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1. Introduction

Kernel process scheduling is an old problem, but one for which there still appears to be no one universal solution.
Instead, work has focused on designing schedulers that provide good performance for collections of applications
having particular properties, such as multimedia applications [2, 3, 6, 14], real-time applications [5], or applications
running in an energy-constrained environment [11, 15]. While many such scheduling algorithms have been proposed,
few can easily be used by end-users, because it remains very difficult to integrate a new process scheduler into an
existing operating system.

Bossa is a framework for kernel process-scheduler development whose goal is to ease both the implementation
of a scheduler and its integration into an existing operating system [12]. For this, Bossa provides a domain-specific
scheduler programming language and a dedicated run-time system. The Bossa domain-specific language makes it
easy to express various scheduling concepts. Properties of this language are furthermore exploited by the Bossa
compiler, which is able to guarantee that the behavior of a Bossa scheduler is coherent with the expectations
of a target operating system [9]. The high level of the Bossa domain-specific language and the associated safety
checks have made it possible to use Bossa in teaching labs. The Bossa run-time system has been ported to multiple
versions of Linux, to Chorus [8], and to a Java virtual machine optimized for embedded systems [13]. Using both
microbenchmarks and realistic applications, we have found that Bossa incurs little or no observable overhead [12].

Bossa was developed at INRIA and the Ecole des Mines de Nantes, in France, and the University of Copenhagen, in
Denmark, between 2000 and 2006, with the support of France Telecom research, Microsoft, and the Danish National
Research Council. It has been used in research [4, 7] and is currently the subject of a technology transfer to the
embedded system and automotive industries [13], with the support of the French National Research Agency.

2. Description

Bossa relies on an event-based run-time architecture, as illustrated in Figure 1. A small run-time system must
be initially integrated into the target operating system, to prepare the operating system for use with Bossa. This
run-time system causes the operating system to generate event notifications on the occurrence of various scheduling-
relevant events, such as process blocking, process unblocking or the need to elect a new process. The need to integrate
the run-time system represents an initial overhead for the use of Bossa, but the changes required have been codified
in rewrite rules that are applicable to multiple versions of Linux, and that can serve as a guideline for integrating
the run-time system in other operating systems [1].

The Bossa run-time system transmits the event notifications to the scheduler, which then takes appropriate
actions. These actions may include changing the state of a process or electing a new process based on scheduler-
specific criteria. A Bossa scheduler can be implemented as a single process scheduler, which manages a collection of
processes according to a single scheduling policy, or as a hierarchy of schedulers, containing both process schedulers
and virtual schedulers, which manage a collection of schedulers. Figure 2 illustrates a possible scheduling hierarchy,
in which a proportional virtual scheduler reserves 90% of the CPU time for the processes managed by an EDF
scheduler, but gives 10% of the CPU time to a standard Linux scheduler, if needed, to run non-real time processes.

In the rest of this section, we give a brief tour of the Bossa domain-specific language, using extracts of the simple
EDF scheduler shown in Figure 3 as an example, and then describe briefly some of the user-level support that is
provided for interacting with Bossa.

2.1 Bossa in a nutshell

The Bossa implementation of a process scheduler contains five kinds of declarations, as illustrated in Figure 3:
process attributes (lines 2-6), process states (lines 8-14), ordering criteria (line 16), event handlers (lines 18-45),
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and interface functions (lines 47-53). We describe these declarations in turn below. The Bossa implementation of a
virtual scheduler is similar, except that the attributes and states refer to the child schedulers, rather than individual
processes. Virtual schedulers are described in more detail elsewhere [10].

Process attributes The process attributes declaration contains any policy-specific information that is needed
about each process. This information may be provided by the user when the process joins the scheduler, such as
the process period in the case of the EDF policy (line 3), or be calculated by the scheduler, such as the process’s
upcoming absolute deadline (line 4). Bossa also provides timers that can be associated with each process. In the
EDF policy each process is associated with a timer for detecting the end of the process’s current period (line 5).

Process states The state of a process describes its schedulability. The EDF scheduling policy distinguishes between
five process states: running for the process that is currently running, ready for the processes that are able to run,
blocked for processes that have voluntarily blocked, e.g., to wait for I/O, computation ended for processes that
have completed their computation within the current time slice, and terminated for processes that are terminating.
Each state is associated with a state class, which provides some information about the role of the state, analogous
to the type of a variable in a general purpose language. Bossa defines four state classes: RUNNING for the state
that contains the running process, READY for the states that contain the processes that are able to run, BLOCKED
for the states that contain the processes that are not able to run, and TERMINATED for the state that contains
terminating processes. There may be multiple states in a state class, as illustrated in the EDF policy by blocked
and computation ended that are both in the BLOCKED state. State classes are used by the Bossa compiler, to enable
appropriate verifications. State classes can similarly provide guidance to a programmer who wants to understand
the scheduling policy. Finally, each state declaration is annotated with some information about its implementation.
A state is designated as process if it can contain at most one process, as is the case of running, because Bossa is
currently limited to uniprocessors. A state is designated as queue if it can contain multiple processes. Exactly one
state in the READY state class must be designated as select. This state is referenced by the process election operator
select (line 30). No implementation information is associated with the state in the TERMINATED state class, because
processes that enter this state are not further manipulated by a Bossa scheduler.

Ordering criteria The ordering criteria specifies the attributes that are taken into account to determine the
relative priority of processes for a priority-based scheduling policy. This information is used by the process comparison
operators < and > (line 23) and by the process election operator select (line 30). In the case of the EDF policy, a
process that has the lowest, i.e., earliest, absolute deadline is considered to have highest priority.

Event handlers The event handlers respond to the various notifications of scheduling-related events that are
generated by the operating system. The set of relevant events is determined by the target operating system and its
various scheduling requirements. For example, our implementation of Bossa in Linux 2.6 distinguishes the following
events: process creation (two kinds), process termination, process blocking, process unblocking (where preemption
may or may not be allowed), process yielding (three kinds), the passage of time, and the need to elect a process.



scheduler EDF = { 1

process = { 2

time period; 3

time absolute deadline; 4

timer period timer; 5

} 6

7

states = { 8

RUNNING running : process; 9

READY ready : select queue; 10

BLOCKED blocked : queue; 11

BLOCKED computation ended : queue; 12

TERMINATED terminated; 13

} 14

15

ordering criteria = { lowest absolute deadline } 16

17

handler (event e) { 18

On block.* { e.target => blocked; } 19

20

On unblock.preemptive { 21

if (e.target in blocked) { 22

if ((!empty(running)) && (e.target > running)) { 23

running => ready; 24

} 25

e.target => ready; 26

} 27

} 28

29

On bossa.schedule { select() => running; } 30

31

On unblock.timer.period timer { 32

start relative timer(e.target.period timer, 33

e.target.period); 34

if (e.target in computation ended) { 35

e.target.absolute deadline = now() + e.target.period; 36

e.target => ready; 37

if ((!empty(running)) && (e.target > running)) { 38

running => ready; 39

} 40

} 41

} 42

43

. . . 44

} 45

46

interface = { 47

void attach (process p, int period) { 48

p.period = ticks to time(period); 49

p.absolute deadline = now() + p.period; 50

start relative timer(p.period timer,p.period); 51

p => ready; 52

} 53

54

. . . 55

} 56

} 57

Figure 3. Extracts of the Bossa implementation of a simple EDF (Earliest Deadline First) scheduling policy

Finally, a policy that uses timers, as does the EDF policy, must include an event handler for the timeout of each
kind of timer.

We describe briefly the unblock.preemptive event handler (lines 21-28), as it uses most of the available constructs.
An unblock.preemptive event notification occurs when a process becomes newly able to run, and that process is
allowed to preempt the running process. The parameter e of the handler block (line 18) refers to the current event,
and its field target refers to the affected process. The handler begins in line 22 by using the in construct to check
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whether the unblocking process is in the blocked state.1 If the process is actually blocked, line 23 checks whether
there is a running process, i.e., whether the running state is not empty, and whether the priority of the unblocking
process is greater, according to the ordering criteria, than that of the running process. If both conditions hold, the
state of the running process is changed to ready, to indicate that this process should be preempted (line 24). Finally,
the state of the unblocking process is changed to ready (line 26).

This handler may seem simple, but, as is typical for code written using a domain-specific language, it hides
substantial complexity. The state change operator => hides the low-level and state-dependent data structure
manipulations and associated bookkeeping code that are required to move a process from one state to another. The
operator > performs a comparison that in general may involve many criteria. A state change from or to the RUNNING
state (lines 24 and 30) induces various low-level operating-specific operations to give or retract a process’s access to
the CPU. Finally, the Bossa compiler checks that the state change operations performed by the handler correspond to
the expectations of the operating system. These expectations are provided using an auxiliary specification language
that is described elsewhere [9].

Interface functions The interface allows the scheduler programmer to define various functions permitting user-
level interaction with the scheduler. The EDF scheduler in Figure 3 defines the function attach that allows a
process to move to it from another scheduler (lines 48-53). This function takes the process’s period as an argument,
initializes the process attributes appropriately, and starts the process’s timer. An interface function detach (not
shown) performs any clean up operations required when a process moves from EDF to another scheduler. Interface
functions can also be defined to retrieve any statistics that are maintained by the scheduler or to allow the user-level
to provide information to be taken into account by the scheduling policy.

2.2 Bossa tool support

Figure 4 gives an overview of the Bossa compilation process and associated tools. In particular, Bossa provides a
language for describing relevant properties of the operating system [9]. Factorizing this information out of the compiler
allows the compiler to be essentially operating-system independent while still being able to verify that a scheduling
policy satisfies operating-system-specific requirements. For Linux, the compiler generates C code implementing a
given scheduling policy as a Linux kernel module, which can be either compiled with the kernel or loaded dynamically.
Interface functions are implemented as Linux ioctl functions. The Bossa compiler additionally generates stub
functions allowing user-level applications to interact with the scheduling policy’s interface functions.

The Bossa framework includes scripts for loading a scheduler into the Linux kernel, for adding or removing
schedulers from the current scheduling hierarchy, for attaching a process to a given scheduler, and for doing all of
these operations from within a C program. As an example of the latter, Figure 5 shows code that might be used by
an application that would like to temporarily run under an EDF scheduler. The function start() adds a Proportion
scheduler as the root of the current scheduling hierarchy, if it is not already present, giving the current scheduling
hierarchy a proportion of 10% (lines 11-12), and then adds an EDF scheduler as a child of Proportion, with a
proportion of 90% (lines 13-14). The result is the scheduling hierarchy that was shown in Figure 2. The application

1 It is a peculiarity of Linux that an unblocking process may never have blocked [9].



#include "user_stub_Proportion.h" 1

#include "user_stub_EDF.h" 2

#include "user_stub_Linux.h" 3

4

int mount(char *parent name, char *child name, int child property count, int *child properties); 5

void mount root(char *new root name, int child property count, int *child properties); 6

void unmount(char *tgt name); 7

8

void start() { 9

int prop,pid; 10

prop = 10; 11

mount root("Proportion",1,&prop); 12

prop = 90; 13

mount("Proportion","EDF",1,&prop); 14

pid = 0; // the current process 15

period = 10; 16

EDF attach(pid,period); 17

} 18

19

void end() { 20

int pid; 21

pid = 0; // the current process 22

Linux attach(pid,BOSSA SCHED OTHER,0,20); 23

unmount("EDF"); 24

unmount("Proportion"); 25

} 26

Figure 5. Application code for moving to and from an EDF scheduler

then adds itself as a child of the EDF scheduler. The function end() then moves the application back to the Linux
scheduler (lines 26-27), and unmounts the EDF and Proportion schedulers (lines 22-23), if they are not managing
other processes (lines 24-25).

3. Conclusions and Future Work

In this paper, we have provided an overview of the Bossa framework, particularly focusing on the domain-specific
language provided for implementing scheduling policies. This language makes it easy to translate the high-level
specification of a scheduling policy, as commonly found in research papers, into an implementation that can be
directly compiled and linked with a Bossa-ready version of Linux or another operating system. In addition to
the ease of development, the Bossa compiler checks essential correctness properties, particularly focusing on the
properties required by the target operating system, which are often not well documented and thus unknown to
programmers that are not kernel experts. The benefits of Bossa have been validated by our use of Bossa in teaching,
where students with no previous experience with the Linux kernel have been able to implement and test several
classical scheduling policies within a day, and without crashing the operating system.

Currently, Bossa is limited to a single processor. The increasing availability of multicore and multiprocessor
systems will, however, raise new challenges for kernel process schedulers, and so we plan to extend Bossa to these
settings. We also plan to develop libraries of scheduling policies that represent typical strategies for managing
processes running on dozens of processors, taking into account both spatial and temporal constraints.

Availability

Various versions of Bossa for Linux are available at the Bossa web site, http://www.emn.fr/x-info/bossa/, as well as
some documentation and research papers. In particular, the paper “A Framework for Simplifying the Development
of Kernel Schedulers: Design and Performance Evaluation” provides a complete overview of the system [12].
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