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ABSTRACT

Object-oriented framavorks are a popular mechanism for
building and evolving large applications and software
product lines. This paper describes analtenative approach
to software construction, Java Layers (JL), and evaluates JL
and frameavorks in terms of flexibility, ease of use, ard
suppat for evolution. Our experiment compares Schmidt's
ACE frameavork against a &t of ACE design pattens that
have beenimplemented in J.. We show how problems of
framework evolution and overfeaturing can be avoided
using JL's component madel, and we demonstrate that L
scales better than frameavorks as the number of possible
aplication features increases. Finally, we describe how
constrained parameric polymorphism ard a snall number
of language features can suppat J's modd of loosely
coupled components and stepwise program refinement.
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1 INTRODUCTION

Surveys show that ready three quarters of all large
software projects are cancelled, over budged, or late [20].
To address this problem, various methods of reusing code
and redudng design complexity have been proposed. In
terms of reusng both code and design to build large
applications, object-oriented framewvorks [2,1727] repre-
sent the current sateof the at when usng general-puipose
programmirg languages. Framewvorks are starter Kits that
use alstract dasses to provide partially implemented
aplications. Different aplications can be created from a
single framavork by providing different implementations
of these alstract dasses, 0 framevorks are ideal for
suppating software poduct lines which are families of
related software products.

This paper introduces a larguage-based alternative to
framevorks called Java Layers (L). XL [12] is an
extenson of Java that suppats a layered software

component madel. Like frameavorks, J. can be used to
provide partially implemented applications. Unlike
framevorks, starter kits in J consist of a st of
componerts, or layers, that ae then composed to generate
aplications. The key idea behind the JL component madel
is that each layer encapsulates exadly one design feature,
which is a hgh-level requirement that dffines some
aplication attribute or capability. This one-feature-per
layer property maxmizes code reuse snce each featue is
implemented only once. This property also facilitates the
composition of layers, making it easy to include or exclude
individual featwes. Hnally, this property preserves
modularity in terms of both code and design.

To compare JL agninst object oriented frameavorks, we use
J. to reengineer the Adapive Communication
Environment (ACE), an object oriented framavork
developed in C++ by Schmidt and oolleagues [28]. ACE is
a well-documented, well-engineered frameawvork that has
been used in dozens of commecial and a@demic
amlications. Thus, ACE represents proven and matue
framavork technology and provides a sandard against
which new technologies can be measured. In this paper, we
compare application development in ACE ard in J using
the following qualitative measures:

Usability — How easy is it to develop applications?
Application Flexibility — How easy is to customize
aplications?
Sarter Kit Flexihility — How easy is it to evolve the
starter kit?
Contributions
This paper makes the following contributions.

1. We present the first experimental comparison of J’'s
component model against a lage, matue, object-
oriented framework (ACE).

2. Compared to framewvorks, we describe how J
employs smpler, mare precise interfages that reduce
memay overhead runtime overhead ard code
complexity. We alo show how J provides better
suppat for evolution, and how JL avoids the
framework problem of ovefeaturing.

3. We briefly describe J's novd features, which
enhance usallity and efficiency, ard how these



features can be integrated into Java.

This paper proceed as follows. Secfon 2 explains the JL
component madel, and Section 3 describes the foundation
of the L language Section 4 provides context by
sketching the ACE architecture ard its key design pattens.
Section 5 then uses ACE to compare JL against
framavorks. In Section 6, we describe novel JL features
that sSmplify component-based programmirg. Fnally, we
present related work ard conclusions.

2 THE JL COMPONENT MODEL

JL is based on the GenV oca software component modd [7].
This component model encourages a pogramming
methodology of stepwnise refinenmernt in which types are
built incrementally in layers. Sepwise refinement is
important because it allows design features to be mixed and
matched allowing applications to be flexibly and precisely
customized.

Ancther advantage of stepwise refinement is that it olves
the feaure combinatorics problem [10]. For adamainwith
n optional featues, the featre comhbinataics problem
occurs when all valid featwre comhinations must be
predefined or in some way mateialized in advance. In the
worst case, n! concete programs would have to be
instantiated. With stepwise refinement, only those feature
comhbinations that ae needed are mateialized.

The key to stepwise refinement is the use of components,
called layers, that encapsulatethe complete implementation
of a sngle design featwe. This encapsulation often
includes code that would be packaged separately usng
today’ s programmirg language technologies. For exampe,
alayer in JL can contain Java code for mutiple methods or
even mutiple dasses, as we briefly describe in our
disaussin of degp conformance in Section 6.

Once layers have been defined, the featues that they
encapsulate can be composed if the layers have compatible
interfaces. Layers export an interface and import zero or
mare interfaces. New types are defined by matding the
exported interface of one layer to the imported interface of
another layer.

To see how layer composition works, consider interface
Transportlffic ~ , which declares meahods send() ard
recv()

interface Transportlifc {
send(Data d);
recv(Data d);

Assume that three layers wee this interface: The TCP layer
provides data tansport using TCP, the Secure layer
provides data ecryption/decryption; and the KeepAlive

layer auomatially exchanges liveness natifications
between communicating peers. Assume that all three
layers export the Transportlfc interface and that

Secure ardKeepAlive alimport Transportlfic . The
declaration below of variable trans uses a new type
defined by camposing thes three byers.

KeepAlive<Secure<TCP>> trans;

We say that the type of trans , which implements a scure
TCP transport with the auomatic keep-alive feature, is
generated in the above compostion. This generated type
implements Transportlfc because that is the interface
exported by the leftmast, or top, layer in the composition
stadk.

KeepAlive

Secure
TCF

Figure 1 - Transport Layer Composition

Layers in a compostion can be thought of as sadked
virtual madines that perform feature-specific processing
(see Fgure 1). Though we haven't shown method
implementations, we can walk through a hypothetical
invocation of the send() mehod to illustrate this idea of
virtual madines. When trans.send() is invoked, the
KeepAlive layer at the top of the sadk gets contral first.
KeepAlive's  send() simply calls the Secure layer's
send() . TheSecure layer then encryptsthe message and
invokes the TCP layer’'s send() to transmit the encrypted
data. Theordering of layersisimportart in this scheme—if
the KeepAlive ard Secure layers were reversed, then
liveness messages would be sent in the dear rather than
encrypted.

To demongtrate the flexibility of stepwise refinement, we
could now create a rew layer, UDR which al® exports
Transportlfc and is analogous to the above TCP layer.
This new layer could be composed with the Secure layer
to createa scure UDP transport type. In this way, features
are easily selected and composed to createnew types.

3 JLU'S FOUNDATION

We now introduce JL, which implements the component
model just presented. Snce layers can be viewed as type
paraméers in compositions, constrained parameric
pdymorphism [11] is a matural implementation choice for
our component madel. In this section, we describe the
paramdric implementation of Java that srves as J’'s
foundation. Language features huilt on top of this
foundation, some of which can be applied as sandalone
features outside of JL, are described in Section 6.

Layer composition in Java Layers is based on the use of
mixins [3,25]. Mixins are types whose supetypes are
parameterized. Mixins are not suppated in standard Java,
but are awilade in some languags that suppat
parameterized pdymorphism such as C++ [32]. In this



section, we describe how mixins suppat reuse and how
they save as a basis for JL.

Mixins are useful because they allow mutiple classes to be
specialized in the samemamer, with the specializing code
residing in a $ngle dass ddinition. For example suppee
we wish to extend three unrelated classes-Car, Box ard
House—to be "lockable" by adding two methods, lock()
and unlock() Without mixins, we would define
subclasses o Car, Box, ard House that each extendedtheir
respective superclasses with the lock()  amnd unlock()
methods. The lock code would be replicated in three
places. With mixins, we would instead write a single class
called Lockable that culd extend any superclass, and we
would instartiate the Lockable dassto extend Car , Box,
and House. Thelock() ard unlock() mehods would
only be defined once. In JL syntax, the Lockable mixin
would be defined &s follows:

class Lockable<T> extends T {

public lock(){...}

public unlock(){...} }

We base J's implementation on a pramdrically
pdymorphic Java with mixin suppat. Adding parametric
polymorphism to Java is hoth feasble and desirable, and a
number of good solutions have been proposed [1,4,14.22,
24]. The best fit for J is an extension that suppats
constrained parametric pdymorphism and mixins [1]. To
simplify our discussion, we assume such an extended Java
exists and we discuss JL in terms of it. This separates the
problem of integrating parameerized polymarphism into
Java from the problem of suppating JL's programmirg
madel, allowing us to concentrateon the latter.

Programmirg with mixins, however, does have anumber of
drawbacks. We defer a deeper discussion of mixins until
Sections 5 and 6, where we describe additional 1. language
features that enhance suppat for our component modd.

JL Syntax
We now describe JL syntax that is compatible with maost
proposals for parameerizing Java, though the current JL
implementation [12] uses a different notation. Layersin JL
are sSmply Java types s we will use the terms classes and
layers interchangeably in this paper.
Continuing our Tramsport examgde from Section 2, we
sketch three layer definitions below:
class TCP implements Transportlifc {...}
class Secure<T implements Transportlfc>

extends T {...}
class KeepAlive<T implements Transportlfc>

extends T {...}
The TCPdass is a gandard, non-parameerized class. The

Secure ard KeepAlive dasses are mixins that inherit
from their type paramder, T. In both dasses, type

paraméder T is constrained by Transportifc — —any
instartiation of either Secure or KeepAlive requires an
adual type paraméer thatimplements the Transportlfc
interface. JL adso suppats paameterized interfaces,
bounded pdymorphism [10], and dass constraints on type
paraméers using the extends dause. Instantiations of
parameric types take the conventional form:

KeepAlive<Secure<TCP>> trans;
class TP extends KeepAlive<Secure<TCP>> {}

The first gatement above declares a variable, trans , with
an instantiated type. We also say that JL composes or
generates this type. The second statement is anidiom used
to name an ingtartiated type, TP in this case. In both
statanents, the use of mixins generates a rew dass
hierarchy with parent TCP, child Secure and grandchild
KeepAlive . The second statement alo creates the dass
TP asa sibclass of KeepAlive

Aside from its suppat for mixins, we see from this brief
description that 1 is built upon a fairly sandard
implementation of constrained parameric polymorphism
for Java. We now introduce the ACE framevork and then
our experiment that re-engineers ACE using mixins.

4 ACE FRAMEWORK

Schmidt and colleagues developed the Adapive
Commurication Environment (ACE) [2728] as a C++
framavork for constructing dient/server applications.
ACE impements a @re set of concurrency ard distribution
design pattens that provides aninfragructure for building
customized applications. In general, C++ applications built
using ACE require less effort to develop and exhibit greate
flexibility, reliability and portaklity than C++ applications
built using adhoc methods.

ACE is implemented in three broad layers [33]. The
System Adapation layer provides operating system
portallity. The System Services layer provides an object-
oriented interface to the Adaptation layer. The Distributed
Design Pattens layer implements collaborations useful in
distributed applications. In this section, we briefly describe
some of the services and design pattens essential to
building dient/server applications using ACE.

System Services

ACE provides a Timer interface and a st of concrete
classes that allov applications to create schedule, cancd,
and expire timers. Timea's can be reoccurring and can be
stored in specialized data $ructures for efficient acces.
ACE also provides Message Queues madeled after those
found in UNIX System V [31].

Task

The ACE Taxk (see Figure 2) is a dsign patten for
ag/nchronous processing. In its amplest form, an ACE
Tak is an object-oriented encapsulation of zero or more
threads that perform aplication-specific work. A Tak



als contains a Message Queue to store dient requests for
later processing by the Tak’s worker threads.

Messag
Queue

Worker
Thread:

>

Figure 2 - ACE Task Object

The Taxk interface includes methods to initialize, adivate
and terminate a Tak. Worker threads execute a virtual
call-back method whose implementation is supplied by the
user through subclassing.  Tasks communicate by quealing
requests m each other’'s Messaje Queues.

Reactor

The ACE Reador [30] implements a deign patten for
concurrent event dispatching amalg mutiple dients.
Clients, who implement the Event Handler interface,
register interest in particular events manitored by the
Reador. When an event occurs, the Reador issues a
callbadk to the appropriate method in registered client
objects. Fgure 3 shows that Readors can monitor multiple
event sources, including timers, 1/O ports, operating system
signals ard application leve natifications.

Event Clients Event
Handler Handler

Reador

Timers I/0 Handles Signals Notifications

Figure 3 - ACE Reactor and Client Objects

The Reador interface suppats static mehods that provide
aacess to a default Reador instance, aswell as methods to
createand marage mutiple Readors. Cther methods allow
clients to register, cancel, suspend ard resume interest in
events of all types.

Acceptor/Connector

The ACE Accefor/Connecior [29] design patten
decouples session estaldishment ard initialization from
application processing in a dstributed environment. The
patten alo alstracts the underlying transport stream so
that dfferent types of sreams such as TCP, Unix sockets,
and pipes, can be substituted for one amother. Accepors
and Caonectors are factory dasses [21] that come in
complementary pairs. Acceqors handle the passive sde of
session initiation and Connectors handle the adive sde.
These factory dasses orchestrate a session initiation
protocol by creating and invoking the other classes that
participatein the collaboration.

Collaborators in the Accefor subpatten are the Accepior
factory itself, a concrete stream-accepor, a Service
Handler, and a Reador. Smilarly, collaboratas in the

Connector subpattern are the Connector factory, aconcrete
stream-connector, a Srvice Handler, and a Reador.
Service Handlers are ACE Taks that imdement the Event
Handler interface and have a dream feld. Concrete
accepors and connecors provide passive and active
session initiation for specific types of transport sreams

The threephase Accepor protocol isillustrated in Figure 4.
Ead Reador natification is precead by an appropriate
event registration (not shown). The Accepor factory
directs the first two phasesof the protocal, the connection
initialization and service initialization phass. The
Accepor has norolein the tird phase in which the Service
Handler communicates independently with its peer, using
the Reactor as neeced The threephase Connector protocol
is defined smilarly. Both protocols can be customized by
overriding mehods that imdement each phas.

_ 2.Activate
Savice +—
Handler
Stream Accepbr
310 1.Connetion
Notification Notification

| Reador

Acceptor Factory

Figure 4 - Acceptor Collaboration

5 COMPARING JL AND FRAMEWORKS

Both JL and frameworks rely on interfaces defined during
domain analysis to guide the development process. Both
aporoaches provide darter kits of partially asembled
aplications, but they differ in the way in which
aplications are created. Framevorks provide partially
asembled applications that we interfaces to define
variation ponts; programmaes then create applications by
supplying concrete classes at all variation pants. 1L uses
interfaces to define groups of interchangeable components
that pogrammes then compose to build complete
amlications.  In this section, we compare these two
aproaches using the three measures described in the
Introduction: usahlity, application flexibility, and starter
kit flexibility .

To compare J agpinst framevorks, we used JL to re-
engineer a subset of ACE that aptures the sophistication of
the original. Thus, we implemented the primary design
pattens found in ACE necessary for building ACE-style
client-server applications, but we typically did not
implement all of the features in an ACE dass. The result is
a few thousand lines of J. code that cdivers a ceep dice
through ACE®s layered architecture, from the application
interface down to the network protocols. While our system
does not come dose to replicating all the function of ACE©s
125K lines of code, missing functionality can be addel by
writing additional layers that ae conceptually identical to
those we have already written.



class TimerExtensible<T extends TimerAbstract implements Timerlfc,
U implements TimerSortedMaplfc> extends T {...}
class Timerl extends TimerExtensible<TimerAbstract, TimerTreeMap> {}

Figure5— Simple JL Timer

For the purpose of comparing development techniques, a
complete and exad replication of ACE is not necesary.
For examgde, our implementation uses the sandard Java
sockets library, which does not suppat a multiple port I/O
call like Unix select] [31]. We smulatethis capablity by
using athread for each port, which isclearly undesirablein
real-world applications, but sufficient for studying the
structure of J applications built usng ACE design
pattens.

We also ignore differences between J. and ACE that stem
from disparities between Java and C++. For instarnce,
mary ACE dasses explicitly declare synchronization
paraméers and methods to marage concurrency. In JL,
this function is largely handled by Java's built-in
multithreading suppat. Smilarly, small differences in
function, such as suppat for tracing and inspection during
debugging, are dso factored out of the comparison.

All of the services and design patte'ns described in Section
4 have been implemented in JL. Throughout this paper, all
ACE C++ dasses are prefixed with “ACE_." JLdasse and
interfaces have unprefixed names, though all L interfaces
cary the “Ifc " suffix.

ACE and JL Implementations

To provide a oncrete basis for comparing JL and ACE, we
now discuss the details of the two implementations. We
focus on the Timer and Tak design pattans, which are
representative of how all ACE patteans areimplemented in
JL: We start with an ACE interface, decompose it into
several analler L interfaces, ard then implement these
interfaces in dngle-featwe J layers. ACE oode is
described, but not shown, due to its conventional nature.

Time

In ACE, the C++ dass ACE_Timer_Queue_T d€inesthe
complete Timer public interface.  The interface includes
methods to schedule, cancel and expire timers; to retrieve
and remove the next timer; to calculate the time until the
next timer pop; to marage time skew; and to st the time-
of-day source. Protected methods are alo defined. Classes
that implement this interface suppat all mehods.

By contrast, the base J timer interface, Timerlfc , (not
shown) declares only four schedule() methods. FHgure5
shows the dructure of the basic J time dass,
TimerExtensible , that imgdements this interface and
takes two type parameders. The first type parameer
requires asubclass d TimerAbstract  that imgdements the
Timerlfc This type paramder is mixed in as the
superclass. The second type paraméer implements the
TimerSortedMaplfc interface, which provides a
container for timer objects. Timerl illustrates a smple
use of TimerExtensible aporopriatefor applications that
only schedule timers.

In ), advanced timer features are encapsulated in their
own parameerized classes for easy composition. FHgure 6
shows the TimerCancelByTime class that suppatstimer
cancellation. This classinherits from its type parameer, T,
which is constrained to implement Timerlfc . All
ingtartiations of TimerCancelByTime implement
interfaces Timerlfc and TimerCancelByTimelfc

Features that suppat quey, expiration ard other optional
operations are defined in a smilar way using mixins and
constrained type paramders. Timer2 illustrates a time
that suppats both cancdlation and quey (not shown).

Task

In ACE, the C++ template dass ACE_Task ddines the
complete Tak public interfface. The interface includes
public methods to adivate and marage threads; to initial-
ize, read write ard mamge a Message Queue; ard to
marage Taks in the context of a Module. ACE Modules
are hi-directional message streams mack up of pairs of
Taks.

The L Taxk interface is defined in Taskifc  and declares
only thread adivation mehods. As with Timers, awiliary
interfaces are defined to suppat optional features. For
examge, the TaskQueuelfc interface suppats Message
Queue operations ard the Taskinterruptlfc interface
suppats the interruption of threads. Again, features are
mixed and matded to customize Tasks asneeded.

extends T implements TimerCancelByTimelfc {...}
class Timer2 extends

TimerCancelByTime

class TimerCancelByTime<T extends TimerAbstract implements Timerlfc>

< TimerExtensible<TimerAbstract,

Figure 6 — Complex JL Timer

TimerQueryld <TimerTreeMap>> > {}




Interfaces

To understand the differences between JL and ACE, it is
crucial to understand how interfaces are used in the two
approaches. 1's Timerlfc  interface is narrow becaise it
contains four mehods and wppats only the most
rudimentary features used by almast all agplications that
require timers. Other narrow interfaces are used to declare
optional features whose implementations can be composed.

By contrast, ACE Times use a ae-size-fits-all apgproach
and implement all possible features in every Timer class.
Thus, the wide ACE_Timer_Queue_T interface suppats a
large number of features, mary of which are not needed in
most applications. For examge, the interface declares 20
methods, some exposing functors and iterata's that are not
commaly used. In the Analysis Section, we argue that
wide interfaces do not sem from poor design, but rather
represent an unawoidabl e technology-based tradeoff.

To summaize, ACE uwses a snall number of wide
interfaces, while J. uses a larger number of narrow
interfaces. For each ACE interface used in our experiment,
Tale 1 shows the number of declared methods, the number
of narrow J interfaces produced, ard the average number
of methods in the L interfaces.!

Timer | Queue | Task | Reactor | Acc. | Conn.

ACE
Width 20 24 15 66 5 5

No.ofJL | 94 13 | 10 27 3 4

Interfaces

Avg.JL
Width 15 18 15 24 17 13

Table1 - ACE and JL Interfaces

Comparison
In this section, we compare ACE ard JL using the three
meaaures described in the Introduction.

Usability

How easy ard effective is software development using the
two approaches? We armswer this question by comparing
interface usage in JL and ACE.

ACE’s wide interfages are mare complex and therefore
harder to use than JL’s narrow interfaces. Wide interfaces
not only require users to leam mae mehods, but the
methods themselves sometimes take mare parameers. For
exampe, the ACE_Task constructor takes a Message
Queue paramder, thereby forcing all Tak users to
understand something about quauing. In J, the Message
Queue type does not appear in Tasks thatdo not implement
the Messaje Queue feature.

! Factoring out differencesbetweenC++ and Java.

The use of narrow, less complex interfaces in L al leads
to smaller executades. We saw how J Timer classes
could easily be constructed with the exad st of features
required by an application ard no mare. ACE Timeas, on
the other hand, have uniformly large executaldes because
of the width of the interface that they must suppat.

JL's narrow interfaces can al® lead to lower execution
overhead For exampe, 1L Taks that con't implement
TaskQueuelfc  awid the overhead of allocating and
initializing a Message Queue, costs incurred by every ACE
Taxk.

JL's alility to precisdly customize code to its application
environment leads to simpler interfaces and smaller, faster
implementations. All these charaderigtics increase the
likelihood that .. code will meet the needs of application
programmaes ard, asa @nsequence, be used.

In terms of maintenance, there is a tradeoff between the
number and size of interfaces. An excessive number of
small interfaces in JL could be just as unmarageable as
excessively large interfaces in framevorks.  In our
experiment, however, we found that reasonalle interface
design awids the worst-case maragement problemsin both
JL and ACE.

Finally, while framevorks apparently give programmes
mare functionality by providing partially asembled
aplications, 1 can do the sameby delivering predefined
or canned layer compositions. These canned compositions
can even be packaged as frameworks.

Application Flexihility
To what extent do ACE ard JL allow applications to be
constructed with precisely the desired set of features?

The use of wide interfaces in ACE mens that ary
implementation of a ®rvice, such as the Timer service,
mud suppat all posshle mehods. In additin,
applications that wse these services do not have the ablity
to pick amd choose optional featues, though new
optimization techniques mayremove unused code from the
application after the fact [35].

On the other hand, the use of narrow interfacesin JL allows
each optional feature to be implemented in its own class.
These optional features can then be composed to yield a
great variety of customized types for use in applications.
Tale 1, for examfe, shows that ary of 27 separatdy
implemented Reador featwes can be used to generate a
Reador. This yields 2°” possible feature comhinations,
even if we asumeno duplicates and a tdal ardering amang
featues. In J, we compose optional features on demard
rather than in advance, allowing JL to awid the feature
comhinatarics problem described in Section 2.

Sarter Kit Flexibility
This section compares the ahlity of L and framevorks to
suppat changesto their sarter kits. We first consider how



the two approaches suppat evolving dient needs. Wethen
discuss the mare specific issue of adding features to the
starter kit.

Evolving Client Needs

A wedl-designed frameavork strikes a alarnce between what
to include in the framevork and what to exclude. The
framavork will ideally include all code that is commm
aaoss mary alications.  If the framavork includes too
mary features, the interface becomes overly complex ard
the frameavork becomes less usade. If the framevork
omits commaly needed code, mutiple applications will
have to implement the missing features independently.
These problems are commanly referred to asoverfeauring
and code replication, respectively [15].

As wedl designed asACE is, it gill exhibits overfeaturing
and code replication. For instance, ACE_Reactor includes
methods that suppat the singleton design patten [21],
which is useful in applications that require only one
Reador, but which is confusing in applications that use
multiple Readors. Thus, what is appropriate for one
application may appear to be overfeaturing to arother. On
the other hand, ACE dces not suppat autlentication,
auhorization or data pivagy. Unless the ACE framavork
is updated, each application requiring security must
independently develop its own network security solution
outside of the framevork.

The problems of overfeaturing ard code replication are
rooted in the fundamental ard somewhat rigid distinction
that all framevorks make between framevork code ard
appliation code [5]. Deciding what to include in a
framavork is always a @mpromise based on domain
knowledge and the requirements of future users, both of
which are likely to change over time.

By contrast, 1. promotes code reuse with its ahblity to
sdectively mix and matd features. L classes are grouped
according to the interfaces they implement. Adding a rew
capability to a %t of sarter kit classes usually has minimal
impad because of the loose coupling between dasses ard
the orthogonal nature of feature implementations. Adding
new staner kit clases is no different than adling
aplication dasses.

Adding Features to the Starter Kit

Suppase that a framework needs a new feature that requires
changes to its core dasses. One approach is to madify
existing frameavork classes while mairtaining backward
compatihility as much as possible. This approach is not
feagble if currently suppated appliations are intolerant of
changes in their binary representation. Applications that
store objects persistently or that ae conservatively
maraged for safety reasons often fall into this category.
This need to maintain compatihility between separatdy
evolving framevork ard application code is known asthe
framework evdution problem [15].

A Original Tree New
& Subtree
= @ N b &
C D c d

Figure 7 — Framework Evolution

An altenate approach is to implement the new feature in
new framevork dasses. Unfortunatdy, this approach
spawns a rew class hierarchy that isparalld to the existing
one, creating a potentially large amaunt of nearly identical
new code to mairtain. Hgure 7 illustrates how a new
subtree B creaed when changes for class B are instead
implemented in a rew dassnameal b. Classb is asubclass
or a copy of dass B. If child C of B needs to suppat the
new feature, it does so0 through its proxy dass, c, in thenew
subtree.

In JL, evolution can be implemented using the sametwo
aproaches awailade to framewvorks. If changing an
existing class is not desirable, a rew class can be creata,
typically using inheritance, to incorporatethe changes. The
loose coupling of J dasses, however, means that the
original classis typically not part of a predefined hierarchy,
so no paralld subtree is spawned. There is no
compatihility problem because aplications can be
generated using ether the new or old classes.

Changes in the Domain Analysis

If new featues require the refactoring of important
interfaces, then JL and framewvorks are equally susceptible
to disruption because they both rely on good domain
aralysis to define interfaces appropriatdy.

Analysis

In this section, we explain how mixins are the key to JL’s
power and flexibility. Hrst, mixins allow code to be varied
in a new way. In additin to the techniques that suppat
code variation in ACE—subclassing, type parameers ard
runtime initialization paramdaers—JL allows a class's
supetype to be varied udng mixins. In previouswork [5],
we proposed that framevorks themselves could be
implemented mare flexibly using a layered component
techndogy.

Second, mixins allow featuwes to be mixed ard matded so
that new types can be built in a depwise mamer. In J., we
precisaly widen interfaces to suppat the exact feature set
that an application requires by encapsulating features in
their own classes and composing them. 1 uses mixins to
solve the feature combinataics problem without resorting
to wider than necessary interfaces. In JL, unused feature
combinations are never mateialized.

Mixins work because they defer the specification of
parent/child relationships from definition time to
composition time.  This late binding promotes JL's
stepwise refinement madel that in turn encourages



interfaces to be smaller, less complex, ard feature-specific.
ACE, ard framavorks in general, use non-parameerized
inheritance to lock in parent/child relationships and create
aplication skeletons. This rigidity forces the use of wide
interfaces to awid the comhinataial explosion in the
number of dasses that would result from mateializing all
feature combinations in advance.

There are, however, a rumber of drawbacks to using
mixins in . Hrst, degp dass hierarchies generated by
mixins can increase runtime overhead Second, superclass
initialization is not draightforward because a mixin’s
superclass is not known when the mixin is defined. Third,
compositional  flexibility leads to questions of
compositional correctness, especially when nested types are
used. Finally, defining recursive types can be tricky
because expressing the type of a mixn composition from
within the mixins themselves is not sraightforward. Inthe
next section, we describe JL language features that ae
designed to address these limitations of mixins.

6 JL'S NOVEL FEATURES

This section briefly describes J's nove linguistic and
compiler suppat for domainindependent, stepwise
program refinement. We introduce language features built
upon the foundation of paramdric polymorphism
introduced in Section 3. The featwes, described in more
deail dsawhere [12,13], are designed to enhance the
usallity and eficiency of programmirng with mixins.

Deep Conformance

In Java, subtyping is shallow because sibtypes are ot
required to implement or extend types nested within their
supertypes For example, consider class C that imdements
an interfae containing nested interfaces. Class C is a
subtype of the interface whether or not it implements the
nested interfaces. In a layering technology such as JL,
composition is easier when the structure of components is
predictable and regular, so L suppats deep conformance.
Deep conformarce alo allows a sngle layer (mixin) to
refine mutiple dasses if those dlasses are nested within a
lexically enclosing dass.

JL introduces the deeply modifier on implements ard
extends clausesto force he ceeppublic structure d types
to be respected during type checking. The implementation
is based on the general notions of deepsubtyping and deep
interface canformance [12,13,25] and oould augment Java
in auseful way independent of JL.

Virtual Typing

Virtual typing [34] is the autamatic adaptatia of types
through inheritance. Using virtual types, inheritance causes
specialized types to auomatically replace more general
types. For examge, if dass C uses virtud type V in its
definition, then subclass C' of C could cause all
occurencesof V in C to be changed to V', where V' is
same subtype of V. Virtual typing leads to better statictype

checking and less marual typecasting because precise
subtypes are used in place of mare general supertypes. In
JL, virtual typing allows an instartiated type to be used
within the mixins that ae composed to define that type.

JL suppats the This virtual type, which typically gets
bound to the dass type of “this’ when used in mixins. This
can only be used in paramdric types, S0 it can be treated as
an implicit type parameer to all paramdric types. This
integrates a restricted form of virtual typing into a
paramdrically polymorphic language ard, as such, has
general aplication. The code below shows how virtual
typing is used in J:

class ReactorSingle<T implements Reactorlfc>
extends T
{private static This _inst;

public static This instance(){

if (_inst == null) _inst = new This ();

return _inst;} }

The mixin above implements the singleton Reactor, which
is useful in applications that require only one Reador
instance. The code shows how the This virtual typeis used
to reference subdasses before they are created. The above
mixin is used in the following composition:

class MyReactor extends

ReactorSync<ReactorSingle<React orBase>>> {}

In the MyReactor dass above all occurrences of This in
ary layer are replaced by MyReactor (assume
ReactorSync is a mixin). This illustrates how the
parameric types used in a @mposition can refer to the type
ultimatdy generated by the composition.

Semantic Checking

By deferring the gpecification of parent/child type
relationships from definition time to composition time,
mixins offer great flexibility. With this flexibility comes
the increased likdihood that syntadically correct
compositions will be semartically meaningless.  For
examge, the TP typein our Transport examge in Section 3
could have been ddfined usng three KeepAlive and four
Secure layers, in ary order, and ill be type correct.

JL suppats semantic restrictions on parametric type
compositions that go beyond syntadic type checking. XL
asociates an ordered attibute space with each
composition.  Attributes are identifiers chosen by the
programme to reflect some semartic charaderigtic. Class
definitions use a provides dause to add attributes to the
spae ard a requires dause to test attributes. Using
regular expression patten matding and a @unt operata,
attributes can be tested for presence, alsence, ordering and
cardinality.

JLU's semartic checking mechansm provides a simple,
marual way to restrict feature compositions that ae known



to be invalid, but it cannot guarantee compositional
carrechness, much less program carechess. For example,
consider the dass definition of TimerCancelByTime in
Figure 6. Augmenting this definition with the “requires
unique” semartic check limits the cdass to at mat one
occurrence per Timer specification. This restriction reflects
the fact that adding the samecancel method mare thanonce
serves no purpose. This semartic check, however, makes
no claim that the cancel method will work correctly.

Constructor Propagation

Since the superclass of a mixn is not known at mixn
definition time, mixin composition can fail in anattenpt to
invoke an unavailade supeclass constructor. 1. suppats
condructor propagaton asa way to auomatically adust
constructor signatures at @mposition time so that all
superclasses can be properly initialized.

Only constructors matked with the propagate modifier
have their paramders propagated and their sgnatures
adusted. Propagation proceed in child class C with parent
class P asfdlows. Ead propagated constructor in C is
replaced by a cdlecion of clones of itself, the number of
clones equaling the number of propagated constructors in
P. Ead donein the collection is uniquely associated with
a propagated constructor in P. Propagation then occurs in
two phass. Hrst, the Sgnatures of the clone constructors
are awgmented with the paramders of their associated
constructors from P.  Second, a @ll to the asociated
constructor in P isinsertedinto each clone constructor.

Constructor propagation allows each dass in a mixin-
generated hierarchy to call its superclass's constructors
with the required paameters. Judicious use of constructor
propagation awoids an explosion in the number of
congtructors. For examge, consider the TaskQueue mixin,
which adds a message queueto a Task:

TaskQueue<TaskBase>

Assume both dasses in the above compostion have one
congtructor  specified with the propagate keyword.
TaskBase 's constructor takes aThreadMgrifc  parameer
and TaskQueue 's constructor takes a MsgQueueWaitlfc
paraméer. A congtructor for the instartiated type will be
generated that tales both parameers, allowing objects of
this type to be completely initialized upon allocation.

Optimization

JL’s programming methodology of stepwise refinement can
create deep hierarchies of small dasses. The use of mary
small classes increases load time especially when a
network is involved; it also requires mare memary in the
Java Virtual Machine. Stepwise refinement can also result
in methods that dten call superclassmethodswith thesame
signature, aswe saw with thesend() mehod in Section 2.
When compared to an unlayered implementation, stepwise
refinement often introduces the runtime overhead of extra

method dispatces.

JL's class flattening optimization is designed to address
these inefficiencies. Calls to superclass methods with the
samesignature are aggressively inlined and the whole class
hierarchy is then collapsed into a $ngle dass. Aslong as
certain congraints are satiffied, this optimization can be
applied to the code of aritrary dlass hierarchies.

7 RELATED WORK

JL derives its compositional power from the use of
supeatype pamameerization (mixins) [3]. Toimplement its
component model, JL aso draws upon recert research into
generic extensions of Java [1,4,14,22 24 34].

JL's This virtual type combines agects of both Bruce's
ThisType [9] and Thorup’s general virtud types[34]. Both
of these approaches require changes to Java's type system
and, in the Thorup proposal, increased dynamic type
checking. L’s This, though less expressive, avoids these
complications by limiting its use to parameerized types.

JL is based on Batory’s GenVoca research [6,7,25,26]. JL
refines the GenVoca malel by incorporating layer
initialization ard the semartic checking of compositions.
JL continues research into mixin programming, which
began with VanHilst's [36] work usng C+ mixins and
was later extended with the idea of mixin layers [25,26].
JL’s contribution is its novel featues that enhance the
usallity and efficiency of programmirng with mixins.

Object-oriented frameavorks [2,1727], especially when
used with design pattens [21], are a pgoular way to build
large applications and software product lines. A number of
framework problems have been documented [15,16],
including those described in this paper.

Aspect-oriented programmirg (AOP) [19] ddines aspects
as encapsulations of code that aosscut multiple units of
implementation (classes, mehods, etc.). In J., a mixn can
refine mutiple cdasses only if these dlasses are lexically en-
closed inside a common dass. In AOP, a new program-
ming construct, the aspect, can reine the code in an
arbitrary group of dasses. Gauging the value of this addi-
tional flexibility is the subject of continuing research [18].

8 CONCLUSION

This paper has introduced the Java Layers language and has
compared J acpinst frameavorks using ACE. We have
shown how JL's method of stepwise refinement provides
significant advantages in terms of flexibility, usahlity, and
reusahlity. XL breaks the gatic binding amag framewvork
classes and ddivers instead a collection of composale
classes. Thes classes can be canbined in different ways
to mest the needs of particular applications. Mixins
provide the required compositional flexibility, while other
language features enhance usalility and eficiency.

Our preliminary experiment with one real-world frameavork
reinforces our belief that new language-based technologies



will lead to better-engineered software.

Many mae

experiments are needed, however, to validate whether JL
has the right mix of language featwes ard whether
programmaes will actually use this technology. We are
currently enhancing our compiler so that we, and possibly
others, can begin a rew round of experimentation using JL.
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