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Abstract

There is a continuous demand for new scheduling
policies to address specific requirements of modern
OSes. However, the implementation of such policies
within an existing OS kernel raises many problems,
mainly because optimizations within schedulers hin-
der code maintenance and implementation of existing
schedulers is spread over the kernel.

In this paper we motivate that schedulers form an
aspect within OS kernels. We show how the DSL of
the Bossa system for the definition of scheduling poli-
cies and its runtime support can be integrated with a
framework for Aspect-Oriented Programming, Event-
based AOP. Finally, we discuss the generalization of
AOP-based techniques to other OS kernel modules.

1 Introduction

Over the recent years, there has been a continuous de-
mand for new scheduling policies to address specific
requirements of modern OSes and emerging applica-
tions. Examples include policies for multimedia and
real-time applications [2, 3, 6, 10, 14] and energy-
based policies so as to increase the mission time of
portable devices [8, 12, 11].

While the need for new scheduling policies is well
recognized, their implementation within an existing
OS kernel raises many problems. Based on an analy-
sis of several OS kernels such as RT-Linux, Linux and
BSD, we have identified the following difficulties in
integrating a new scheduling policy:

e Massive optimizations hinder code mainte-
nance

Because schedulers are executed very frequently,
they should be highly optimized so as to not
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degrade overall system performance. In fact,
critical parts of schedulers are often written in
assembly code and meticulously structured to
exploit specific features of the target architec-
ture. As a consequence, the scheduling policy
is mixed with low-level optimizations, thus ob-
fuscating the implementation and complicating
the development of new policies. Additionally,
architecture-dependent optimizations that were
initially valid can be useless or even degrade per-
formance on the next of generation processors.

e Implementation of existing schedulers is
spread over the kernel A scheduler is of-
ten tied to multiple kernel mechanisms such as
process synchronization, system calls, and de-
vice drivers. As such, it is common to find
scheduling-related code spread over different
parts of the kernel [13]. Only few experts are
able to fully understand how the scheduler really
works, even in well-documented OSes such as
Linux and BSD.

These problems discourage real experimentation
on OSes and restrain a wide dissemination of re-
search results. In industry, the situation is even
worse since developers have tight time-to-market con-
straints. Therefore, developers have little time to de-
vote to risky tasks such as implementing a new sche-
duling policy.

Such an engineering nightmare calls for the use of
new methodologies that can improve the implementa-
tion of OS kernels. In this paper we discuss the use of
two approaches, Domain-Specific Languages (DSLS)
and Aspect-Oriented Programming (AOP) that are
promising in engineering operating system kernels.

A DSL is a high-level language providing con-
structs appropriate to a particular class of problems.
The use of such a language simplifies programming,
because solutions can be expressed in a way that is
natural to the domain and because low-level optimiza-



tions and domain expertise are captured in the lan-
guage implementation rather than being coded explic-
ity by the programmer [9]. Recently, Barreto and
Muller have presented Bossa, a DSL for program-
ming schedulers [1]. This language simplifies sche-
duler programming and allows the verification of cri-
tical safety properties of a scheduler at compile time

Aspect-Oriented Programming [7] has recently
been introduced to address problems involving code
tangling, i.e. the implementation of concepts which
cannot be encapsulated using a given programming
paradigm and are scattered all over a program. Tech-
nically, AOP is aiming at language support for the
elimination of tangling and is looking for correspon-
ding translation techniques, commonly called code
weaving. Recently, Coadst al. have demonstrated
the benefit of aspects in OS implementation by adapt-
ing the cache behavior in the BSD file systems [4].
We discuss how Bossa’s approach to scheduler def-
inition can be integrated into an aspect-oriented ap-
proach.

The rest of the paper is organized as follows: Sec-
tion 2 presents Bossa and the benefits of using a DSL
for programming schedulers. Section 3 discusses that

scheduling can advantageously be treated as an as-

pect and how this can be done. Section 4 presents
a perspective: how to generalize such techniques to
an AOP-based OS kernel.

2 Bossa: a DSL for programming
schedulers

Bossa has been designed to address two goals: (i)
to evolve the scheduler into a modular kernel com-
ponent; this is achieved by reengineering the kernel
around an event-based run-time system, (ii) to ease
the development of scheduling policies and to make
possible the verification of important safety proper-
ties that are specific to the domain of scheduling; this
is achieved by the Bossa DSL. We now highlight the
main characteristics of Bossa [1].

2.1 The Bossa run-time system

Evolving the scheduler into a modular component
requires substantial kernel reengineering.  First,
code fragments related to scheduling, &eheduling
points that are initially spread over the kernel must
be carefully identified. Then, scheduling points are
replaced by a corresponding event notification to the
Bossa Run-Time System (RTS). For that, the RTS
provides a set of events to identify scheduling points
(see Table 1). There are events for signaling process

1policy examples and a complete definition of Bossa is available
athttp://compose.labri.fr/prototypes/bossa

creation, process termination, process blocking and
unblocking. Events are organized as a hierarchy that
indicates the subsystem or the driver that is the source
of the event. This permits an event handler to treat
either a generic case (i.e., all blocking events) or spe-
cific instances (i.e., blocking events from thesi

disk driver). Finally, an event handler has to be writ-
ten for each event to be considered. All event handlers
are centralized in a single module, i.e. the scheduling
policy. As a result, changing or evolving the schedu-
ling policy amounts to modification of only one mod-
ule.

Table 1: Bossa events

Event
processBlock.*
processUnblock.*
processYield

Generated by

I/O calls, drivers

drivers, time service
sched yield()  primitive

clockTick Clock interrupt handler
processNew fork() sys. call: clone(), exec*(
processEnd exit(), kill()

Schedule Bossa run-time system

The Bossa RTS has been implemented within the
Linux kernel. Initial performance evaluations show
that Bossa induces an overhead of below 5%. We are
currently experimenting with other schedulers such as
a variant of BSD.

2.2 The Bossa DSL

The Bossa language provides high level abstractions
such as process attributes, process states, process lists
and events. A Bossa scheduler contains three parts:
process state and attribute declaration, event handler
definition, and an interface for interaction with pro-
cesses managed by the scheduler. The Bossa compiler
translates a Bossa scheduler into a C module that can
be linked with the kernel and the RTS.

We now introduce the main features of the Bossa
DSL by presenting code excerpts of the Bossa imple-
mentation of a simple priority-based scheduler.

Declarations

A scheduler defines process type that contains
attributes to support policy execution. In the priority-
based scheduleprocess only contains an integer
that defines the process priority:

process = { int priority; };

A process managed by a Bossa scheduler is as-
sociated with a state that describes its current activ-
ity. A process can be either inRUNNING READY



or BLOCKEDstate. Additionally, aTERMINATED
pseudo state is associated with a process that finishes.
Only specific state transitions are allowed as illus-
trated by the following automaton:

s I i

To elect or preempt a process, it is necessary to
be able to compare two processes according to a
scheduling-specific relation. In Bossa, the ordering of
processes is specified by thedering  _criteria
declaration. The excerpt below specifies that the
priority-based scheduler always selects the process
with the greatepriority attribute.

ordering_criteria = {highest priority};

When designing a policy, it is necessary to de-
fine support for storing processes. For that need,
Bossa provides process queues and process variables.
Queues and variables are always associated with a
state; several queues and variables may be associated
with a single state. Indeed, queues and variables re-
fine the basic state abstraction for a specific policy.

The excerpt below specifies that there is only one
process in the(RUNNINGstate (i.e., running on the
processor), that there is a list of processes associated
with the READYstate which isorted according to
the previousordering  _criteria , that there is a
fifo list of processes associated with tB& OCKED
state, and a process TERMINATED (Note that no
storeing support is accotiated wittERMINATED

states = {
RUNNING running : process;
READY ready : sorted queue;
BLOCKED blocked : fifo queue;
TERMINATED terminated;

g

Event handlers

The behavior of a scheduler is determined by the
events it subscribes to. For each event, the policy
must define an event handler that specifies the actions
to be executed when the event occurs. An event han-
dler basically updates process attributes and performs
state changes (which are denoted by the move opera-
tor =>).

The following code excerpt specifies the behavior
of the scheduler when a process unblocks. First, the

scheduler moves the process for which the event was
generated to theeady state. If the process that un-
blocks g.target ) has a greater priority than the
running process using thre operator, the scheduler
preempts the running process (by moving it back to
theready state.

On processUnblock.*
e.target => ready;
if ((lfempty(running)) &&

(e.target > running))

{

{

running => ready;

}
}

Verifications and benefits

The immediate benefit of Bossa is that the program-
mer no longer has to deal with low-level implemen-
tation details such as manipulating pointers and lists,
which may possibly crash the kernel.

Additionally, several domain-specific properties
are enforced by the Bossa compiler. In particular, we
are interested in properties that can avoid hazards that
may lead the system into a dangerous state.

e Exactly one queue in thREADYstate has to be
sorted by the ordering criteria of the policy ; only
processes selected from this queue can be given
the processor (i.e., moved to the process variable
associated witiRUNNING.

e When assigning a process to a variable, the
variable must be empty. This constraint ensures
that no process reference is lost due a wrong ma-

nipulation.

Only transitions between process states valid
w.r.t. the previously introduced automaton are
accepted. By analyzing the manipulation of pro-
cesses states with respect to the automaton spec-
ification, the compiler is able to detect unsafe
state transitions. For example, moving a process
from READYto BLOCKEDS clearly incorrect.

There is no event omission in a scheduler speci-
fication. By analyzing the specification of a pro-
cess scheduler, we are able to identify whether
the scheduler treats all necessary process events
exported/implemented by the OS kernel.

3 Revisiting Bossa as an aspect

When analyzing the Bossa architecture, one can ob-
serve that the RTS has been designed to solve a cross-
cut problem. In this section we provide evidence that
scheduling inherently leads to code tangling with OS



kernels structured into subsystems (e.g. synchroniza- geously integrated in the so-called Event-based model
tion, drivers). As a result, scheduler implementation of AOP [5].
could benefit from the use of aspect-oriented tech-

hiques. 3.2 Bossa and Event-based AOP
. AOP frameworks should provide aspect languages
3.1 Scheduling as an OS aspect for the concise definition of aspects and appropriate

weaving technology. On the language level, crosscut-
ting is one of the key notions of AOP. Crosscuts de-
note different program points where aspects modify
the execution of the underlying program — most fre-
guently by inserting new functionality. As motivated
above, execution points where processes are created,
preempted, destroyed or their priorities changed are
examples of such points in OS code for scheduling
purposes. Furthermore, at these points, information
must be transferred between the OS subsystems and
the scheduler: e.g., when a process terminates, the
scheduler must be called with the identity of the ter-
minating process.

These examples highlight an essential feature for
an AOP framework: a mechanism which abstracts
programs (code or executions) to points of interests,
i.e., points where information is needed from and
where new behavior is to be inserted.

Bossa can be integrated smoothly into an AOP
framework recently proposed by Douence and
Sudholt, Event-based AOP [5]. EAOP uses events and
relations between events for crosscut definition and
(conceptually) relies on execution monitors to weave
aspects into the base program. AOP’s framework
characteristics are materialized in EAOP as follows:

A scheduler depends on a variety of OS kernel mecha-
nisms. Scheduling policies must refer to many differ-
ent OS subsystems and theirimplementation is spread
over a large part of the OS kernel implementation.

For instance, in priority-based schedulers, priori-
ties may be updated in different parts of the kernel
(e.g., when a process blocks waiting for 1/O or peri-
odically at a clock tick). Other schedulers may rely
on additional information from OS subsystems. For
example, in order to avoid starvation in high priority
processes, the scheduler can implement a priority in-
heritance policy by assigning the priority of a high
priority process that blocks in the kernel to the process
that holds the resourée This requires the scheduler
to access the synchronization and file system subsys-
tems.

Another important characteristic of a scheduler is
to define in which situations it should preempt the
running process so as to select another process. Pre-
emption is usually performed when the running pro-
cess finishes its execution (normally, killed by another
process or due to an exception), voluntarily yields the
CPU or is blocked in the kernel. One typical preemp-
tion point in a priority-based scheduler is the arrival
of a high-priority process in the ready queue. The ar-
rival of such a process can have different causes (e.g., e The points of interest of a program execution are
immediately after the creation of a process or when defined in terms of events emitted during pro-
a process becomes runnable due to a timer expira- gram execution.
tion). In time-sharing schedulers, preemption occurs
when a process expires its CPU quantum. These dif-
ferent preemption points are related to different ker-
nel mechanisms (e.g., system timers, process creation e Once a pattern has been matched, the base pro-
and destruction primitives). gram execution is suspended, an action is exe-

The dissemination of scheduling-related code cuted and the base program is resumed.
shown by the previous examples provides strong evi-
dence that the scheduler crosscuts the kernel: a sche-
duling policy thus forms an OS aspect.

The Bossa approach to programming schedulers
may seem quite different from AOP. Indeed, AOP is
frequently assimilated to macro processing (e.g., “in-
sert a method call at the beginning of every method
that returns arint ") or reflection (e.g., “intercept
calls to any method of clag®o in order to increment
its second argument”). Bossa’s approach of decou-
pling scheduling issues from the OS kernel by means
of an event bus does not really fit either technique.
In the following we motivate that it can be advanta-

e Points of interest are denoted by patterns of
events to be matched.

EAOP is a very general yet operational model for
AORP. It offers a natural abstraction in terms of events,
enables the explicit definition of complex crosscuts by
means of event complex patterns and accommodates
very general actions. Moreover, it allows dynamic
weaving: an aspect can be plugged (i.e., woven) at
run-time.

Bossa can be clearly seen as an instance of this
approach to AOP. Bossa’s scheduling-specific events
can be interpreted as EAOP events. After emission,
Bossa events are stored and processed at some later
execution point, which corresponds to event match-
ing in EAOP. Finally, event processing in Bossa con-

2Note that another strategy is to terminate the low priority pro-  SIStS in €xecuting actions that implement a scheduling
cess that holds the resource. policy.




4 Toward an AOP-based OS ker-
nel

Conceptually, the implementation of EAOP relies on

an event-based infrastructure and a monitor (for ac-
tion execution). Bossa fits this implementation model

since its implementation uses an event bus for event
generation/notification and a scheduler module for
event processing.

The Bossa DSL and its event model blend quite
well with EAOP which can be seen as a systematic
framework for expression of scheduling policies. We
believe that AOP is more generally promising as a en-
gineering approach for the implementation of schedu-
ling policies.

Indeed, the techniques outlined in this paper could
be applied to other kernel subsystems such as net-
working, disk scheduling and memory management.
These subsystems rely on strategies that could be ex-
pressed using DSLs and implemented using AOP.

The resulting aspects could then serve as building
blocks for a complete AOP-based kernel framework
to allow the implementation of both configurable and
reliable OSes. This ambitious goal offers many re-
search opportunities. We detail here three of them.

First, each kernel subsystem should be studied on
order to design a DSL to program strategies relevant
to this subsystem. This work requires to study trade-
offs between expressiveness and safety. For instance,
Bossa is very expressive and still supports static veri-
fication of the correctness of scheduling properties.

Second, it can be tedious to modify kernel subsys-
tems in order to generate events. Systematic means
to define and generate events should be provided.
Bossa’s current implementation is ad hoc: event gen-
eration has been inserted manually at the “right”
places in the kernel code. A more comprehensive ap-
proach to kernel engineering could provide events re-
lated to the implementation such as “the metfmal
is called” or “the variablebar is assigned.” Such
events could be used to define higher-level events
such as “the cache becomes invalid” or “a packet has
been lost.” It is important to note that application do-
mains can impose constraints on the implementation.
For example, in the case of scheduling instructions
that implement the event bus must be carefully placed
in the kernel to avoid synchronization problems.

Third, for the sake of efficiency, optimization
should be studied. Partial evaluation is a good can-
didate. In some case, it could suppress the monitor
by inlining event-related code of the monitor in the
kernel.
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