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These decision variables relate to the z; ; since y, ;5 ; =
zq; % 3 ;. Notethat thisis a non-linear equation. Buit,
by taking advantage of binary numbers properties, we can
restate this non-linear equation as a series of linear inequal-
ities:

Ya iy < Ta (7)
Ya iy < Tpj (8)
I+ 9yais; =2 Tait+ T 9)

We can now state the connectors and throughput con-
straints:

¢ C

>N COMM(a,b) % ya by < CONN(i,j) (10)
a=1bp=1

where COMM and CONN are the parameters defined in
(2) and (4), respectively.
Finally, the objective function is expressed as:

N N % %
Min Z2=3" > > > yausyx COMM(a, b)
b=1

i=1 J=1(5#1%) a=1
(11)

Minimizing theremote communication (; # ¢) isequivalent
to maximizing the local communication.

4. Ongoing Work and Conclusions

Using the architectural specification presented here, we
showed in [4] how to use our BIP model to produce an opti-
mal distribution. We used the GAM S optimi zation package
for the implementation [5], and applied the technique to
a standalone legacy C++ application, with the parameter
values measured by monitoring the actual application exe-
cution.

Binary integer programming is a NP-compl ete problem
[1Q]. Given the particular structure of our problem, we aso
showed in [4] that for the branch-and-bound algorithm used
to solve the BIP problem the upper-bound on timeis N ©,
where N the number of nodes in the network and C' is
the number of distributable components in the application.
Theactua observed execution times have been substantially
faster than what is suggested by the upper bound.

We are currently building an interactive tool that alows
the designer to specify the architectural components by pro-
viding parameters directly or deriving them by parsing a
piece of Java code. The characteristics of the network are
specifiedaswel. Thistool checksthestyleconstraints[1, 3],
derivesthetype of communication for each style, checksthe
consistency of thearchitectural specification, and calculates
the optimal distribution using the BIP moddl. We are ex-
perimenting with a more powerful solver than GAMS that
allows usto solve larger problem instances.

We are a so refining our application and network model's
by including new constraints that make the models more
realistic. We plan to include the response messages as part
of the communication load, the limit on the total communi-
cation a node can handle simultaneoudly given the physical
connections to the network, and the maximum allowable
response time for the different types of messages.
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A Connector goes from one node to another of the net-
work, and it has a certain capacity or bandwidth.

_ Connector
endl, end2: Node
capacity * N

endl = end2 & capacity = oo

We are building a model for minimizing remote communi-
cation, so we assume thereisno restriction onlocal commu-
nication. Thisis expressed by defining connectors between
anode and itself withinfinite capacity. If we definean array
CONN, the capacity of the connector between nodes ¢ and
j inthe network will be:

CONN((i,j) = c.capacity | c.endl=1i A 4
cend2 =7
Connectors are not necessarily symmetrical.

Inasimilar fashion to our Application definition, we can
define aNetwork in terms of its Nodes and Connectors.

_ Network
Nodes . IP Node
Net . Node x Node — Connector

Vn,n' . Node;, c: Conneclor e
(n,n') — ¢ € Net < n € Nodes A
n' € Nodes A
cendl =n A
c.end2 = n'

3.3. BIP Mode for Optimal Deployment

A feasible deployment of an Soft_Arch_Application over
a Network can be formally specified as:

__Deployment
N @ Network
A Soft_Arch_Application
Deploy : Component — Node
Usage . Connector — N

dom( Deploy) = A.soft_arch_appl [A]
ran( Deploy) C N.Nodes [B]
VYn € N.Nodes; ¥V c € Deploy>n e

5, 05(0) < NS(n) [c]
dom( Usage) C ran(N.Net) [D]

Yen — f € Usage;
¢ € Deploy > en.end],;
¢’ € Deploy > cn.end2 o
(F =3, COMM(c, ")) <
CONN (cn.endl, cn.end?2)
[E]

The Deployment schema isinterpreted as follows:

Completeness- Each application unit is deployed to one
and only one node of the network ([A] and [B]).

Storage- The totd storage required by all of the compo-
nentsdepl oyed to each node does not exceed thenode's

storage capacity ([C]).

Connectors- Components communicate with remote
components only through the network connectors

([DD).

Throughput - For each connector, the total communica
tion bandwidth does not exceed the connector’s capac-

ity ((E]).

Fixing the location of selected components is modeled by
defining a-priori the value of some tuples of the Deploy
function.

Among the possible deploymentsthat satisfy all of these
requirements, we are interested in the one(s) that minimizes
the remote communication bandwidth. We state dl of these
conditionsas constraints of a BIP problem whose objective
function isto minimize the total remote communication.

Our basic decision variablesare:

- _ ] 1 if component i isassigned to node
"7 71 0 otherwise

the completeness condition can be then expressed as:

N
Zl‘z‘,j =1 5)

where N isthe total number of nodes in the network. The
storage constraint is:

C

> @i x CS(i) < NS(j) (6)
i=1

where (' isthe total number of componentsin the applica-
tion, and C'S and NS are the parameters defined in (1) and
(3), respectively.

For the remai ning equati ons, we need to define additional
auxiliary decision variables to express the conjunction of
conditionsof having two componentsassigned to two nodes:

unit b isassigned to node j

1 if unit ¢ isassigned to node ; and
Ya,i,b, =
0 otherwise



Figure 1. Communication Between Components.

3. Optimal Deployment of Distributable Units

The performance of adistributed application depends on
the location of each component within the network. Since
remote communication is both sower and more expensive,
as compared to loca communication, we consider mini-
mizing the remote communication as a way of improving
performance. The optimal deployment depends on both the
application and the network characteristics.

In this section, we refine the definition given for a Com-
ponent (see Section 2) and also provideaformal definition of
the most relevant parameters of the network for our model.
We introduce and discuss a binary integer programming
(BIP) model that calculates the optimal deployment based
on the application and the network parameters.

3.1. Storage and Communication

The way the application is used determines the storage
needed for the components and the communi cation between
them. Thestorage needed for thecomponentsisdetermined
by the number of instances of each Class in the Component
(extent), and the storage needed for each instance (state).
We do not consider the storage needed for the method im-
plementations of each clas, since this vaue does not scale
with the extent. The communication between components
is given by the amount of information units sent and isthe
product of thesize of the Messagesin theuseslist and thefre-
guency with which these messages are sent. We rewritethe
definition of Component adding this runtimeinformation.

__Component’
Component
storage : N
frequency @ Comp_Message — N

storage = ZcEcomp c.state x #c.extent
dom frequency = uses

If wedefinean array CSof required storage for components,
we will have, for any component i:

CS(i) = i.storage (D

anditsvaluecanbeentirely derived fromtheclassdefinitions
of the component.

The communication between a pair of components per
time unit isthe summation of all of the messages sent from
one component to the other per time unit. If we define an
array COMM, thetotal communi cation between components
tandjis

COMM (i, j) = Z m.mess.size X i.frequency(m)| (2)

m € 1.uses A m.comp_target = j

Here the frequency for each Comp_Message in the Compo-
nent’suseslistisprovided by thedesigner. Thisinformation
might be a rough estimation at an early stage of develop-
ment, but most of thetimeitisderivableby either the system
users or the designer. Notice that communication between
componentsisnot symmetrical. We are not considering the

response to any message.
3.2. The Computers and the Network

The network characteristics are determined by the char-
acteristics of the computers (nodes) and the connectors.

Node

Fstomge ‘N

For the Nodes, we are only concerned with the available
storage. If we have an array NS for the storage available
in each node of the network, we can define the storagein a
node ; as.

NS(i) = i.storage (3



correspond to the implementation of the Methods defined
in the Object_Type. The uses and exports lists of a Class
are defined as bijections between the Methods defined for
the Object_Type and the Messages implemented. Messages
aretheconnectorsfor the object-oriented architectural style.
They can be defined independently, but their role is given
by their link with the Classes as part of their exports or uses
functions. An Object can then be defined as an element of
the Class extent.

— Class
Object_Type
extent : P Object
uses . Method — Message
exports . Method — Message

domuses = needs

dom exports = provides

YV mt — ms € (uses U exports) o
mt.size = ms.stze N\
mt.target.ot_id = ms.target.ot_1d

_ Message
target . Class
size : Nq

self € rantarget.exports

— Object
class . Class

self € class.extent

All Objects in the same Class have the same interface (ex-
ports and uses) and the same state, because they al belong
to the same Object_Type. However, Classes are digoint and
each Object belongsonly to one Class, even if thereismore
than one Class of the same Object_Type.

Inorder tohaveawell formed application, every Message
that may be sent should have itstarget Class as part of the
application, so that it is able to handle the message, that is,
the Messageis part of therange of itsexportslist. Based on
the prior definitions, we can formally specify an Application
for an object-oriented architecture.

___Application
appl 1 P Class

V¢ € appl; m € ranc.uses
3¢ € appl | m.target = ¢’ A
m € ranc’ .exports

As part of the software architectura design process, we
can group some classes into Components. When encap-
sulating classes from a legacy application (bottom-up) or

designing new components from scratch (top-down), this
characterization isthe same, allowing for a hierarchical de-
sign. A Component is, as an Application, a set of Classes,
with the only difference being that not all messages need
to be satisfied within the component. The component’s ex-
portslist isthe union of the range of the exports of al of its
Classes. The usesisformed by al of those Messages from
therange of the Classes’ useswhose target is not part of the
same Component.

— Component
comp . P Class
exports . P Comp_Message
uses . P Comp_Message

exports = {¢ € comp; m € ranc.exporis;
em : Comp_Message | cm.mess = m o cm}
uses = {c € comp, m € ranc.uses,
em : Comp_Message |
(letct = em.comp_target |
ct # self A
cm.mess = m A
m.target € ct.comp) e cm}

The communication between components is determined
by those messages between classes that are not satisfied
within the same component as shown in Figure 1.

— Comp_Message
comp_target . Component
mess . Message

mess.target € comp_targel.comp

The Soft_Arch_Applicationisnow defined interms of the
components and messages between components.

— Soft_Arch_Application
soft_arch_appl . P Component

Y ¢ € soft_arch_appl, cm € c.uses @
3¢ € soft_arch_appl |
em.comp_target = ¢’ A m € ¢’ .exports
Vel Class @
#{c € soft_arch_appl | cl € c.comp o ¢} <1

A Soft_ Arch_Application is a set of Components such that
all foreign invocations must be solved within the applica-
tion, as we did for Application. We also require that any
Class can only be part of a most one Component of the
Soft_Arch_Application. Even though many Classes of the
same Object_Type can be implemented in different Compo-
nents, they aredifferent Classesand their extentsaredigjoint.
This conditionisimportant for Messages to have auniquely
identified target in the Soft_Arch_Application.



lying network. Thus, minimizing the remote communica
tion in adistributed system while maintai ning the necessary
distribution of its componentsis an attractive goal.

In this paper, we present an architectural framework for
specifying distributable components of the application and
for quantifying their interaction patterns. This framework
extends traditiona architectural specifications with the goal
of obtaining optimal distributions of the application com-
ponents over a target network that minimizes remote com-
munication among the components. Our object-oriented
architectura style is formalized using the Z specification
language [18]. The optima distributions are obtained by
using the architectural specification to derive a BIP (binary
integer programming) model and solving the resulting sys-
tem.

Installing adistributed application can be very expensive,
so it isdesirable to do it right the first time. Colored Petri
Nets[6, 11] and static coupling eval uation [ 7] havebeen used
to simulate distributed software execution. However, such
techniques, while checking for constraint violationsand for
the absence of bottlenecks, do not provide the means to de-
termine an initiad deployment of components to be tested.
Our BIP model allows us to calculate the optimal deploy-
ment of an application over agiven network, minimizingthe
remote communication. The parameters of the BIP model
are the storage needed for each component, the frequency
for each message in the interface, the storage available in
each network node, and the maximum throughput that net-
work connectors can handle. We have aready applied our
BIP model to a standalone legacy C++ application and we
have obtained an optimal result [4].

In[12], thereis an attempt to provide a methodol ogy for
optimal distribution of components using similar parame-
ters, but the authors do not give specific decision criteria
and instead suggest the use of Al techniques or attempt to
reusean existing similar deployment. In[15], aBIPmodel is
utilized for optimization of object distribution. That model
has different parameters—distance between sitesis modeled
as contrasted with our modeling of connector capacities.
Our approach provides a specific agorithm for optimizing
the deployment, and we al so provide an upper-bound for the
time-complexity of the algorithm [4].

Section 2 formalizes the object-oriented architectural
style based on the object type and class concepts. In Sec-
tion 3, we explain how the architectural specification should
be enriched, the way the parameters are derived, and the
BIP model equations. Finaly, in Section 4, we describe the
ongoing work and offer concluding remarks.

2. Software Architectural Design

Architectural softwaredesign consistsof determiningthe
software componentsand the communi cation between those

components, and may vary from just abox and line diagram
to aforma definition of the components functionality and
a complete characterization of the communication [8, 17].
Thelevd of detail and thekind of detailsincluded depend on
theinformationavailable and the utilization of thedesign. If
the architectural designisgoingto be utilized to analyze the
possibility of connecting all of the described components, it
should include a description of the style of connectors[3];
if the functionality is going to be tested to check that al of
the requirements are satisfied, components should aso be
characterized [2, 13].

2.1. The Object Architectural Style

In the object architectura style, the components are
objects—or instances of a class or object type-and the com-
munications are method calls or message passing to other
objects. Following the formalism used in [1] and [16], we
employ the Z specification language [ 18] to define the object
architectural style.

An Object_Typeisdefined by itsstateor list of attributes,
and its interface or the methods in the provides and needs
lists. All of the methods in the provideslist are targeted to
sel f Object_Type.

[OBJTYPE]

— Object_Type
ot_id : OBJTYPE
state | N
provides : P Method
needs : P Method

VY m € provides @ m.target = self

__ Method
size Ny
target : Object_Type

self € target.provides

Theprovideslististheset of servicesthat other Object_Types
can invoke, while the needs list specifies those services re-
quired from other Object_Types.

Methods are the specification of the relationships be-
tween Object_Types. Methods in the needs list indicate
services provided by other Object_Types that are necessary
to be present whenever this Object_Type is used. Methods
in the provides list specify the set of services that other
Object_Types can invoke, and so the programmer should
insure this Obj ect_Type implements them.

A Classis the implementation of an Object_Type; it has
a set of Object instances that form its extent. Communica
tionisimplemented as Message passing and these messages
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Abstract

Software architectural design is essential for complex
distributed applications. Architectural specifications need
to define the key aspects of the application, including itsin-
tended functions, interfaces, interoperability requirements,
distributability, scalability, extensibility, target platforms
and networks, and required middleware services. In this
paper, we present an architectural extension for specifying
distributable components of the application and for quanti-
fyingtheir interaction patterns. Thegoal of the specification
isto serve asthe basisfor obtaining optimal distributionsof
the application components over a target network that min-
imizes remote communi cation among the components. The
optimal distributionsare obtained by using thearchitectural
specification to derive a BIP (binary integer programming)
model and solving the resulting system. \We formalize the
object-oriented architectural style using the Z specification
language. This style defines the detailed information nec-
essary to derive optimal distributions using the BIP model.

1. Introduction

Software architecture design is an accepted part of soft-
ware development methodologies. Architectural specifi-
cation frameworks are used to define key aspects of ap-
plications using a variety of specification techniques. For
distributed software applications, the architectura activity
involves, at a minimum, the identification of distributable
software components and their interconnections and inter-
faces. For example, this can be done in an object-oriented
architectural style using CORBA IDL [9]. Other architec-

*Thework of these authorswas partially supported by The Mitre Corp.,
Eatontown, NJ.

t Thework of thisauthor waspartially supported by agrant fromthe GTE
Laboratories, Waltham, MA, and performed in part at the Massachusetts
Institute of Technology, Cambridge, MA.

turd styles[17] may useimplicit-invocation and broadcast,
where the communi cation isone-to-many and one-to-al, re-
spectively. For therepository and client-server architectures
there are speciaized components. clients, which generate
request messages, and repositories and servers that respond
torequests. If adistributed applicationhasrigid deployment
patterns for specialized components, then once the applica
tionis model ed using some of these architectural styles, the
resultant architecture completely characterizes the interac-
tionswithin the distributed system.

Designing and developing distributed software for sys-
temswith flexibl e or modifiable component deployment pat-
ternsinvolvesaspects of traditional softwaredesign, but also
includes activities related to component distribution. OSF
started addressing some of these activitiesas part of its|4DL
proposal [14], specificaly dealing with inheritance, inter-
face, implementation, and instantiation in the distributed
setting. Additiona activities may be necessary to specify
where the components are to be located in the network and
how the communication protocols or middieware is to be
used. Depending on the technology used, the decision of
where to locate the components in the network can be post-
poned to the point of application installation or deployment
(cf. CORBA [9]).

Performance of distributed systems depends on many
factors that range from the efficiency of the abstract ago-
rithms to the capabilities of the underlying communication
networks and the processing nodes. The performance of a
particular system aso depends on the way that the compo-
nents are deployed in a specific network. Components that
are mapped to the same node interact by communicating lo-
cally, while components mapped to different nodes interact
by communicating remotely using the underlying network.
Local communication isfaster and cheaper, and it is not af -
fected by the network characteristics. Distributing compo-
nents enables the application to take advantage of available
computation and storage resources in the network, but re-
guiresremote communication, whichistypically slower and
more expensive, and which critically depends on the under-



