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ABSTRACT

In the MoBY Dick project we develop and define the architecture
of anew generation of mobile hand-held computers called Mobile
Digital Companions. The Companions must meet several major
requirements. high performance, energy efficient, a notion of
Quality of Service (Q0S), small size, and low design complexity.
To address these requirements we need to revise the architecture
of the hardware, the operating system, and applications.

The approach is based on dedicated functionality and the
extensive use of energy reduction techniques at al levels of
system design. The Mobile Digital Companion has an
unconventional architecture that saves energy by using system
decomposition at different levels of the architecture and exploits
locdity of reference with dedicated, optimised modules. A
reconfigurable internal communication network switch called
Octopus exploits locality of reference and eliminates wasteful data
copies. The switch is implemented as a ssimplified ATM switch
and provides Quality of Service guarantees and enough bandwidth
for multimedia applications. We have built a testbed of the
architecture, of which we will present performance and energy
consumption characteristics.
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1. INTRODUCTION

One of the most compelling issues in mobile computing is to keep
the energy consumption of the mobile low. This paper discusses
the system architecture and interconnection structure of a portable
computer, called Mobile Digital Companion, which provides
support for handling multimedia applications energy efficiently.
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The architecture of a Mobile Digital Companion was designed as
part of the Moy Dick project [16]. This project addresses
fundamental issues in the architecture, design and implementation
of low-power hand-held computers, with particular emphasis on
energy conservation.

The Mobile Digital Companion is envisioned to be a small
personal portable computer and wireless communications device
that can replace cash, cheque book, passport, keys, diary, phone,
pager, maps and possibly briefcases as well [9]. It is resource-
poor, i.e. small amount of memory, limited battery life, low
processing power, and connected to the environment via a
(wireless) network with variable connectivity. An important
feature is the interface and interaction with the user: voice and
image input and output (speech and pattern recognition) will be
key functions. The use of real-time multimedia data types like
video, speech, animation and music greatly improve the usability,
quality, productivity, and enjoyment of these systems. Multimedia
applications are characterised by their requirement for transport of
multiple synchronised media streams. Some of these streams
(typicdly video streams) have high bandwidth and stringent real-
time requirements. Most of the applications we consider require
not only a certain Quality of Service for the communication, but
adso a dignificant amount of computing power. The compute
requirements stem from operations such as
compression/decompression, data encryption, image and speech
processing, and computer graphics.

The Mobile Digital Companion will be a versatile device that
combines multimedia and communication functionality in one
single portable device. Nevertheless these functions have to be
provided by relatively little hardware and consume little energy
because a main requirement for the Companion is small size and
weight. Current technology, architectures and system software is
by far not capable of dealing with these requirements, the energy
consumption that would be needed is far too much. Therefore we
need to revise the system architecture of a handheld multimedia
computer.

Approach

The approach to achieve such a system is to have autonomous,
reconfigurable modul es such as network, video and audio devices,
interconnected by a switch rather than by a bus, and to offload as
much as work as possible from the CPU to programmable
modules placed in the data streams. Thus, communication
between components is not broadcast over a bus but delivered



exactly whereit is needed, work is carried out where and when the
data passes through, bypassing the memory. Modules are
autonomously entering an energy-conserving mode and adapt
themselves to the current state of the resources, the environment
and the requirements of the user. To support this, the operating
system must become a small, distributed system with co-operating
processes occupying programmable components, among which
the CPU is merely the most flexibly programmable one. The
interconnect of the architecture is based on a switch, caled
Octopus, which interconnects a genera-purpose processor,
(multimedia) devices, and awireless network interface.

Outline

In this paper we first motivate why there is a need to revise the
system architecture of a portable computer. Then we will give an
architectural overview of the Mobile Digital Companion, and give
a short overview of the state of the art in mobile multimedia
computing. We then present the architecture and design of the
interconnection network, the Octopus switch. Topics of special
interest are the buffer organisation, the scheduling techniques
used, and the internal communication protocol. In section 5 the
testbed implementation of the Octopus switch is described, and
performance and energy consumption measurements are
presented. Finaly, we present the summary and conclusions in
section 6.

2. MOTIVATION

The computer industry has made enormous progress in the
development of mobile computing and the design of portable
computers. These systems are generally based on architectures of
high performance computers that have some provisions for
wireless computing and a rudimentary form of power
management. In this section we will show that such an approach is
not enough if we want to be able to have a hand-held machine that
can be used conveniently in awireless environment.

2.1 Limitation of Energy Resources

Personal computers are becoming an integral part of daily life, as
portable appliances such as wristwatches, games and cellular
phones have become over the last few years. These devices now
support a constantly expanding range of functions, and multiple
devices are converging into a single unit. The emergence of
wireless communication and the enormous improvements in
technology that allows us to integrate many functions in one chip
has opened many possibilities for mobile computing. However, it
is becoming increasingly evident that merely increasing the
processing power and raising raw network bandwidth does not
translate to better devices. Weight and battery life are equally
important as processing speed. These two factors are related by
battery size: to operate a computer over a longer time without
recharging, we need a larger, heavier, battery. Energy
consumption is the limiting factor in the amount of functionality
that can be placed in portable computers.

2.2 System Level Integration

In the traditional design of a maobile, anumber of problem areasin
hardware and software architectures can be identified concerning
the energy consumption. The magjor reason is that current
operating system software and networking software emphasises

flexibility and performance, and is constructed from components
developed by independent groups. A good working practise is to
define interfaces in a hierarchica way, since it reduces the
complexity of the system to manageable proportions. However,
the result of this flexibility and this development approach is that
numerous unnecessary data copies occur between different
modules. Operations such as data copying, servicing of interrupts,
context switches, software compression, are currently often
responsible for poor performance and high energy consumption.

Research has shown that there is no single approach for reducing
energy in systems like the Mobile Digital Companion [5]. While
low-power components and subsystems are essentia building
blocks for portable systems, little effort has been directed towards
dedicated low-power hardware architectures by considering the
system as a whole. The ability to integrate diverse functions of a
system on the same chip provides the challenge and opportunity
to do system architecture design and optimisations across diverse
system layers and functions. Especialy a mobile computing
device that combines multimedia computing and communication
functions exemplifies the need for system level integration.
Functions ranging from audio and video processing, radio
modem, wireless interface, security mechanisms, and user
interface oriented applications have to be integrated in a small
portable device with a limited amount of energy. Information
generated by a device or an application has to traverse and be
processed at al these layers, providing the system architect with a
rich design space of trade-offs.

The vision in the Moy Dick project is that there is a vita

relationship between hardware architecture, operating system

architecture, applications’ architecture and human-interface
architecture, where each benefits from the others: the applications
can adapt to the power situation if they have an appropriate
operating system API for doing so; the operating system can
minimise the energy consumption by keeping as many as
components turned off as possible; the hardware architecture can
be designed to route data paths in such a way that, for specific
functions, only a minimum of components need to be active.

2.3 Energy Efficiency and Flexibility

As mobile computers must remain usable in a variety of
environments, they have to support different encoding and
encryption schemes and protocols to conform to different network
standards, and to adapt to various operating conditions. A mobile
computer will therefore require a large amount of circuits that can
be customised for specific applications to stay versatile and
competitive. Programmability and adaptability is thus an
important requirement for mobile systems, since the mobiles must
be flexible enough toaccommodate a variety of multimedia
services and communication capabilities and adapt to various
operating conditions in an (energy) efficient way.

Application specific solutions present the most effective way of
reducing energy waste and have been shown to lead to huge
power savings [14][15]. Since such solutions use specialised
hardware to handle multimedia data, their functionality is
restricted to the capabilities of the hardware. While low power
solutions are already available for application specific problems,
doing so in a reconfigurable environment is a substantially harder
problem, since programmable devices often incur significant
performance and energy consumption penalties. Making the



architecture programmable, inherently carries with it a large
energy overhead, which most often dominates the energy
dissipation of theintended computation.

2.4 Discussion

Basically, there are two types of computer devices for use on the
road: the palm-top computer and the notebook computer.
Notebook computers are battery powered personal computers, and
the current architectures for mobile computers are strongly related
to the architecture of high-performance workstations. Both the
notebook and the personal computer generdly use the same
standard PC operating system such as Windows or Unix, same
applications, use the same communication protocols and use the
same hardware architecture. The only difference is that portable
computers are smaller, have a battery, a wireless interface, and
sometimes use low power components. The problems that are
inherent to mobile computing are either neglected (e.g. the
communication protocols are still based on TCP/IP, even if these
behave poor in a wireless environment [2]), or tried to solve with
brute force neglecting the increase in energy consumption (e.g.
extensive error control, or software decompression). Adaptability
and programmability should be major requirements in the design
of the architecture of a mobile computer. Other small electronic
gadgets like Web-phones, MP3 man, games and digital cameras
will in the near future be integrated with the portable computersin
a personal mobile computing environment [10]. This not only
leads to greater demand for computing power, but a the same
time the size, weight and energy consumption must be small.

Clearly, there is a need to revise the system architecture of a
portable computer if we want to be able to have a machine that
can be used conveniently in a wireless environment. A system

are programmable, they can handle different data encoding
standards and communication protocols autonomously. This
has two effects. First, for a large number of these data-
conversion functions (or filter functions), digital signal
processors (DSPs), field-programmable hardware, or
dedicated hardware are both faster and more energy efficient
than general purpose CPUs. The second effect is that devices
can be made to communicate directly with each other,
instead of requiring CPU intervention for adapting data
streams:

« A display device will convert between, for example,
MJPEG-compressed data and pixel data. Multimedia
applications can benefit from compression as a means of
saving (energy wasting) network bandwidth, but require
a platform for the calculation necessary.

¢ A network device will convert between byte streams
used internally and, for example, TCP/IP packets
streams on top of ATM. Network protocol stacks can
be installed on the network interface device, or even on
the base station, where they can handle much of the
communication functions while the CPU is turned off.

e Security protocols can be run in an environment beyond
the direct control of the operating system or
applications. Regular software is prone to many forms
of attack (viruses, Trojan horses, bugs).

The proposed architecture of théobile Digital Companion is

shown in Figure 1. The figure shows a typical system with
Processor module, Network module, Display module, Camera
module, and Audio module, all interconnected by a switching
fabric. The switch interconnects the modules and provides a

level integration of the mobile’s architecture, operating system, reliable path for communication between modules. Addressing is
and applications is required. The system should provide a solutionPased on connections rather than memory addresses. This not only
with a proper balance between flexibility and efficiency by the use €liminates the need to transfer a large number of address bits per
of a hybrid mix of general-purpose and application specific access, it also gives the system the possibility to control the QoS

approaches.

3. THESYSTEM ARCHITECTURE OF A
MOBILE DIGITAL COMPANION

3.1 Architectural Overview

The scope of the BBY Dick project is the architecture of systems
hardware, firmware and software in general. We address the module

following issues in particular:

of a task down to the communication infrastructure. This is an

important requirement since in a QoS architecture all system

components, hardware as well as software, have to be covered
end-to-end along the way from the source to the destination. In
our infrastructure all connections are associated with a certain
QosS.

Processor

e Eliminate the CPU as an active component in all data

streams. In particular we aim to eliminate the active
participation of the CPU in media transfers between
components such as network, display and audio system (e.qg.
when the companion functions as a phone, walk-man, TV, or
electronic newspaper).

Eliminate main memory as the intermediate station for all
data transfers between devices. The energy required to
transfer and store the data is wasted if the data only occupies
memory in transit between two devices (e.g. network and
screen or network and audio).

Use dynamic programmable and adaptable devices that
convert incoming or outgoing data streams, in particular
network, security, display and audio devices. Because they
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!
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Figure1: A typical Mobile Digital Companion ar chitecture.



Note that athough our design assumes a low power, wireless
multimedia computer, most of our ideas are applicable (perhaps
with some modification) to many other types of computer
(sub)systems, including high performance workstations and
network interfaces.

3.2 Application Domain Specific Modules

The Mobile Digital Companion architecture comprises many
devices normally found in multimedia workstations, but since our
target is a portable computer, these devices generally do not have
the performance and size of their workstation counterparts. Note
that our devices are not merely that of dedicated 1/0O devicesin the
traditional sense. We prefer to call the devices modules, or 1/0
subsystems, to emphasise the fact that they provide more
functionality than a simple device. The modules differentiate to
these devices in multiple ways. First, each module is an
autonomous sub-system that can operate without intervention
from the main CPU. Secondly, it has a control processor that
performs diverse operations, including connection management
and energy management. Finally, most modules are able to adapt

their behaviour to the ‘wishes’ of the client or application, and try

to operate in the most efficient way.

Advantages— The main advantages of this approach with multiple

autonomous modules are:

»  Efficient processing — Instead of executing all computations
in a general-purpose datapath, as is commonly done in
conventional architectures, the energy- and computation-
intensive tasks are executed on optimised modules. The
modules are capable of efficiently performing device or
application specific tasks. They can for example decompress

a video stream, just before it is displayed on the screen.

« Eliminate useless data copiesVhen the data flows directly
between the modules that need to process them, unnecessary
data copies can be eliminated. For example, in a system
where a stream of video data is to be displayed on a screen,
the data can be copied directly from the network into the
screen memory, without going through the main processor.

* Relieve the general-purpose CPY In a media-centric

all tasks that the application specific modules are not capable
of, or when the implementation would not be efficient.

Of course there are also some disadvantages. The most apparent
disadvantage seems to be that using application domain specific
modules requires more hardware. Instead of processing all tasks
on one general-purpose processor, these tasks are distributed over
several modules. However, it is expected that the advance in
technology give enough possibilities to take advantage of the
increased effective chip-area and provide more functionality while
keeping the energy consumption low. Another disadvantage is
that to make a new architecture gain wide acceptance, it must run
a significant body of software, which will require a major software
development.

3.3 Rdated Work

Different architectures have been proposed to address mobile
multimedia computing. There are few systems that address energy
reduction. Systems like the InfoPad [18] and ParcTab [9] are
designed to take advantage of high-speed wireless networking to
reduce the amount of computation required on the portable. These
systems are a kind of portable terminal and take advantage of the
processing power of remote compute servers. This approach
simplifies the design and reduces power consumption for the
processing components, but significantly increases the network
usage and thus potentially increases energy consumption because
the network interface is energy expensive. These systems also rely
on the availability of a high bandwidth network connectivity and
cannot be used when not connected. UCLA has constructed a
network testbed that uses a hardware architecture to localise data
for both communication and video in order to increase
performance and reduce energy consumption [12][13]. Abnous
and Rabaey propose an architecture for signal processing
applications that is flexible and uses low power [1]. The
architecture consists of a control processor surrounded by a
heterogeneous array of autonomous, special purpose satellite
processors. The granularity of these tasks is relatively small. Some
examples include address generators, multiply-accumulate
processors for computing vector dot products, etc.

An architecture in which a generalised packet switched

system the data can flow between modules without any interconnect is used to connect processors, memories, and devices
involvement of the main CPU and without using any has widely come to be known as a ‘desk area network’ (DAN)
processor cycles. The main CPU is also relieved of having to[11]. We have adopted this concept, and believe that such an
service interrupts and to perform context switches every time architecture is also suitable for low power portable computers.

new data arrives, or communicate with a local device.

e Adequate energy management — Each module contains
specific knowledge about the usage patterns and the specifi

requirements for a device. Therefore, eacbduobe has its

own responsibility and has some autonomy in deciding how
to manage its state of operation to minimise its energy

consumption without compromising its quality of service.

 Flexible and adaptable — Because the odules are

Our architecture has therefore some similarities to for example the
Desk Area Network from Cambridge [7]VuNet from MIT [8] and

éhe APIC architecture from the University of Washington [3].

However, their main motivation was performance and
interoperability between (ATM) networks and devices. Our main
motivation is reducing energy consumption. Furthermore, another
main distinction is that our primary target is an architecture that
can be used for a small portable computer, and not a high
performance networked workstation. Ultimately, the architecture

programmable, they can offer the flexibility to provide should be implemented in just a single chip. Therefore, we would

support for various standards that a Companion might neednot call the architecture Resk-area network, but merely @hip-
to use (e.g. different encoding and encryption schemes), antyrea network.

the adaptability to adapt its mechanisms, algorithms and
techniques to the various operating conditions. Of all the
programmable modules, the general-purpose processor is
merely the most flexible one. The processor will be used for



4. ARCHITECTURE AND DESIGN OF THE
OCTOPUS SWITCH

The previous section described the architecture of the Mobile
Digital Companion. In this section we will present the architecture
and design of the Octopus switch that is used as the
interconnection network of the Mobile Digital Companion. A key
goa motivating the design has been simplicity, flexibility and
energy efficiency.

4.1 Octopus ar chitecture

Figure 2 shows an architectural view of the system of a Mobile
Digital Companion. The Octopus switch provides the
interconnection infrastructure between the functional modules in
the system.

Octopus switch
Functional Module Module Functional
Module > Interface <> Interface Module
Controller Controller
Octopus
switching
fabric °
Y L]
L]
Functional Module Module Functional
Module > Interface «—> Interface Module
Controller Controller

Figure 2: System ar chitecture M obile Digital Companion.

At the heart of the Octopus architecture is the Octopus switching
fabric. The fabric connects eight Module Interface Controllers
(MIC) that interface to the Functional Modules. These MICs
decouple the modules from the Octopus switch and the other
modules. The MICs contain small transmission and reception
queues that store ATM cells. The MICs further perform
operations like connection setup and arbitration for the
connections between the modules. In the architecture we have
chosen to adopt the size and the structure of an ATM cell, i.e. 5
bytes header and 48 bytes payload. This format has shown to be
sensible for several reasons, among a very practical one is that it
alows for a simple connection to the ATM network that we are
using. The size is small enough to alow for a fast and flexible
scheduling of communication streams, and large enough to have a
relatively small overhead.

4.2 Buffering Strategies

A problem that can occur on any communication network is
blocking. Blocking results from sharing common resources such
as common links or buffers. The amount of buffering required in
the system depends strongly on the traffic characteristics of a
connection. It is however not always possible to know the exact
traffic characteristics. For example, because video and audio data
streams are often bursty the traditional system must be able absorb
large bursts. In the design of the Octopus architecture we have
tried to minimise the amount of buffering required. Having
limited buffering, can result in several advantages for both
performance and energy consumption:

¢ High performance — Because the data is copied with no or
just minimal buffering from the source module directly to the
destination module, the latency is reduced. Although a
properly implemented buffering should not have an effect on
the throughput, performance limitations can reduce the
throughput. In many implementations the data has to traverse
a shared path more than once, and then requires a high-
bandwidth communication channel and a high-performance
copying engine.

«  Energy efficient — There is less energy needed for the storage
of the data, and also for the transfer to and from the buffers,

e« Smple flow control — If buffering is used, then, in order to
prevent overflow of the buffers, these buffers must be either
very larger or there must be a good and fast data flow
mechanism. Large buffers require extra area and energy,
which is wasted because most of the time they will not be
used. Flow control also induces extra energy consumption
and extra area because it requires extra communication and
makes the design more complex.

¢ Predictable QoS — Having large buffers also influences the
Quality of Service because they increase the latency and jitter
of the data packets between the modules.

Reduction in the required amount of buffering on the mobile can
be achieved in several ways. Firstly, the applications that source
the traffic can try to adapt the traffic rate to the rate at which the
sink module canaccept it. For example in a communication
stream between a video camera and a display, the camera could
lower its frame rate or use a smaller picture size. Secondly, the
modules could try to adapt their implementation such that the
system can handle the traffic rate. For example, the video source
could use another coding mechanism. Thirdly, if the
communication stream is between a mobile and an application or
service that is running on a system with plenty of energy (in
general on a wired network), then the required buffering could be
migrated from the mobile to the fixed station.

Octopus buffer organisation — In our model, the interconnection
network is transparent and provides only a direct connection
between two functional modules. In ti@&ctopus architecture
buffering can in principal be performed at three layers:

e Octopus switching fabric buffering — We have omitted
buffering of ATM cells in the switching fabric. Only one
byte buffering in the fabric is needed for synchronisation of a
connection stream between two MICs.

e Module Interface Controllers buffering — These units provide
a minimal amount of buffering ATM cells, just enough to
decouple the timing of the attached modules femoh other
and to buffer the data during the scheduling latency interval.
Therefore, the rate at which the functional modules can
handle traffic must thus be lower than the capacity of the
MICs and the interconnection network.

e Functional modules buffering — This is the place where the
most significant buffering can occur. Because the raw
interconnect data rate of ti@gctopus switch is much higher
than the rate in which the modules will probably handle the
traffic, the main bottleneck will thus be not in the switch, but
at the end-points of a connection between the modules. The



responsibility of the buffer organisation is thus transferred to register of the input section to select the output section it wants to
the module. make a connection to.

In some cases, like in traffic that uses the wireless communication
network interface, buffering can be advantageous and reduce the
energy consumption [6]. In such cases the energy consumption

Octopus switching fabric

required to buffer the data is lower than the energy savings that econ Quipuisecion
are achieved. However, this is only possible up to a certain limit Comackon data g ] o
due to buffer space limitations and Quality of Service with ilc ” aling it MG

; ; P < > ] Ll e —
requirements like latency limitations. _>J addresy, synchronisd

Interconnection
. . . . ddi networl
4.3 Octopus Switching Fabric Architecture T el ] [ ]
The Octopus switching fabric behaves like a reconfigurable 8 port "J g N T
ATM switch. The switching provides a simple mechanism for the o :«’ control
qxchange of cells, regarcjless of thgir payload. The Octopus S.Ni tch 4_74 Ack/done ™ sa|_reques > Ll
simply routes the traffic according to (a part of) the Virtua | ]
Channel Identifier (VCI) in the header. In contrast to full-blown r Stels plats ok _
ATM switching fabrics, the responsibility for ATM functions, i affrion__
such as VCI mapping and flow control, has been teased out of the Control unit control unit
T I I

switch fabric and assigned to the devices that plug into the
switching fabric. The MICs are responsible for transating the

VCI to the address of the destination module, and — when a
connection has to be established — initialises the switching fabric
with that address.

Figure 3: Structure of oneinput section and one output section
The architecture of the switching fabric is therefore basically very of the Octopus switch.
simple; most of the complexities are migrated to the Module

Interface Controllers. A switch consists of 8put sections, 8 4.4 Modulelnterface Controller Architecture

output sections, anq an8x8 ?nterconnection structure. A MIC is The Module Interdice Controller operates at the@dule interface
ggz::g:;dn lt)oetvsger:nt?;t ,\;Isl?tfnn d :rrlldinalr}t ;#épgltjt sjtcgggt'iomzlayer. Its main task is to provide a data-path between the modules.
shared. so theOctopus switch can psu ort hpalf-du lex The MIC basically contains the following units (see Figure 4): a
connec,tions onl P PP P transmission queue that stores ATM cells originating from the

y: module in transit to the switching fabric; r&ception queue
The interconnection network can be implemented in several waysreceives the ATM cells coming from the switching fabrid/Gl
as long as its capacity is large enough to support at least themapping table that determines the destination module, and is
maximum of four simultaneous connections at a rate that exceedsndexed by the VCI in the header of the ATM cell; andaebiter
the data rate of an external module. In our prototype we use ahat performs the actual establishment of a connection and
fully connected crossbar. Although such a crossbar needs a larggerforms scheduling in case multiple simultaneous requests are
interconnection structure, the data rate on the individual received via the switch.

connections can be relatively low. . . L )
Y Using a typical communication stream between two MICs we will

The input section basically consists of only three registers: anbpriefly describe the basic functions of these units.
address register that determines the output section of the
connection, aontrol register for energy management and general to, it will first store this ATM cell in itdransmission queue. The

control, and &tatus register. The dataflow of a connection passes connection identifier contained in the VCI header of the ATM cell

the input section transparently. The control register determines. .
when a request for a connection will be made. The status registemdexes the VCI mapping table to lookup the output port. ' The

. - . - A 'vaIC will then establish a connection with this destination MIC.
will contain status information about the current connection. The . . .
. . . i Cells with a VCI that is not known will be forwarded to a default
output section contains two registecsrrol register and status

register) and asynchroniser that synchronises the data stream so module, which in general will be the CPU-module. The CPU-

that the receiver MIC will handle it correctly in time. The status module _contalns theconnection nager (Con!\/lng)_ that is
. S . . . responsible for the management of all connections in the system.
register is in fact shared with the input section. All requests for an

A . ) - The ConMng uses speciahnagement cells to communicate with
output sectlon_are stored in this reglstgr and can be rea_d by th(%‘he MICs and the modules in the system. The VCI mapping table
MI.C' Bo_th the input and the output section sharectimérol unit. will be initialised by the ConMng using these management cells.
This unit generates thelock signal for the attached MIC, and

generates amttention signal when the MIC has to perform an  When the destination MIC receives a request fasraection, the
operation. The attention signal is used to wake-up the MIC from arbiter determines when and whether the connection can be
sleep mode. established. If there are multiple simultaneous connection

Figure 3 shows one input section and one output section that aréeqUESts‘ it uses a scheduling algorithm to determine which

involved in one connection between two modules. The fequest can be honoured first.
interconnection network uses the address stored in the address

When a MIC receives an ATM cell from theodule it is attached



Destination
MIC
vel | address

VCI mapping table

Switching
fabric
interface

Module
interface

4

Transmission
queue

Reception In-data
queue

requests

Out-data

arbiter

acknowledge

Module Interface Controller
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When the connection is established the source MIC forwards the
data from its transmission queue over the Octopus switching
fabric to the destination MIC. The destination MIC then first
stores the ATM cells in its reception queue before it is further
forwarded to the attached module. Note that the buffering of cells
in the transmission and reception queue is not aways required:
when the module is capable of handling the cells at the required
rate, then buffering can be omitted.

4.5 Connections

All communication between modules is based on connections.
Prior to a communication transfer between two modules, a
connection has to be set up. The ConMng schedules traffic
between the modules. All connections are uni-directional. There
are basically two types of connections:

between both modules involved and that the connection can thus
be established. The ConMng then might negotiate with the
destination module to verify that this module is capable and
prepared to connect. If the connection is not possible (because
either the ConMng knows that there is not enough bandwidth in
the Octopus switch, or the destination module canmatept the
connection), then the ConMng will reply to the requesting module
that the connection is currently not possible. If the connection is
possible, then it will inform the destination module and the source
module that it a new connection has been set-up.

The aggregate bandwidth available inside @&opus switch
allows each mdule to communicate at a rate that is probably
much higher than it can source or sink. TBetopus switch
allows up to four parallel connections between eight modules.
Given the small number of modules and the rate at which our
present modules are able to generate traffic, this provides enough
bandwidth.

4.6 Scheduling

In principle each MIC is capable of buffering just a few ATM
cells, both for receive traffic as well as for transmit traffic. The
input ports of the MICs caneceive multiple simultaneous
requests from all other MICs. A scheduling policy has to be
applied to choose which input port will be acknowledged, and can
forward an ATM cell to the module. The problem of scheduling in
switches has been studied extensively in the design of ATM
switching fabrics. Although the design of our internal ATM
switch is much more limited, many of the peculiarities in full-
blown ATM fabrics apply to th©ctopus switch.

¢ In static scheduling the bandwidth allocation is made on the
basis of time slots in a service cycle.s&vice cycle is a
periodically recurring time interval consisting ©fime slots.
In static scheduling each time a new request farmection
is made, the scheduler tries to allocate bandwidth on the path
between source and destination by reserving resources for a

*  Ad-hoc connections — Modules that need no guaranteed flow
of data use the ad-hoc connections. These type of
connections are thus unreliable, and a higher protocol is
needed e.g. for flow control. Ad-hoc connections are also
used during the connection setup phase in which the module
establishes a guaranteed connection with a different module. ,

e Guaranteed connections — Guaranteed connections are used
to transfer data between modules that require bandwidth
guarantees between the modules. Once a guaranteed
connection is established, the actual data transfer still has to
be announced by the source. In this way, the destination MIC
can determine whether the reserved bandwidth is actually
used, or otherwise assign that bandwidth to other
connections.

Individual MICs in the Octopus switch can be remotely

number of timeslots. Acommunication-scheduling table
describes which connections can communicate at each time
slot. When a new reservation is made, the scheduling table
has to be updated, and possibly rearrange the previous
schedules.

In dynamic scheduling the arbitration is more dynamic, and
uses a scheduling mechanism to choose which cell to
forward on the output link. Common arbitration schemes,
such as round robin scheduling or priority based scheduling,
are suitable. A problem associated with dynamic scheduling
is fairness because the scheduling is distributed at all the
output ports. Real-time traffic is not really suitable when
using dynamic scheduling.

In the prototype of th©ctopus switch we use a combination of
both scheduling techniquestatic scheduling for guaranteed

configured by using special control cells. The operating system connections, andynamic scheduling for ad-hoc connections.

running on the CPU-module issues these control-cells.

Static scheduling — Each time a new guaranteed connection is

During connection setup of a guaranteed connection, the source required, the source MIC issues a connection request to the
module contacts the ConMng that it requires a channel to aConMng. The ConMng tries to allocate bandwidth on the path
module with a certain amount of bandwidth. It therefore transmits between source and destination by reserving resources for a
an ATM cell containing the request to the CPU-module using an number of timeslots. Theommunication-scheduling table that

ad-hoc connection. Uporeceiving the request, the CPlbdule

describes which source MIC can communicate at each time slot is

will determine whether there is enough bandwidth available distributed to all MICs in the system using a management cell.



When the guaranteed connection is established, the connection F
has reserved some bandwidth but these slots are not yet used for

traffic. When the source has traffic on the guaranteed connection,

it still needs to issue arequest to the destination. The arbiter in the
destination MIC will aways honour this request. When the
guaranteed connection has no traffic and does not use the slot,

other connections may use the slot instead.

Dynamic scheduling — Dynamic scheduling is much more

flexible and the traffic can easily be adapted to the current needs.
In the prototype the scheduler of the arbiter in the MICs are based
on a round-robin scheduling based on the source MIC (and thus
not per connection). Fairness is not a big issue because mos
connections will be reserved in advance using the static
scheduling. These guaranteed connections have a high priority.

Note that traffic between two modules may consist of both a

guaranteed connection, as an ad-hoc connection. For example, a

video connection requires a guaranteed throughput to maintain .

some QoS, and more bandwidth only to improve the quality for 2-2 Clock Gating

which it uses the ad-hoc connection. The design methodology used is data driven and based on
asynchronous methods, combined with synchronous parts. Each

5 IMPLEMENTATION OF THE OCTOPUS individual part of the switch that is not used at some time, does

SWITCH not receive any data and clock changes, thus minimising energy

consumption.
A key goal motivating the design has been simplicity and
flexibility. Our goal was to build a testbed from off-the-shelf
VLSI components that was easy to design and test. Therefore, th
prototype interconnection module is build using a Field
Programmable Gate Array of Xilinx (i.e. XC4010XL) surrounded
by six low-end and low-power micro-controllers (i.e. Microchip
PIC 16C66).

Figure5: Testbed implementation Octopus.

At the architecture level clock gating is a particularly attractive
echnique because little hardware and design complexity is needed
0 achieve substantial energy saving. At the system architecture
level layer theDctopus interface controllers can be left idle and be
sleeping for an extensive period of time. T@etopus switch
controls the clock signals of its attached interface controllers.
When there is no ftraffic flow in the system, all interface

. controllers are sleeping and receive no clock. When, due to an
51 |mp|ementat|0n external event, théctopus switch notices that it requires an
The FPGA can be programmed to operate as the switching fabridnterface controller, it enables the clock signal to the interface
that connects the modules. Each port of the switch is connected t@ontroller, and wakes the controller from its sleep.

one micro-controller, so in our testbed we have six micro-

?:otnt]r(oller(s\:. tTTle ml\l/(lzlrg-cont(;ollergb Clin?plizr:nent thhMtoduleTh various blocks and at different hierarchies. If any block is not
nterface Controllers ( ) as described in the architecture. The needed to handle traffic, then the block is inactive, and receives

datapath between the micro-controllers and the FPGA is eight bltsno clock. When a block takes part in the communication stream

W|de..The internal c;latapath in the SWItCh is also 8 bits wide. All between two functional modules, the block becomes partially
data in the system is based on the size of an ATM cell. We haveactive
implemented the interconnection as a fully connected crossbar '

switch. The switch does not have ATM sized buffers, but just This principle is applied both at the control flow (for state-
some synchronisation and pipeline registers. machines) and at the data-flow. The advantages for the state-

machines are mainly local: no energy is wasted just to stay in the

In the t_currer:tblp_)r(r)ltotypte ':Eeth Ml(t':hs F:\'jlr?rr?h feveral taskts: OIsame state. The advantages when applying this principle in the
connection estabiishment Wi e other S that aré connectelyia fiow can have more impact. The data-flow in @utopus

to the switch, routing of traffic between the modules, scheduling switch is based on a pipelined arglarded architecture

of traffic at the output port of the switch destined ’for the module, Switching activities are the biggest cause of energy dissipation in
?‘“d the actual data_l-transfer between the module’s device and th?host CMOS digital systems. Therefore, switching activities that
input port of the switch. do not contribute to the actual communication and computation
The design has been implemented and tested. The design alloware eliminated. To reduce the switching activities inside the
us to do experiment with and make performance measurements oOctopus switch, latches (registers) are added into the data flow
various architectures and interconnection protocols. We usedthat guard switching activities to propagate further inside the
VHDL as a design tool. switch.

Clock gating at theircuit level in the Octopus switch is used in

5.3 Performance

We have measured the performance and energy consumption of
the Octopus switch including the MICs. All measurements are
performed with a clock frequency applied to the switch and MICs
ranging from 0.1 to 32 MHz. This is equivalent to a raw data-rate
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Figure 6: Phases during switch communication.

per connection of 0.1 to 32 Mb/s. The Octopus switch is capable
to support up to three simultaneous active connections when the
connections are digoint. This makes the total maximal throughput
to be 96 Mb/s. This data-rate is more than sufficient to support all
our expected data-streams on the mobile computer.

5.3.1 Performance and energy consumption during
data transfer

In Figure 7 we have plotted the measurement results for varying
frequencies, and with a different number of simultaneous data-
flows. In this setup a maximum of three digjoint connections were
active, involving six modules, three sending and three receiving
MICs. Since the connections are disjoint, no congestion can occur
and al units are able to operate at maximum speed. The graphs
show clearly that the energy consumption increases linearly with
the frequency, which was expected. It also shows that the required
amount of energy depends strongly on the number of dataflows in
the switch. This effect is mainly due to our aggressive power
management. All parts of the system that at some moment have no
functionality, are in alow power mode. The micro-controllers are
in a very low power mode when they don’t have traffic, and their

contribution to the energy consumption can be neglected. The
switch however has always a large energy overhead due to the[

implementation in an FPGA.

350 ‘ ‘ ‘ ; ;
i 3 dataflows —
power consumption Octopus 3 Gatafions
300 1 dataflow —0
ide —X
250
power

[mw] 200
150

100

50

10

15 20
frequency [MHz]

Figure 7: Power consumption Octopus switch.

e Arbitration phase, in which a connection between source and
sink MIC is established

e Data-transfer phase, in which the data is transferred in the
switching fabric

¢ Release phase, that acknowledges the transfer and releases
the connection.

Note that the phases of both micro-controllers that take part in the
connection operate in parallel, and that the effect is that there is a
pipelined dataflow between the modules.

We have also measured the time in which the individual phases
contributed to the total time needed to transfer one ATM cell. In
the setup the arbitration phase took 9% of the time, the data-
transfer phase, including the release phase, took 27%, and the I/O
phase took 64%. Note that the interface with the switch is highly
optimised, and that the interface with thedule is more general,

and requires more time.

The measurements show that the costs of having a flexible
dynamic scheduling can be significant. The overhead introduced
by the arbitration and release phase is about 30% when only one
ATM cell is actually being transferred. A solution can be to have
larger packets of multiple ATM cells, but this will lead to a bigger
atency.

5.3.2 The effect of clock gating and data guarding to
the energy consumption

To determine the usefulness of our clock gating strategy and
guarding of data on the energy consumption of the switch, we
have made two versions of the switch: one optimised that uses
clock gating and data guarding wherever possible, and one
traditional design that did not use these techniques.

Figure 8 shows the increase in power of the traditional design
versus the frequency. The figure plots two graphs, one when no
data flow occurs and the switch is idle, and another when one
connection between two modules is active. When the switch is
idle, the increase in energy consumption of the traditional design
can be up to 65%. The optimised design does not have useless
clocks or data transitions. The main source of energy consumption
that is left is due to the inherent energy consumption of the

In these measurements the micro-controllers are actively FPGA. This shows that — even for an FPGA that has a high energy
transferring data from their modules to the switch. There are threeconsumption overhead — it is indeed worthwhile to optimise the
transmitting modules, and threeeceiving nodules. The  clocking system.

transmitting miCt‘O-COI’ItI’O”erS Operate in the fO”OWing Sequential When the switch is active’ and there is one connection that

phases:

*  Module I/0 phase in which data is transferred between the
module and the MIC

communicates at maximum speed, the advantage is less: the
increase in energy consumption of the traditional design is 25%.
This can be expected since the attached MICs are also active and
consume energy when there is a connection.
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Figure 8: Effect of clock gating and data guarding.

6. SUMMARY AND CONCLUSIONS

In this paper we considered the problem of designing an
architecture for a handheld mobile multimedia computer. Energy
management is the general theme in the design of the system
architecture since battery life is limited and battery weight is an
important factor.

As the Mobile Digital Companion must remain usable in a wide
variety of environments, it must be flexible enough to
accommodate a variety of multimedia services and
communication capabilities and adapt to various operating
conditions in an (energy) efficient way. The approach made to
achieve such a system is to use autonomous, adaptable modules,
interconnected by a switch rather than by a bus, and to offload as
much as work as possible from the CPU to programmable
modules that is placed in the data streams. Thus, communication
between modules is delivered exactly where it is needed, work is
carried out where the data passes through, bypassing the memory,
modules are autonomously entering an energy conserving mode
and adapt themselves to the current state of the resources and the
requirements of the user. The application domain specific
modules offer enough flexibility to be able to implement a
predefined set of (usually) similar applications, while keeping the
costs in terms of area and energy consumption to an acceptable
low level.

The data paths through the switch only consume energy when data
is being transferred, leaving most of the switch turned off nearly
al the time. This is achieved by using clock gating and data
guarding techniques in the switching fabric and energy
management mechanisms in the module interface controllers. The
interconnect of the architecture is based on a switch, called
Octopus. In our model, the interconnection network is transparent
and provides only a direct connection between two functional
modules. The switch supports two basic connection types: ad-hoc
connections for traffic with no hard real-time requirements, and
guaranteed connections for traffic with (hard) real-time
requirements. To assign the bandwidth in the switch we use static
scheduling for guaranteed connections, and dynamic scheduling
for ad-hoc connections. A certain portion of the bandwidth is
alocated to traffic of guaranteed connections, and any unused
bandwidth can be used for other traffic.

We have built a testbed of this architecture from off-the-shelf
VLS| components that was easy to design and test. A key goa

motivating the design has been simplicity, flexibility and energy
efficiency. The performance of this prototype provides bandwidth
guarantees and enough bandwidth for many multimedia
applications. The power management that was used showed to be
very effective. Currently we are building the network module that
uses a dynamic error control adapted to the QoS and traffic type
of a connection, and has dedicated connection queues and flow
control for each connection [6]. An energy-efficient MAC
protocol is used that is able to provide near optima energy
efficiency for the mobile within the QoS constraints. Both the
base station and the mobile use the operating system Inferno [4]
which alows applications and system functions to be split and
migrated dynamically between client and server.

Futureresearch

The testbed showed that it is aready feasible with standard
components to build an energy efficient architecture that alows
many devices in the system to be turned off (including the CPU),
while still providing enough performance to support multimedia
applications. Having an energy efficient architecture that is
capable to handle adaptability and flexibility in a mobile
multimedia environment requires more than just a suitable
hardware platform. First of all we need to have an operating
system architecture that can deal with the hardware platform and
the adaptability and flexibility of its devices. Optimisations across
diverse layers and functions, not only at the operating systems
level, is crucial. Managing and exploiting this diversity is the key
system design problem [17]. A model that encompasses different
levels of granularity of the system is essentia in the design of a
energy management system and in assisting the system designer in
making the right decisions in the many trade-offs that can be made
in the system design. Finaly, to fully exploit the possibilities
offered by the reconfigurable hardware, we need to have proper
operating system support for reconfigurable computing, so that
these components can be reprogrammed adequate when the
system or the application can benefit fromiit.
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