currently & single level of architectural abstraction, to address all our
expressed in Argo with a singiiestatement. Several other fﬁrmarllzatl_on needs. _Wh|let;/ve are nort] SO nalv?]_aﬁ _to“thmlé
style rules are also expressed more simply algorithmically {hat there is soon going to be one technique which is "goo
in Argo than they are in Z. Therefore, an operational for everything,” we certainly hope to direct the attention of

notation seems preferable to a model-based one for at |eaiprmal methods researchers to the problems of utilizing
some aspects of C2. eterogeneous specification mechanisms, particularly in the

area of software architectures.
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APPENDIX: Summary of the Z Notation
The Z notation is a language for modeling mathematic

is the range of.

Odecl| pred; « pred, is read “for all variables ideclsat-
isfying pred;, we have thapred, holds.”

Odecl| pred; « pred, is read “there exist variablesdiecl
satisfyingpred;, such thapred, holds.”

Z has a special type constructor, called fohema A

schema is a collection of variables with a set of constraints
over that collection. For exampl&wnis a schema for a

town with the set of residences and people residing in them:

Town

residences : P ADDRESS

al
objects developed at the Programming Research Group # residents - INHABITANTS

the University of Oxford. Z is based on first order logic and
set theory. It uses standard logical connectives(
etc.) and set-theoretic operations (0 ,n ,
standard semantics. In this appendix, we outline the aspect
of the Z notation used in this paper. A more extensive
summary of Z can be found in [1]. For a complete reference,
see [26].

A Z specification is a collection of types and predicates that

, etc.) with their To select the residents bf Town we writet.residents

A schema can also specify invariants, written under the

dividing line, that must hold between the values of

variables. To model the invariant that the setesfdentsin
type Town includes only those whose residence is in the

given Town we state thatesidenceds the domain of the

must hold on the types’ values. Z provides basic types, suchesidentsfunction.

as N for natural numbers ar@d  for integers. Other basic
types can be introduced by enclosing them in square

_ Single Town

brackets. For example, the types for person names and residences : P ADDRESS

addresses are specified as follows:
[NAME ADDRES$

To declare that a particulgersonis of type NAME, we
write person : NAMEIf personhas already been declared,
the above predicate is expressepasond NAME

residents : INHABITANTS

residences = dom residents

Z allows for schema inclusion to facilitate a more modular
approach to specification. The invariant above can also be

Composite types in Z are constructed from basic types usingpecified as

the following type constructors:

PXis the powerset o, i.e., the set of all subsetsXf
XxY is the cross-product of andY, i.e., a set of all
ordered pairgx,y)such thak 0 Xandy O Y.

Functions used in this paper are:

X4+ Y, the set of all partial functions betweémndy.

A partial function need not be defined over the entire
domain, and

XY, the set of all total functions. Total functions are
defined on all elements of the domain type.

An abbreviation or type synonym in Z allows introduction
of new global constants. For example, a function that
returns the names of all people residing at a given address i
defined as:

INHABITANTS==ADDRESS+ [P NAME

Other Z operations and notational conventions used in thi
paper are:

If f is a function, then dorhis the domain of and rarf

[

_ Single Town

Town

residences = dom residents

Finally, f Schemais a schema type, thed\Schema
represents tw&chemastates, one before and the other after
an operation. The state after the operation is denoted with
“’* Hence,

TownGrowth
ATouwn
S

is equivalent to

TownGrowth
Town

Town'




