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Abstract
The purpose is to propose a budget-based
RTAI (Real-Time Application Interface)

implementation for real-time LXRT tasks over
Linux on x86 architectures, where RTAI
provides a light-weight and high-performance
interface for hard and soft real-time tasks over
Linux. RTAI API's are extended for
programmers to specify a computation budget

for each task, and backward compatibility is
maintained to the original RTAI design.
Different from the past work, we focus on the
implementation of budget-based resource
reservation for real-time LXRT tasks, that is
complicated by the relationship between RTAI
and Linux. Modifications on RTAI are limited
to few procedures without any change to the
Linux source code, such as the timer interrupt
handler, the RTAI scheduler, and
rt_task wait period(). We also
propose a monitor driver and a monitor user
interface to dynamically adjust the budgets for
tasks. The feasibility of the proposed
implementation is demonstrated by a system
over Linux 2.4.0-test10 and RTAI 24.1.2 on PII
and PIII platforms.
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Various levels of real-time support are
now provided in most commercial operating
systems, such as Windows XP, Windows
CE .NET, and Solaris. However, most of them
only focus on non-aging real-time priority
levels, interrupt latency, and priority inversion
mechanisms (merely at very preliminary
stages). Although real-time priority scheduling




is powerful, it is a pretty low-level mechanism.
Application engineers might have to embed
mechanisms at different levels inside their
codes, such as those for frequent and intelligent
adjustment of priority levels, or
provide additional (indirect
utilities to fit the quality-of-services (QoS)
requirements of each individual task. In the

management)

past decade, researchers have started exploring
scheduling mechanisms that are more intuitive
and better applicable to applications, such as
budget-based reservation [1, 2, 3] and
rate-based scheduling [4, 5, 6].

Most commercial operating systems now claim
the support for real-time applications. VxWorks
[7] provides efficient preemptive scheduling,
deterministic context switching time, and swift
interrupt handling, and is used in many
mission-critical ranged from
anti-lock braking to inter-planetary exploration.
pSOSystem 3 [8] is designed for quick
development of embedded devices. Its pSOS+
3 multitasking kernel is small, fast, reliable,
and deterministic. RTAI (Real-time Application
Interface) proposed by Mantegazza, et al. [9] at
DIAPM shares a very similar system
architecture with RTLinux proposed by
Yodaiken, et al. [10]. All interrupts are
intercepted by a tiny kernel under Linux such
that hard real-time tasks are supported by the
tiny kernel, where Linux is considered as a
“‘process” for the tiny kernel. BlueCat RT from
LynuxWorks adopts RTLinux inside its RT
kernel. Embedix Realtime, i.e., Lineo's
real-time Linux distribution, is derived based
on RTAI MontaVista provides a fully
preemptible Linux kernel, where kernel-mode

applications

tasks could be interrupted, and rescheduling is
possible. REDICE-Linux [11] delivered by
RedSonic represents a hybrid real-time Linux
solution, which revises Linux and integrates
RTAI inside its kernel. One integrated kernel is
used to schedule all real-time and non-real-time
tasks. Solaris 8 supports high resolution timers
and user-level priority inheritance, where
priorities from 100 to 159 are belonging to
real-time tasks, priorities from 160 to 169 are
for interrupt servicing threads, and the rest are
for ordinary user tasks. Windows CE .NET
provides 256 non-aging real-time priority levels
and bounds the interrupt service routine (ISR)
latency within 1ms. A very preliminary
one-level priority inheritance is provided to
allow a task to inherit the priority of a
higher-priority task blocked by the former task.
RTX from VenturCom is widely adopted by
many Windows-family operating systems and
vendors to provide high-performance real-time
support. A preemptive scheduling policy with
priority promotion to prevent priority inversion

is provided.

The concept of budget-based reservation, that is
considered as an important approach for
applications' QoS support, was first proposed
by Mercer, et al. [3]. A microkernel-based
mechanism was implemented to let users
reserve CPU cycles for threads. Windows NT
middlewares [1, 2] were proposed to provide

budget reservations and soft QoS guarantees
Windows  NT.
idea of

for applications over
REDICE-Linux implemented the
hierarchical budget groups to allow tasks in a
group to share a specified amount of budget.

There were also many other research and




implementation results on the QoS support for
real-time applications. In particular, Adelberg,
et al. [12] presented a real-time emulation
program to build soft real-time scheduling on
the top of UNIX. Childs and Ingram [13] chose
to modify the Linux source code by adding a
new scheduling class called SCHED\_QOS
which let applications specify the amount of
CPU time per period. Abeni, et al. presented an
experimental study of the latency behavior of
Linux [14]. Several sources of latency was
quantified with a series of micro-benchmarks.
It was shown that latency was mainly resulted
from timers and non-preemptable sections.
Swaminathan, et al. explored
consumption issues in real-time task scheduling
over RTLinux [15].
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The purpose of this paper is to explore
budget-based resource reservation for real-time
LXRT tasks which run over Linux and propose
its implementation. We first extend RTAI API's
to provide hard budget guarantees to hard
real-time tasks under RTAI. We then build up
an implementation for soft budget guarantees
for LXRT tasks over that for hard real-time
tasks under RTAI. Backward compatibility is
maintained for the original RTAI (and LXRT)
design. We present our software framework and
patch for the proposed implementation. We try
to minimize the modifications on RTAI without
any change to the Linux source code.
Modifications on RTAI are limited to few
procedures, such as the timer interrupt handler,
the RTAI scheduler, and
rt\_task\_wait\_period(). A monitor
driver and a monitor user interface are designed
and implemented for users to dynamically

assign/modify the budgets of tasks. The
feasibility of the proposed implementation is
demonstrated over Linux 2.4.0-test10 and RTAI
24.1.2 on PIII and PII platforms. We conducted
a series of experiments to evaluate the
overheads and budget precision of the proposed

implementation.
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Figure 1: The RTAI architecture
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Hard Budget-Based Resource Reservation
Each real-time RTAI task could be
assigned a hard execution budget per period.
The process control block of each real-time
RTAI task must include additional members.
We must include additional members in the
process control block of real-time RTAI tasks
(rt_task_struct) and revise minor parts
of the RTAI scheduler (rt schedule())
and the timer handler
(rt_timer_handler()) to guarantee hard
budget-based  resource
implementation of budget-based
reservation in RTAI must consider two
important issues: 1) The correct programming
of the timer chip. Because the resumption and
the suspension of a real-time RTAI task are

interrupt

reservation. The
resource




both driven by the the budget
consumption of each task must be considered in
the programming of the timer chip. That is,
when a task runs out of its budget before it calls

timer,

rt_task_wait_period(), the system
must suspend the execution of the task until the
next period. Note that the design should not
cause any interference with the real-time
scheduler in RTAI. This implementation should
only focus on the budget overrunning of
real-time RTAI tasks. 2) The behavior of
When a task

it calls

rt_task wait period().
runs out of its budget before
rt_task_wait_period(), the execution
might be suspended (before the invocation of
rt_task wait_period()). The
remaining execution code of the former period
might be delayed to execute in the next period.
As aresult, it is possible to have more than one
invocations of rt_task_wait period()

in a period becuare one invocation that should
happen in the former period occurs in the next
period. The invocation that should happen in
the former period will be simply ignored in the
next period. The rationale behind this semantics
is to let the task gradually catch up the delay,
due to overrunning in some period.

Soft Budget-Based Resource Reservation

The budget-based resource reservation
implementation for real-time LXRT tasks is on
the top of the corresponding implementation
for real-time RTAI tasks. A real-time LXRT
task is initialized by invoking
rt_task_init (), and a buddy RTAI task is
created by RTAU to execute the RTAI services
requested by the real-time LXRT task.

There are two major challenges in the

implementation of soft budget-based resource
reservation for real-time LXRT tasks, beside

the challenges on correct timer-chip
programming and
rt_task_wait_period() modifications:

1) How to interrupt a real-time LXRT task
when its budget is exhausted and to transfer the
CPU execution right to a proper task. 2) When
a higher-priority real-time LXRT task arrives,
how to interrupt a lower-priority real-time
LXRT task and dispatch the higher-priority
real-time LXRT task.

We propose to use signals to resolve the
first challenging item. That is how to interrupt a
running real-time LXRT task and to trigger
rescheduling when its budget is exhausted.
Note that we wish to restrict modifications on
RTAI without any change to the Linux source

code.

ARG

The purpose of this paper is to explore
issues on budget-based resource reservation for
real-time LXRT tasks and to propose its
implementation. Note that although LXRT
seems an important implementation for
real-time Linux implementations, little work is
done on the resource reservation issues. We
extend RTAI API's to provide hard budget
guarantees to hard real-time tasks under RTAI
We then build up an implementation for soft
budget guarantees for LXRT tasks over that for
real-time RTAI tasks. Backward compatibility
is maintained for the original RTAI (and LXRT)
design. We present our software framework and
patch for the proposed implementation. We try
to minimize the modifications on RTAI without
any change to the Linux source code.

Modifications on RTAI are limited to few




procedures, such as the timer interrupt handler,
the RTAI and
rt\_task\ wait\_period(). A monitor
driver and a monitor user interface are designed
and implemented for users to dynamically
assign/modify the budgets of tasks. The
feasibility of the proposed implementation is
demonstrated over Linux 2.4.0-test10 and RTAI
24.1.2 on PIII and PII platforms. We conducted
a series of experiments to evaluate the
overheads and budget precision of the proposed
implementation. It was shown that the system
overheads were very limited for the resource
reservations of real-time RTAI tasks and
real-time LXRT tasks. For example, even on
PII 266, the maximum overhead of real-time
RTAI tasks on resource reservation was only
10ps, and the average overheads were less than
7us. On PII 266, the maximum overhead of
real-time LXRT tasks on resource reservation
was only 96us, and the average overheads were
less than 34.69us. The of
budget-based resource reservation was also

scheduler,

precision

very good. For computation-intensive tasks, a
very few number of violations was observed.
Even for a complicated workload, such as a
MPEG player, the number of violations was
only 10% of the total simulation periods.
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Figure 2: Scheduling flowchart of the revised
LXRT
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