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“There probably isn't a ‘best’ way to build the system, or even any major part of it; much
moreimportant isto avoid choosing aterrible way, and to have clear division of responsibilities
among the parts.” — Butler Lampson [33]

Abstract

Operating system code is complex. But, while substantial complexity is inherent to this domain, some
complexity is caused by modularity problems. The goal of the work proposed here is to explore aspect-
oriented programming as a means of making thiskind of complexity unnecessary. Towards this end, we need
to identify aspects of the system, use the proposed mechanisms of AOP to modularize them, and establish
the impact this approach has on the code.

1 Introduction

Operating systems have a problem with modularity. Complex interactions among components of the system
blur module boundaries and make them highly susceptible to erosion. A study of OS/360 done in the early
70s [37] showed that the average number of modules involved in change rose from 14.6% in releases 2—
6, t0 31.9% in releases 12—16 due to “unintentional interaction” among components. Modern commercial
operating systemsdo not appear to be faring any better with modularity. WindowsNT, for example, requires
third party file system designersto beintimately familiar with “ patterns of interaction” that necessarily exist
between the file system, cache manager and virtual memory manager [58]. Recently, Engler et al. captured
popular sentiment with the observation that “restrictions link together the entire system, making a fragile
and intricate mess’ [14].



The question of how to structure operating system services in an evolutionary-friendly manner remains
largely unanswered. Research in extensible systems[55, 4, 52] highlighted this problem when a seemingly
reasonable goal — incremental customization [10, 29] — proved to be elusive. That is, attempts to ensure that
making a change to a service would require an effort proportional to the amount of code involved met with
only limited success[11].

Recently, the aspect-oriented programming (AOP) [30] community has put forth the idea that some con-
cerns are inherently crosscutting — by their very nature they are present in more than one module. They
call such concerns aspects of the system. The goal of work in AOP is to make it possible to modularize the
implementation of aspects by developing mechanisms that explicitly support crosscutting structure. Sev-
eral applications have successfully used AOP to structure issues such as synchronization and performance
optimization [1].

This proposal suggests a plan to explore AOP as a means of improving the modularity of OS code. The
work required to perform this exploration includes facets of systems, programming languages and software
engineering. Specificaly, the plan proposes to identify several coarse grain aspects in operating system
code, implement them using AOP language constructs, and analyze the impact from a software engineering
perspective.

2 Related Work: Structureand Change

Ossher defined structure as the decomposition of a system into parts and the interaction of those parts[45].
The software engineering community has shown that structure plays a key role in determining the cost of
change [48, 37, 44], and structural deficiency severely impairs maintenance and evolution [20].

Breaking a system into parts requires some criteria for decomposition. Parnas suggested decomposition
should begin with a list of either difficult design decisions or design decisions that are likely to change,
and those decisions should be hidden into modules first [48]. Stevens et al. later suggested that functional
binding, cohesion based upon the execution of a single task, produces less complex interaction between
modules relative to weaker bindings such as temporal execution or the referencing of common data [20].
Meantime, in the programming language community, Dahl and Nygaard started breaking systemsinto what
we now know as objects, and provided linguistic support for object-oriented programming in Simula67 [8].



2.1 A systems perspective

The advantage of structure is well known and appreciated within the systems community. Hierarchical
or alayered structure, which enforces independence of higher levels of the system from lower levels, has
been recognized as key since the THE multiprogramming system [9] in the 60s. End-to-end arguments [50,
49] provide a set of principles for determining the placement of functions within layered designs. These
principles advocate an organi zation where afunction or servicebelongsin alayer only if it can be completely
implemented in that layer and is needed by al clients. Similar to the philosophy of reduced instruction set
(RISC) architecture, the goal isto provide only primitive tools and not to anticipate client’s needs.

In keeping with the end-to-end argument, Lampson points out that a service should have a predictable cost,
and features needed by only a few clients should not be included in an interface as it may penalize others
as aresult. For an example of offering too much, he points to Pilot [18], which was the first operating
system to allow virtual pages to be mapped to file pages, thus subsuming file 1/0 within the virtual memory
system. This extra functionality resulted in a larger and slower implementation relative to smaller and
simpler interfaces offered by Alto [34] and Interlisp-D [19]. Part of the problem isthe circularity of having
afile system that would like to use the virtual memory system, while virtual memory depends on files.

One of the key contributionsof alayered approachisthat it can reduce complexity of interaction. Atacoarse
granularity, the smple layering of Petal and Frangipani [36, 35] compared with the single layer approach
in XFS[3] isagood example of this principle at work. Petal is a distributed storage system upon which the
Frangipani file system was built in a number of months. xFSis afile system designed with similar goals as
Frangipani, but its implementation was substantially more complex.

Object-oriented structure has also proven to be valuable in systems. The x-kernel [24] uses an efficient
implementation of an object-based framework to provide the practical decomposition of network protocols
into protocol and session objects. This separation makes protocols easier to write and understand because
they are isolated from connection issues, and allows services common to all protocols to be re-used. Al-
though performance limitations may have curbed the widespread adoption of explicit language support for
OO0 within system implementations, manual application of some of its key principles, such as polymorphism
through the use of function-table dispatch, isakey structural element in OS code. Fundamental components
in modern Unix systems — memory management, message-based communication, process scheduling and
the file system interface — are all designed using OO concepts [54].

The need to support flexibility in operating system services was first addressed by attempts to separate pol-
icy and mechanism in Hydra [61]. The motivation behind this work was the observation that implementing
policy in user space would allow it to be more easily modified. The microkernel architecture of the Ex-
okernel [15, 17, 16, 26], took a similar approach by attempting to move al abstractions that could bias



application performance into libraries that were linked into an application’saddress space. In practice, this
approach facilitated flexibility at the granularity of libraries[56]. Similar in-kernel support for coarse grain
flexibility has been addressed by the Unix VFSVnode architecture [31] which supports multiplefile system

types.

Projects demonstrating the advantages of making particular policies flexible include paging in Mach [42],
scheduling through activations [21], communication with active networks [53, 49], and prefetching and
caching strategies with parameterized or split-level policy modules such asLRU-SP[5, 6, 7, 13, 23]. Efforts
to customize policy through reflection also ranged theoretically from all OS policy in Apertos[62], to file
system services[40, 41, 39] and virtual memory management [32] using metaobject protocols.

The degree to which the structure of OS code could support afiner granularity of change came under closer
scrutiny with researchin extensible systemssuch asLipto[12], SPIN [4, 22], Vino [52], and Kea[55]. A key
motivating factor driving research in this area was an application’s need for incremental customization, or
fine grain control over some part of aservice, such asthe prefetching policy of afile system. Thegoa wasto
make the effort required to implement this type of change proportional to the desired change in functionality.

Although this line of research was fruitful in terms of safety and performance issues, each research system
was able to accommodate only a fixed range of anticipated changes. This range was dictated by the un-
derlying structure of the functionality targeted for replacement. For example, SPIN’s extensions enabled
customized handling of fine grain events, such as page faults or the reception of a network packet, by al-
lowing applications to register event handlers with a centralized dispatcher. One of the real problems SPIN
uncovered with this fine grain approach was that the interface required to support extensibility was an order
of magnitude wider than the typical Unix interface, and extremely hard to manage due to extensive semantic
propertiesinvolved [51]. A similar problem was encountered in Kea, where the inability to structure a clean
interface for policy-related elements of servicesinhibited extensibility [57].

2.2 A programming language per spective

The effort required to make a change is strongly related to the locality of that change, and thus closely
related to structure. Asaresult, changes that span multiple parts of a system tend to be the most costly. One
strategy from the programming language community designed to address this problem in object-oriented
systems was the use of reflection in the form of metaobject protocols [28, 27]. This approach offered a
powerful way of making system-wide, crosscutting changes by facilitating the modification of the language
of implementation.

Structuring implementations along dimensions that go beyond standard procedural or object-oriented tech-
nology has been addressed by several other research projectsin the separation of concerns research commu-
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nity. Subject-oriented programming [47] and subsequent work on Hyperspaces [46] deal with collections
of classes which define a view of a domain, and provide a means of integrating these multiple views for
the development of complex systems. Composition filters take aim at problems associated with flexibility
and reuse by alowing an object’s behaviour to be composed according to an appropriate combination of
filters[2].

Aspect-oriented programming as defined by work in the AspectJ project [1, 43, 25, 38], provides simple
linguistic support for aspects. This approach is based on the premise that whereas some concerns dictate
a natural primary modular decomposition of a system, others naturally crosscut this structure. One of the
goals of this approach is to use simple mechanisms to better separate crosscutting functionality from the
dominant decomposition of the system.

3 Theproblem

The problem ismodularity. Despite much concerted effort, the implementation of key elements of operating
system services seems to inevitably get spread out in the code. This property not only makes systems
code difficult to reason about and change, but also was a significant barrier to incremental customization in
extensible systemsresearch. When an implementation is spread throughout the system, the effort associated
with changing that implementation is typically not proportional to the amount of code involved.

4 Proposed solution

The structural deficiencies in OS code appear to be symptomatic of a modularity that contains inherent
crosscutting. The goal of the work proposed here is to use AOP to eliminate the complexity introduced by
the presence of crosscutting implementationin OS code. That is, we aim to make OS code easier to reason
about and change. In order to do this, we have to: (1) identify elements of the system that are crosscutting,
(2) use the proposed mechanisms of AOP to modularize them, and (3) establish how this approach impacts
modularity.

5 Prototype

This section presents the initial results of our experiment using an aspect-oriented approach to simplify
operating system code. In this experiment, we re-implemented a subset of prefetching for mapped files in



FreeBSD v3.3 using a hypothetical language, AspectC — a variant of AspectJ for C — and hand-compiled
the code to C. AspectC extends C by adding linguistic support for aspects. Unlike AspectJ however, where
aspects crosscut objects, aspects in AspectC crosscut functions. Overall, only a small portion of the code
written in AspectC relies on these linguistic extensions for crosscutting. The majority of the code is in
regular C functions.

AspectC provides mechanisms for defining additional code, called advice, that runs before, after or around
existing function calls. The central elements of the language are means for designating particular function
calls, for accessing parameters of those calls, and for attaching advice to those cals. These mechanisms
are sufficient to modularize crosscutting concerns because they alow small fragments of code that would
otherwise be spread across several functionsto be placed right next to each other.

Before inspecting the aspect-oriented implementation of prefetching, the foll owing subsections provide nec-
essary context regarding the structure of the page fault handling path, prefetching for mapped files within
this path, and the original layout of the code.

5.1 The pagefault handling path

Referencing a page of a mapped FFS file that is not marked as resident in memory generates an exception.
Handling this exception starts in the virtual memory system as a page fault associated with aVVM object; it
moves through to FFS and istransl ated into a bl ock-based request associated with afile; and finally passesto
the disk systemwhereit is expressed in terms of acylinder, head, and sectors. Thedivision of responsibilities
between these subsystems is centered around the management of their respective representations of data.
That is, core functionality within each component primarily deals with controlling resourcesin terms of its
own set of abstractions. Paths taken when fault handling in VM and FFS are illustrated by the large ovals
labeled with function namesin Figures 1 and 3.

5.2 Prefetching for mapped files

Figures 1 and 3 are also annotated with prefetching functionality. Access behaviour of VM abjects can be
declared as random, normal or sequential using the madvise system call. This declaration is used to plan
which pages should be prefetched, subject to available memory and contiguity of pages on disk. Once the
prefetching is planned, physical pages are allocated accordingly. Allocation requires appropriate V M-based
synchronization, such as the locking of the page map.

Beyond the VM layer, the access behaviour of the VM object determines how execution proceeds. Normal
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Figure 1: The structure of the page fault handling path for objects with behaviour declared to be normal.
Only the top two layers, VM and FFS, are shown. The ovals represent functions comprising the primary
page fault handling structure, the small circles and text in italics represent the structure of prefetching.

(other callers)
s

objects use the path shown in Figure 1, while the path for sequential objectsis shown Figure 3.

5.2.1 Normal access prefetching

By the time page fault handling reaches the file system, important system state may have changed. Normal
access prefetching in FFS first determines cost effectiveness of retrieval according to current system state.
Prefetched pages are synchronousdly retrieved with the faulted page, and consequently must not introduce
multiple disk accesses.

There are three conditions under which FFS may choose not to prefetch planned pages for normal objects.
First, the faulted page may be valid by the time execution reaches FFS, in this case none of the planned
pages will be prefetched. Second, if the faulted page is not found on disk, no pages are prefetched and the
page fault may be satisfied by a zero-filled page. Third, if any of the pages are no longer contiguous on disk,
they are not prefetched. As part of checking whether it will request planned pages, FFS de-allocates pages
it decides not to retrieve.

Figure 1 overviews the structure of prefetching for objects with normal declared access. The small circles
and italicized text represent the elements of prefetching described above.

5.2.2 Sequential access prefetching

In order to aggressively prefetch on behalf of sequentially accessed mapped files, control flow is redirected
through the file system read path using ffs_read instead of ffs_getpages. This path potentially offers addi-



aspect nornal _mapped_fil e_prefetching {

pointcut vmfault_cflow vmnmap_t map ):
cflowm calls( int vmfault( map, .. )));

poi ntcut ffs_getpages_cflow vmobject_t object, vmpage_t* pagelist, int length, int faulted_page ):
cflowm calls( int ffs_getpages( object, pagelist, length, faulted_page )));

/* plan the prefetching and all ocate the pages */

before( vmmap_t map, vmobject_t object, vmpage_t* pagelist, int length, int faulted_page ):
calls( int vnode_pager_get pages( object, pagelist, length, faulted_page ))
& & vmfault_cflow map )

if ( object->decl ared_behavi our == NORMAL ) {
vm_map_| ock( map );
pl an_and_al | oc_nor nal _prefetch_pages( object, pagelist, length, faulted_page );
vm_map_unl ock( map );
}
}

/* three cases under which prefetching m ght be cancelled for normal objects */

after( vm.object_t object, vmpage_t* pagelist, int length, int faulted_page, int valid):
calls( valid check_valid(..) )
&& ffs_getpages_cflow object, pagelist, length, faulted_page )

if (valid)
deal | oc_al | _prefetch_pages( object, pagelist, length, faulted_page );
}

after( vm.object_t object, vmpage_t* pagelist, int length, int faulted_page, int error,
int regbl kno ):

calls( error ufs_bmap( struct vnode*, regblkno, ..) )

&& ffs_getpages_cflow object, pagelist, length, faulted_page )
{

if ( error || (regblkno == -1) )

deal | oc_al | _prefetch_pages( object, pagelist, length, faulted_page );

}

after( vm.object_t object, vmpage_t* pagelist, int length, int faulted_page,
struct transfer_args* trans_args ):

calls( int calc_range( trans_args ))

&& ffs_getpages_cflow object, pagelist, length, faulted_page )
{

deal | oc_nonconti g_pref etch_pages( object, pagelist, length, faulted_page, trans_args );
}
}

Figure 2: AspectC code for prefetching pages for objects of nhormal behaviour.




tional asynchronous prefetching for the next blocks required in a sequential access pattern. It also requires
page flipping buffer pagesto allocated VM pages in order to avoid an expensive copy operation. Figure 3
illustrates the structure of prefetching for objects with sequential declared access.

5.3 Prefetching structure and theoriginal code

When summarized as above and visualized asin Figure 1 and Figure 3, this prefetching structureisrelatively
clear. It is possible to reason about the coordination of activity between prefetching codein VM and FFS.

Unfortunately, in the original code thisimplementation is spread out over approximately 260 linesin 10 clus-
tersin 5 core functionsfrom two subsystems—making it very difficult to see the coordination of prefetching
activity. Moreover, there are clusters of code performing management tasks on VM abstractions sitting in
FFS functions, which makes the code more confusing.

54 Implementation using AspectC

The following subsections present our re-implementation of prefetching for mapped files using AspectC.
AspectC itself is presented incrementally on an *as-needed’ basis.

5.4.1 Normal prefetchingin AspectC

Figure 2 shows our aspect-oriented implementation of prefetching for normal declared access. The first
two declarations have to do with making values from higher-levels of the page-fault handling path available
to prefetching code in lower-levels. The next four declarations correspond directly to the small circlesin
Figure 1.

Thefirst declaration in Figure 2 allows advice in the aspect to access the page map in which prefetching
pages must be allocated. This map is the first argument to vm fault. Reading the declaration, it declares a
pointcut named vm_fault_cflow, with one parameter, map. A pointcut identifies a collection of function calls
and arguments to those calls. The second line of this declaration provides the details. This pointcut refers
to al function calls within the control flow of callsto vm_fault, and picks out vm fault’sfirst argument. The
‘] inthis parameter list means that although there are more parametersin this list, they are not picked out
by this pointcut.



The second declar ation is another pointcut, thistime named ffs_getpages cflow, which allowsadvicein the
aspect to accessthe parameter list of ffs_getpagesfor de-allocation of planned pages.

The third declaration defines before advice that examines the object’s declared behaviour, plans what
virtual pages to prefetch, and alocates physical pages accordingly. In plain English, the header says to
execute the body of this advice before callsto vnode_pager _getpages, and to give the body access to the map
parameter of the surrounding call to vm fault.

Reading the header in more detail, thefirst line saysthat thisadvice will run before function calls designated
following the ‘:’, and lists five parameters available in the body of the advice. The second line specifies
calls to the function vnode_pager getpages, and picks up the four arguments to that function. The third line
uses the previoudy declared pointcut vm_fault_cflow, to provide the value for map that is associated with the
particular fault currently being serviced (i.e., from afew frames back on the stack).

Thebody is ordinary C code. The helper function plan_and_alloc_normal prefetch_pagesfurther determines
how many and which pagesto alocate, depending on the availability of memory and layout of the pages on
disk.

The next three declarations implement the three conditions under which the FFS layer can choose not to
prefetch. In each case, the implementation of the decision not to prefetch results in de-all ocation.

Thefirst after advice de-allocatesall pagesto be prefetched if the faulted pageis now valid. This executes
after callsto check valid, which occur when the normal page fault path is checking to see whether the page
has become valid. When check valid returns non-zero, it is telling the normal paging code that the page is
now present in memory. In this case, prefetching advice cancels all the prefetching.

The second after advice de-allocates all prefetching pages if the faulted page is not found on disk. This
may happen for one of two reasons — either an error has occurred in which case error is non-zero, or the
fault will instead be satisfied by a zero-filled page, in which case the parameter regblkno from ufs_bmap is
-1. It isimportant to note that the use of ffs getpages cflow not only makes parameters available to advice
that executes after callsto ufs_bmap, but also ensures that this advice only executes within this control flow.
That is, callsto ufs_bmap in other paths do not execute this advice.

The third after advice de-allocates some or al prefetching pages if the contiguity of the pages on disk
has changed since being checked by plan_and_alloc_normal prefetch_pages in the VM-layer. The helper
function takes all the parameters from ffs_getpages cflow and calc_range, and de-allocates any pages that
were originaly requested but not within the actual range that will be transferred.

10



vm_fault path ...

bef ore : : : plan prefetching and allocate pages
vnhode_pager _get pages divert control flow

around

ffs_get pages

. flip buffer pages

bl ock_read

Figure 3: Execution path for objects with sequential declared access.

aspect sequential _mapped_file_prefetching {

pointcut vmfault_cflow vmnmap_t map ):
cflowm calls( int vmfault( map, .. )));

pointcut ffs_read_cflow struct vnode* vp, struct uio* io_info, int size, struct buff** bpp ):
cflowm calls( int ffs_read( vp, io_info, size, bpp )));

/* plan the prefetching and all ocate the pages */

before( vmmap_t map, vmobject_t object, vmpage_t* pagelist, int length, int faulted_page ):
calls( int vnode_pager_get pages( object, pagelist, length, faulted_page ))
&& vmfault_cflow map )

if ( object->decl ared_behavi our == SEQUENTI AL ) {
vm_map_| ock( map );
pl an_and_al | oc_sequenti al _prefetch_pages( object, pagelist, |length, faulted_page );
vm_map_unl ock( map );
}
}

/* divert to ffs_read */
around( vm object_t object, vmpage_t* pagelist, int length, int faulted_page ):
calls( int ffs_getpages( object, pagelist, length, faulted_page ))

{

if ( object->behaviour == SEQUENTI AL ) {
struct vnode* vp = object->handl e;
struct uio* io_info = io_prep( pagelist[faulted_page]->pi ndex, MAXBSIZE, curproc );
int error = ffs_read( vp, io_info, MAXBSIZE, curproc->p_ucred );
return cl eanup_after_read( error, object, pagelist, length, faulted_page );

} else
proceed;

}

after( struct uio* io_info, int size, struct buf** bpp ):
calls( int block_read(..) )
& & vmfault_cflow(..)
&& ffs_read_cflow struct vnode*, io_info, size, bpp)

flip_buffer_pages_to_allocated_vm pages( (char *)bpp->b_data, size, io_info );
}
}

Figure 4: AspectC code for prefetching on behalf of sequentially accessed memory mapped files.
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5.4.2 Sequential prefetching in AspectC

Figure 3 illustrates the structure of prefetching for objects with sequentia access patterns. The correspond-
ing implementation is shown in Figure 4.1

When madvise is used to declare access behaviour as sequential, prefetching in FreeBSD v3.3 is less con-
servative. The page fault request automatically is bumped to a a maximum buffer size, and the request is
routed through ffs read instead of ffs_getpages. This path not only synchronously fills the buffer, but possi-
bly asynchronously prefetches additional blocks. Once the transfer is complete, the buffer pages are flipped
in order to avoid copying to the pages VM allocated for prefetching. Asynchronous prefetching requires
detection of sequential accessin the file system using a marker stored in the vnode.?

This aspect uses around advice to divert the execution path to ffs_read when access is sequential, or to
proceed with ffs_getpages otherwise. The helper function io_prep sets up a read regquest using the faulted
page and the maximum buffer size to be synchronously retrieved. Around advice differs from before and
after advice in that it has control over whether or not the advised function call proceeds as planned.

The after advice, which flips the pages, executes under the control flow of the pointcuts ffs read_cflow and
vm_fault_cflow. That is, only when execution has been diverted along this special path.

5.5 Implementation comparison

To develop the AOP implementation, we first stripped the prefetching related code from the primary imple-
mentation of the page fault handling path. We then we made several minor refactorings of the primary code
structure to expose principled points for the definition of prefetching advice. With respect to Figure 1, we
refactored of ffs_getpagesto spawn two new small functions, check valid and calc_range.

The key difference between the original and aspect-oriented implementations is that when implemented
using an aspect, the coordination of VM and FFS prefetching activity becomes clear. We can seg, in asingle
screenful, theinteraction of planning and cancelling prefetching, and allocating and de-all ocating or flipping
pages. By moving this functionality into an aspect and expressing it as advice, we were able to preserve the
context of prefetching related execution and make the structure of the crosscutting explicit.

Although this is not a complete treatment of prefetching in the system, this experiment shows that some
of the complexity in OS code is unnecessary because it comes from improper modularization techniques

1The careful reader will notice a small amount of code duplication with the previous aspect. This is deliberate for clarity.

AspectC includes features that would alow usto eliminate this duplication.
2We implemented thisin other aspects, not presented here.
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rather than being inherent to the domain. When crosscutting concerns are implemented without AOP they
become tangled — spread throughout the code in an unclear way. When implemented with AOP, crosscutting
structureis clear and tractable to work with.

6 The“TO DO list

Exploring AOP as a means of improving the modularity of OS code will involvework in systems, program-
ming languages, and software engineering. Specificaly, we need to identify the structure of coarse grain
aspects in operating systems, use AOP language constructs to modularize them, and establish the material
impact of AOP on understandability and changeability. The following subsections focus on proposed work
in each of these areas.

6.1 System aspects

All our refactoringswill focus on versions 2-4 of FreeBSD. We need at least three big working examples to
explore issues of scalability and interaction between aspects. The advantage of working within one system
will be that we can build more sophisticated organizations of aspects more quickly. The disadvantageisthe
potentia for the work to be less general. Code analysisby visual inspection of other systems, such as Linux
and NetBSD, may be helpful to determine commonality among the implementations.

Prefetching is agood first step at identifying a concern that is inherently crosscutting. Other prefetching-
related aspects we have experimented with include an aspect for tracking and observing sequential be-
haviour, and an aspect for asynchronous prefetching in the file system read path. Prefetching for other
pagersand in other parts of the file system remains to be refactored, and will be thefirst thing we implement
once AspectC is up and running.

VM and thefile system are known to have acomplex circular relationship, and thus are potentially a source
of several interesting aspects. Another important element that crosscuts VM and the file system is page
replacement. Devel oping aspects for thisimplementation in addition to prefetching should allow usto better
reason about and potentially change these two closely coupled system policies. Once we have prefetching in
place, we will have a better idea of the overall structure of these and other related policies. Thefinal decision
of exactly which VM/FFS aspects to focus on will thus be made after the implementation of prefetching.

Communication protocols is another area of the system we will target to identify aspects. Although the
scope of this implementation is in part dependent on how much new ground it will cover relative to the
previous results, the current plan is to explore an AOP implementation of functionality ranging from fine
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grain issues such as duplicate message suppression and delivery acknowledgment to more comprehensive
issues such as quality of service. The plan is to target both kernel and user-level implementations, and to
consider the role aspects could play in new infrastructures for distributed systems[60].

Scheduling is another example that would be interesting to at least analyze from the perspective of cross-
cutting if not implement. Replacing the scheduler in any of the BSDs is known to require a considerable
amount of timejust to find and fix dependenciesin other modules. Speculationisthat asystem like Windows
NT, with a stronger interface, could avoid these problems [59]. By targeting the scheduler in BSD, we may
be able to better determine if these dependencies are merely an artifact of a weak interface, or if they are
rooted in something more inherent, such as crosscutting. Attention to this issue is mostly dependent upon
the sufficiency of results from the previous examples. That is, if we have not been able to achieve examples
that build, scale and interact in a meaningful way, scheduling is a good candidate to have waiting in the
wings.

6.2 Crosscutting modularization mechanisms

AspectC isasimple subset of Aspectd. Assuch, it is expected that devel oping a bare-bones, no-frills trans-
lator for this language will not be an overly difficult task. Although it is reasonable to assume that AspectC
will evolve during the course of this project, AspectC is not the focus of the work, and our hope is that the
general constructs we start with will be sufficient for our needs.

6.3 Evaluating Impact

We want to improve the modularity of the code — and that is tough to quantify. In the evaluation, we plan
to present as many quantifiable metrics as we can, a logical argument for understandability, and several
examples of changeability. All of these results will be reported on a case by case basis, with some additional
comprehensive qualification of the overall organizationin terms of scalability and interaction.

For metrics, we can establish an approximate degree of crosscutting for agiven implementation using values
such as the number of lines, clusters, functions, and subsystems involved. Another value that cannot be
overlooked is performance, as we cannot afford to introduce a significant penalty with AOP.

M easuring understandability will be more challenging, and we are primarily counting on alogical argument
to suffice. That is, we plan to show or describe the AOP implementation and highlight the nature of the
coordination provided. However, softer indicators such as the number of minutes for an experienced pro-
grammer to find a bug [14] and an informal surveys of a groups of programmers will be useful to augment

14



this argument.

In terms of changeability, it may be that any given change will be local to crosscutting implementation,

primary functionality, or some of both — but better modularity should help in all three of these cases. To test

this,

we plan to consider ‘evolutionary’ change in both the original and AOP implementations. Evolutions

of this type will come from two sources. First, starting with a basic functionality of an early version of

FreeBSD we can retroactively apply real evolutionary changes documented in the CV S repository. Second,

spec
impl

ulating on future trends in commodity hardware and the escalating demands of applications, we can
ement plausible future system evolution. We can then report on the relative support, in terms of locality,

and related effort required to affect the change in both systems.

6.4

4

5

Planned submission deadlines

. Feb 2001 - CACM AORP Issue - ashort paper, prefetching example.

. March 2001 - FSE - AspectC is up and running, larger-scale prefetching isimplemented.
. May 2001 - Middleware - aspects in communication, QoS issues.

. Spring 2002 - OSDI -Implementation of several system aspects and evaluation of impact.

. Hopeto contribute to various AOP workshops along the way.
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