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Abstract
Resource partition is an important issue in the

design of rea-time systems. In current
computing system, many |/O devices now
support scheduling policies. The QoS guarantee
of applications must be provided for services
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over CPU and I/O devices. We redlize the
objective in QoS guarantees over RTAI-Linux
and the USB subsystem. Universal Serial Bus
(USB) is a popular standard for PC peripheral
devices because of its versatile peripheral
interconnection specifications. USB not only
provides simplified hardware connectors but
also supports for various bus traffics, such as
isochronous and bulk transfer activities.
Although the USB specifications provide a way
for users to specify the upper bound on the
number of bytes for each data transfer in a 1Ims
time frame, little work is done to provide QoS
guarantees for devices (e.g., the lower bound
on the bytes for each device type in a Imstime
frame) with resource reservation or resource
partition techniques and a mechanism in
enforcing the guarantees. In this research, we
propose a cyclic-executive-based bandwidth
reservation and scheduling method to support
QoS guarantees over USB, especialy for those
isochronous bus activities. The proposed
bandwidth reservation/partition, scheduling
method and admission control method could
reserve USB bandwidth for devices in an
on-demand fashion. Besides, for soft QoS
guarantee over RTAI-Linux, we also design and
evaluate our budget-based resource reservation
method over RTAI- Linux on x86 architectures.



The capability of the proposed scheme was
shown by the implementation and
demonstration of the proposed resource
reservation methods for CPU and USB.
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With the advance of hardware and software
technology, computer systems are now very
modularized.  Various  subsystems  are

interconnected with proper interface definitions.

Consider /0 subsystems as an example.
Various 1/0 devices are manufactured and
connected to few common interfaces, such as
SCSI, USB, and IEEE-1394. The needs for
resource allocation no longer remains at the
so-called kernel part. Instead, I/O subsystems
(and of course many other subsystems) now
become one of the major playersin providing a
guality-of-service  (QoS) guarantee  for
applications. The playing of a video stream
from a disk serves as a good example in
exploring the major parties involved in the
resource allocation of system resources.
Real-time scheduling algorithms [5] were
often adopted by researchers in enforcing
resource reservation. In the past decades,
researchers and the industry have devel oped
techniques in providing the QoS guarantees
over traditional operating systems. RTLinux [7]
is areal-time extension of Linux to deliver hard
real-time capabilities and regular Linux
services to applications at the same time. Most
commercial operating systems now claim the
support for real-time applications. VxWorks
[11] provides efficient preemptive scheduling,
deterministic context switching time, and swift

interrupt handling, and is used in many
mission-critical  applications ranged from
anti-lock braking to inter-planetary exploration.
pSOSystem 3 [12] 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. [13]
a DIAPM shares a very smilar system
architecture with RTLinux proposed by
Yodaiken, et a. [14]. Modifications to the
Linux operating system were also made [2, 6]
to provide rea-time and QoS scheduling for
various resources. In addition to the QoS
reservation for CPU time, researchers started
exploring the resource allocation problems and
their QoS issues over various buses. In
particular, the control area network (CAN),
which is a serial communication protocol for
distributed real-time system, was studied by
Hon and Kim [3] in proposing a bandwidth
reservation agorithm. Kettler, et a. [4]
developed formal scheduling models for
several types of commonly used buses, e.g.,
PCI and MCA, in PC’s and workstations.

The objective of this research isto explore
the QoS issues of USB subsystem over
budget-based RTAI. USB is designed to
support many types of devices, such as human
interface devices (e.g., keyboard and mouse),
block devices (e.g., disks), communication
transceivers, stereo speakers, video cameras,
etc. The data transfer modes on USB could be
classified into four categories. isochronous
transfer, interrupt transfer, control transfer, and
bulk transfer. Isochronous transfer and interrupt
transfer are periodic data transfers, while



control transfer and bulk transfer introduce
aperiodic bus activities. Different types of
devices require different bandwidths and ways
to interact with USB host controllers, where a
host controller manages the bandwidth of a
USB bus. For example, a human interface
device (HID) demands a periodic but light bus
workload. A storage device requires a best
effort service from the corresponding host
controller. On the other hand, an operating
system must manage a number of devices
through USB simultaneously, and devices
would compete for a limited bus bandwidth.
How to properly manage USB bandwidth is of
paramount importance if reasonable QoS
requirements are, indeed, considered.

Figure 1. The bandwidth reservation of the USE
1ms time frame.

Although the original design of USB does
have an interface definition for QoS (in terms
of the percentage of the bandwidth for each
type of devices and the upper bound on the
number of bytes per data transfer for a device
type in a 1ms time frame), there is little work
being done for the QoS guarantee of each
device (e.g., the lower bound on the number of
bytes per device in a 1lms time frame).
According to the USB gspecifications,
isochronous and interrupt transfers could be
allocated up to 90% of the total bandwidth of a
USB bus. Control transfers could have up to
10% of the tota USB bandwidth. Bulk
transfers are serviced in a best-effort fashion to
utilize the remaining USB bandwidth. The USB
bandwidth reservation scheme in each 1ms

time frame is described in Figure 1, where SOF
stands for the starting of the frame, and time
frames of USB 1.1 are dlnin 1ms. Each USB
host controller exercises a series of data
structures which are constructed by the
operating system to manage devices, as shown
in Figure 2. Those data structures are called
Transfer Descriptors. The technical issue is
how to set up proper in-core data structures so
that a host controller could behave and
communicate with devices as users request and
meet their QoS requirements. The research
objective of this paper is to propose a proper
bandwidth reservation and scheduling method
to support the specified QoS requirements. We
shall design a real-time scheduling layer inside
the USB driver to let the entire system
complying with the USB specification.
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Figura 2, The USB communication channel.
We also conducted a series of experiments to
evaluate the overheads, budget precision and
QoS guarantee of the proposed reservation
method over Linux.

A Period M odification Policy and Admission
Control

For the purpose of USB bandwidth
reservation, we include additional information



regarding deadlines, service frequencies, and
USB bandwidth requirements inside URB,
where URB is a data structure used for the
interchanging of control and data information
between the USB Core and device drivers. In
Linux, the USB Core is named as the USB
driver (USBD). An abstracted real-time
scheduling layer is proposed to communicate
between the device driver layer and the queues
in USBD. It determines how Transfer
Descriptors of a request are inserted into the
Endpoint Descriptor of the device to meet the
QoS requirements of devices.

The Linux USB OHCI driver restricts
periodic service requests (for interrupt and
isochronous devices) to a set of fixed periods
(eg., 1, 2, 4, .., and 32ms). An OHCI host
controller travels through each path from a leaf
node to the root node of the corresponding
polling binary tree. A node could have a list of
Endpoint Descriptors, and an Endpoint
Descriptor could have a list of Transfer
Descriptors. An OHCI host controller processes
pending Transfer Descriptors on its way from a
leaf node to the root node. The handling of
pending Transfer Descriptors on each path
should not be more than 1ms; otherwise, the
host controller will abort the path and then
continue its work to the next path according to
the service sequence. Any aborted path is
considered as an overflowed path. As a resullt,
any nodes at the ith level (counted from the
root node) are for services at every 2' ms.

When the Endpoint Descriptor of a request is
moved from a node to the root node, extra
protocol overheads will occur, and the
Endpoint Descriptor should be revised to fit the
polling periods of the former node and the root

node.

The admission control policy is defined as
follows. Because the period modification
policy moves al Endpoint Descriptors to the
root node, and the root node is serviced for
every 1ms, all requests are schedulable if the
services of all Endpoint Descriptors could be
done within 1ms. Because only 1500 bytes
could be transferred within every 1ms under
USB1.1, the total number of bytes for the
services of al Endpoint Descriptors should be
no more than 1500. That is

> 2]+ 0) <1500

where b; denotes the number of bytes to be
transferred for every pi ms, and O denotes the
protocol overheads of an USB payload. The
overheads include packet preambles, packet
headers, and some other necessary fields.
Insertions of Endpoint and Transfer
Descriptors

The objective of choosing proper nodesin
the tree structure for the inserting of proper
Endpoint and Transfer Descriptors is to move
(and modify) Endpoint and  Transfer
Descriptors to nodes of larger heights to
minimize the protocol overheads and the
additional bandwidth requirements due to the
period modification policy

Given a collection of admitted requests,
we shall try to push Endpoint Descriptors
(ED’s) and their Transfer Descriptors (TD’s) at
the root node down to nodes of larger heights
as far as possible. The further we push the
Endpoint and Transfer Descriptors away from
the root node, the lower the protocol overheads
would be. There are two basic guidelines for



this ED/TD reinsertion policy: The first
guideline is that the destination node of an
original ED (and its TD’s) should not have a
polling period longer than the period p; of the
corresponding request. The second is that the
ED/TD reinsertion policy should meet the 1ms
time frame for each path of a tree structure.
However, the ED/TD reinsertion problem is a
combinatorial problem. We proposed a greedy
algorithm for ED/TD reinsertion.

The evaluation of soft QoS guarantee over
RTAI-Linux

For QoS guarantee, we proposed a
budget-based resource reservation method
which could be implemented for real-time tasks
over RTAI- Linux on x86 architectures. It could
guarantee good budget precison on the
resumption, suspension, and preemption of
real-time RTAI tasks. In this work, we also
demonstrate the capability of the proposed
method.

Real-time RTAI tasks aways met the
specified budget-based resource reservation. In
order to evaluate the system overheads of the
implementation, we measured the actual budget
received by a real-time RTAI task, referred to
as the received budget. The assigned budget of
a real-time RTAI task is the amount specified
by users for resource reservation, referred to as
assigned budget. As a result, the received
budget of areal-time RTAI task is the assigned
budget minus the system overheads (if no
compensation mechanism is adopted). Let the
number of timer expirations during each
servicing of the assigned budget be N. The
relationship between an assigned budget and
the corresponding received budget was as
follows, where N could change among periods:

Recel vedBudget= AssignedBudget-N* SystemOverhead

The experimental results were shown in
the following table. The ssimulation time was
500ms. The average overheads was derived by
dividing the total system overheads by the
number of timer expirations over the simulation
time. The maximum overhead was the
maximum observed system overheads for a
timer expiration over the simulation time.
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The received budget of a real-time LXRT
task is the assigned budget minus the system
overheads, including the execution of related
in RTAI,
switchings of user and kernel space, the cost in
signal posting/delivery, etc. The relationship
between an assigned budget and the
corresponding received budget was as follows:
ReceivedBudget
=AssignedBudget-N* SystemOverhead-K ernel
Delays

The system overheads of the
implementation for real-time LXRT tasks were

shown in the following table.
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Since real-time LXRT tasks were Linux
tasks, the experiments on the budget precision
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of the implementation were complicated by
tasks  with
characteristics, such as the playing of MPEG

including  more different
streams. This part of experiments consisted of
four real-time LXRT tasks, and the last one was
a real-time LXRT task that read from the disk
for the MPEG streams and outputted the
decoded video through the X server. The
budget-based

precison of soft resource



reservation was measured in terms of the ratio
of the received budget and the assigned budget,

referred to as the budget rate:
BudgetRate(%) = -~ veIBUAgE 1 1006
AssignedBudget

From the experimental results, it shows that the
budget precision was 100% for the most of the
time. Over the entire experiment interval, no
more than 3 violations were observed over 500
periods. We also evaluate the precision of soft
budget-based resource reservation for the
MPEG player. Many more violations occurred,
because the MPEG player made a lot of system
calls, and synchronization existed between the
MPEG player and the X server. Around 10% of
the periods in which the MPEG player received
a budget different from the assigned budget.
However, the quality of MPEG movie playing
still seemed very good.

Modern operating systems are often pretty
modularized. The delivering of QoS guarantees
to applications is the responsibility of not only
the kernel but aso al of the subsystems
involved in the servicing of the applications. In
this project, we proposed a
cyclic-executive-based bandwidth reservation
methodology to guarantee the QoS
requirements of USB devices and real-time
applications. A bandwidth  reservation
algorithm is proposed to partition available
USB bandwidth among devices which need
different attentions from the system. We
conducted a series of experiments to evaluate
the performance of the proposed admission
control policy. It was shown that the
acceptance ratio of the proposed admission
control policy was close to that of the

exhaustive-search-based  optimal  algorithm
when the period range was selected among
ranges [1ms, 8ms| and [1ms, 32ms]. When the
periods of requests were chosen in the range
[16ms, 32msg]|, the proposed admission control
policy would reject more workloads than the
exhaustive-search-based optimal algorithm. It
was because of the protocol overheads due to
the period transformation of the admission
control policy. Our work results in a more
precise way in guaranteeing the QoS
requirements of devices, and better USB
bandwidth utilization could be achieved by
demonstrated over Linux 2.4.0-test10 and RTAI
24.1.2 which adopted a budget-based method
on Pl and Pl platforms. For the future
research, we shall further explore the USB
bandwidth reservation for USB 2.0 which
supports transfer rate up to 480 bits per second.
The combination of USB 11 and 20
bandwidth reservation could be a very
challenging issue.
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