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Abstract

Wireless computing and more general wireless devices ggkemented with a wide range of technologies. As
can be expected from an emerging niche, there are many pushitefinding good compromises between stand-
ardizing and allowing flexibility to experiment. The comiigy ideas of ubiquitous and pervasive computing
make a case for standards to support interoperability. @stime time, the relative immaturity of the area makes
a case for flexibility. This paper examines architectursliés in defining a wireless platform, taking into account
lessons of other successful architectures. The propoaetthgtpoint is to maintain a clean distinction between
communications and application aspects of architectusmr@unications, because of the inherent flexibility of
the wireless medium, should be kept as open and flexible ashpeswhile flexibility of an application archi-
tecture is less critical, given that small devices impletimgna specific application are becoming increasingly
feasible.

1 Introduction

Low-energy computing is a growing area of research [1, 2, 3, 4, 5, 6]. Motéevices need low-energy designs,
but low energy also benefits high-performance computingbse high power consumption limits scalability. Low
energy use is increasingly being treated as a primary rthersecondary design concern. While addressing low
energy as a concern in traditional computing is likely to bérereasing trend, the potential for mobile devices is
increased by improved power management, lower-energgelevand improved battery technology.

Mobile devices historically have been sharply divided ifult-scale computers (notebooks and PDAs) and
special-purpose devices (mobile phones, cameras, MPXmlsiers). As the cost of processor and memory
technology drops, some convergence of capabilities shioeldxpected. More significantly, improvements in
speed of wireless communication holds the promise thatapearpose devices can be integrated into previous
unanticipated combinations.

This paper focuses on broad issues in tapping into this tofndcreased utility of low-energy computing
from the perspective of specialized mobile devices. Howete potential for convergence with conventional
computing suggests that such a perspective should inteveaonventional computing concerns.

Much of the work on integrating such devices into wider seegihas looked at them from the perspectives of
networking and usability — pervasive [7] or ubiquitous cartipg [8] are common keywords.

One of the key issues inhibiting realizing the vision of ubitqus or pervasive computing is a lack of architec-
tural standards. There is a wider variety of processors ibilmdevices than in common desktop devices, there are
no established standards for comparing performance, axadfgpurpose computation, such as in digital signal
processors (DSP) plays a significant role. Added to this dleethat network protocols are able to evolve more
rapidly than with a wired network (if only because there avdired cables to upgrade), and the overall picture is
one of a confusion of choices, rather than a seamless ptatfor

Given that wireless operation introduces potential fohhigliverse operation (aside from a mutable physical
layer, its inherent mobility increases the potential raof@pplications [9]), it is useful to take a wireless platfor
as a basis for investigating general low-energy computisges. Drawing a dividing line between application and
communication issues is a useful abstraction (which hasdebe idea of coordination languages in distributed

1“Energy” and “power” are loosely referred to as the samegthiut since power is the rate of energy usage, it does notreaifte property
of most significance to many designs, the peak energy usage.



systems [10]). However, given that mobility, wireless @iiem and low-energy design are often common concerns,
it is useful to group these concerns together in one oveliatfiqgym.

In the field of automotive electronics, a convincing caselie®en made for platform-based design, as opposed
to existing ad hoc approaches. Many of the same argumentis lage — particularly the need to exploit design
reuse and the separation of concerns (communication veehwaviour) [11].

The approach taken in this paper is to bring together ideam &t number of sources, to propose a general
direction for future research. The intent is to positioneMss computing in the mainstream, where there are
well-defined architectures including widely-accepted@anance benchmarks, and interoperability standards.

1.1 TheChallenge

Some may wonder why it is useful to define an architecture foeless systems.Current designs illustrate the
value of the lack of an architecture: diversity of implensitn techniques, rapid evolution of network protocols
and a wide variety of application areas suggest that theafre@eless devices is one in which rapid advance is
occurring.

However, this rapid advance is not driven by a consistentehaehich results in patchy advances. Much of
the improvement s in technologies, not in applicationse Tdeas behind pervasive and ubiquitous computing are
not new. But only after a decade or so or active work has themaif a consistent application model started to
emerge [12].

Some of the reason for this lag has been the fact that smallerddvices have in the past lacked the processing
power to do more than a limited range of tasks. A mobile ph@areexample, in the early stages of digital phone
technology, could be expected to maintain a list of phonebamnand ring tones, and not much more than that.
As the cost of processor logic and memory reaches a levelewhere sophisticated applications become possible,
an application architecture becomes an issue.

However, as long as devices are limited to running their opetil-purpose software (possibly with options
of augmentation and upgrading), the case for a generaltacthie is limited. Once devices become capable of
running more than a minimal set of tasks, the possibilitygereed up of more open-ended interactions with their
environment — including other mobile devices.

The challenge as these options open up is to maintain as niubk design flexibility of traditional mobile
devices as possible, while defining standard platforms @sealime for interoperability and performance analysis.

Given that others are already working on application mqdiasuseful to start paying attention to architecture
issues — processor design, memory systems and the hardefarere interface. Further, the application model is
not as critical in this style of architecture as in tradigbsystems: if a specific device is limited in the range of
applications itruns, as long as communication is possiidan exchange information with other devices providing
missing functionality.

1.2 Architecture | ssues

To understand architecture issues in an emerging areajnistisictive to look back at the early history of the
current mainstream. Before the IBM 360 series introduceddbla of a consistent architecture, computer manu-
facturers generally designed completely different corapmuto address different niches, with different instructio
set architectures, application models and operating s\sste

While IBM lost some design flexibillity by designing a singlechitecture to cover all niches, the fact that their
customers had a clear upgrade path was a major competitremtzaje.

More significantly than bettering the initial competitiaghe IBM 360 architecture persisted over more than 20
years. Itis useful to consider a few reasons for this pemsisuccess [13]. First, the design consciously took into
account the needs of not only scaling up, but also down: twedbend design had to be capable of running the
same software as the highest-end design. Second, there egasfal distinction between aspects of the design
which had to be tightly specified and those which did not.

These two principles on their own are interesting enougletr Eurther analysis.

“Scalability” is often considered only in terms of being @lib create really large systems. However, the
history of exotic supercomputer manufacturers suggeatghik inability to operate at a variety of scales including
very small is risky. Any wireless platform proposal whichgigsing to see wide use would do well to include the
possibility of very small-scale devices and combinatiolhsuzh devices, because that is where the mass market is
likely to be. If such a design can leverage the mass marketterdeveloping large-scale applications cheaper,
developers and users of large-scale applications can b&oefieconomies of scale beyond their own niche.



The distinction between aspects of a design which need tadmse and those which should not be over-
specified is an important engineering principle in generala new niche, especially one where imprecision has
historically been an advantage, care needs to be takeniivedéhg the imprecise-precise boundary. As the IBM
360 experience has shown, careful choice in this area cae foakn architecture with a very long life.

While many other architecture issues can arise, the twoirggiprinciples of scalability up and down, and
careful choice of what should be precisely specified and sthatild not are a sufficient starting point for exploring
a fuller range of issues.

1.3 Remainder of Paper

The remainder of this paper is structured as follows. Se@ioutlines some established issues and technologies
as a starting point. Section 3 revisits problems and chgdlerextracted from previous discussion, focusing on
possible solutions. The paper concludes with a summaryeofrihjor issues, and proposes a way ahead.

2 Background

Mobile devices (with less computation generality than PDA&ull computers) have traditionally been designed
around special-purpose processors and operating sydtethe.“smart phone” sector, for example, Symbian dom-
inated the early operating system market with about 70% ité shipped in the first quarter of 2003 [14]. Network
protocols have also varied from those designed for desktstems, though there is an increasing convergence in
the networking world to support interoperability or at ledata synchronization.

This section examines some of the key technologies in thikehawith a view to identifying aspects which
need attention, if a common platform is to emerge. Issueshhave been considered conventional in computer
architecture research are examined, to see how they gtily apthis area.

Processor design in conventional computers has gone thrugimber of generations, with relatively clear
lessons for designers who wish to have a long-term influevicstakes are often repeated when a new niche opens
up because the short-term design trade-offs which applyeatarly stages of a new niche are often the same as
those when a previous niche opened. For example, mainfrasigriers were surprised at the dramatic perform-
ance improvement Seymour Cray was able to achieve in the@dvata 6600 by simplifying the instruction set
design [15]. Yet early microprocessor designers ignoredésson, and instead, focused on encoding instructions
to reduce memory usage — borrowing somewhat from the herishgomplex instruction sets of minicomputer
designs, like the VAX.

As mobile devices start to converge with conventional cotimgy processor design choices in this market are
worth examining for a reasonable balance between sharnitade-offs and long-term viability.

Operating systems too represent an area where lessonsgotda — or deemed irrelevant in the face of short-
term considerations. For example, when personal compfitstrappeared, long-understood concepts like virtual
memory and preemptive scheduling were deemed irrelevadthad to be retrofitted to the two most popular
systems (Windows and Macintosh) at great expense both thoveand users.

In the networking field, lessons in opening up new nichesaiést. One of the most popular errors is attempt-
ing to establish a proprietary protocol when an open stahalaeady has headway. This mistake has been repeated
in several key niches, including mainframes and persomaperers.

The remainder of this section examines these issues fugtating with processors, followed by operating
systems, and, finally, networks. The section concludesavihmmary.

2.1 Processors

Processors in mobile devices fall into three categorie®cigfized designs, mainly digital signal processors
(DSPs), conventional designs targeted specifically to dorgy applications, and low-energy variants of more
widely-used processors.

In a conventional computer, it could be an option, shoulddah®e a case for operations to support some
peripheral device, to move that functionality to a devicatoaller. In small mobile devices, cost, power budget
and size drive minimizing component count, so there is angieotemptation to design special-purpose instructions
into a processor. This temptation has been realized in time &6 specialized processors with DSP instruction sets,
and extended instruction sets such as the AltiVec exteasibthe PowerPC.



The remainder of this subsection examines the differenewgden the design philosophies of DSP instruction
sets, extended instruction sets and conventional RIS@tectires. First, DSP design issues are briefly considered,
followed by some issues in choosing between low-energyaational processors. Challenges in combining re-
guirements of conventional designs and DSPs lead to issuéylrid designs.

211 DSP Designs

Much work on DSP designs has focused on improving the speleetoéls (fragments of code contrived to approx-
imate specific conditions) or fragments of real code, aerahbandoned some time ago in conventional computer
architecture. The strongest argument against benchngauking kernels (Linpack, Livermore Loops), fragments
of real code or even short combinations of instructions {iplylaccumulate or MAC is a common basis for com-
parison of DSP designs) is that they are not real progrands;amy the risk of encouraging instruction-set tweaks
which no compiler can use in practice [16]. Even if they darespnt performance of some aspect of a program,
Amdahl's Law says that focusing effort on improving one aspd performance without improving everything
else has limited value.

It would be easy to criticise DSP designers for ignoring Kag lesson of conventional architecture, but care
needs to be taken to consider cases where Amdahl’'s Law doepply. In a case where a specific operation is
time-critical but others are not, it does make sense to foouhat operation. For example, in a DSP application
in a mobile phone, voice encoding is time-critical and castify a special-purpose design [17] — even if the effect
might be slower processing averaged over all operations.

Even given that DSP applications may include cases whereafisd_aw does not apply in the usual way, DSP
designs are susceptible to some of the improvements seeittioprocessor design in recent decades. The RISC
movement has attacked specific instruction set archite¢t8”\) features as inhibiting efficient implementation:
multiple addressing modes, variable instruction sizesrarely-used instructions which are hard to implement.

One the one hand, common DSP designs appear to break some roflék, in that they have complex ad-
dressing modes and a wide array of different instructionsth@ other, the inherent flexibility of a market where
programs are small-scale and special-purpose has allowred secent designs to incorporate features ahead of
conventional architectures, such as a combination of pagelil instructions and tags explicitly specifying patalle
ism [18].

A key issue to consider with DSP designs is whether the slmsibinstructions and addressing modes are crit-
ical to the real-time operations typically performed on BSIFo compare them against conventional architectures
on the basis of an Amdahl’'s Law-style performance analysigcdcmiss the important difference in performance
criteria between real-time and “conventional” applicatoA real-time application (especially if it's hard reahg
— the time constraint has to be met, otherwise the systes) fals to be measured against worst-case scenarios,
a very different performance constraint to other applarai where average performance is often an adequate
measure [19].

A big challenge for computer architecture researchers teséite world of SPEC benchmarks is how to eval-
uate performance of processors aimed at meeting hardimealréquirements. Unlike with conventional system
performance measures, simply achieving a faster overaiine is not sufficient. Standard performance measures
should take into account response time for real-time taSkaling performance up should include not only faster
overall runtime, but being able to solve more ambitious-tgaé tasks. (For example, implementing higher-quality
audio codecs, or implementing a higher quality of video.)

Emerging standards for embedded systems benchmarks,sthase of the Embedded Microprocessor Bench-
mark Consortiurhmust address these concerns.

2.1.2 Low-Energy Conventional Designs

Desktop and server processors (Intel and clones versusstjeoccupy a significant fraction of public attention to
CPUs, yet embedded and mobile devices are a large fractitme avorld processor market. A significant fraction
of that market is highly energy-sensitive.
Accordingly, processors suited to a wireless platform #elyf to draw on experience with implementing
power management in designs like the ARM and PowerPC raegpedially those targeted at mobile markets).
While the Intel 32-bit architecture is in many respects arglasign for mobile computing, even that processor
family has had significant work put into power managementupport notebooks. However, a design more
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specific to energy efficiency is a better starting point, ey as the wireless market has the opportunity to start
afresh.

RISC designs in general are easier to target to energy eifigibecause it is easier to split their pipelines into
non-interacting stages. An irregular instruction set, @msas more than one instruction per cycle needs to be
decoded on a cycle, results in a tight dependency betwedtitteand decode stages, because it is not possible
to know that exactly: instructions (forn-way fetch and decode) have been fetched until some decildane.
Such dependences between stages of the pipeline make itcharidiimize the amount of parallel logic, which
drives up energy requirements.

Of the mainstream (as in desktop and server markets) RISiGraeshe PowerPC has possibly achieved the
highest penetration in mobile and embedded markets, becdits adoption by Motorola. Of processors without
a significant desktop or server market, ARM likely has theigant penetration by virtue of having been early to
specialize in energy-efficiency.

Processors addressing the mobile market generally comeiiheavariety of variations to suit cost, energy and
packaging concerns. A case has even been made for applicgiézific processor design to reduce power needs

[3].

2.1.3 Challengesin Retargeting Conventional Designs

In 1988, some DSP advocates were predicting that DSPs woold jgut supercomputers out of business [20].
What actually happened was that microprocessors based@ Rinciples (and to a lesser extent mass-market
designs) put severe pressure on supercomputers. We treecefionot discount the potential of a good general-
purpose design in a niche market.

However, “niche” needs to be qualified. Supercomputerslendnsmall market, require considerable invest-
ment in compiler technologies, optimization of specific laggtions and general expertise in performance tuning
across a diverse if small community of users, many of whonpaogrammers. Embedded devices or special-
purpose devices are a different kind of niche. Like supeputars, the base of developers is relatively small and
specialized, but the non-programming users can be a rellatarge number of people. The applications are also
small and often simple enough to justify retargeting for aegspor cost gain. A closer analogy to the wireless
platform is high-end graphics controllers in the era betbey could be put on a single chip. In the 1990s, Silicon
Graphics (SGI) went through a series of revisions of thejhkend graphics boards which covered a wide range
of supercomputer processor architectures of the day. Tlaeed with a pipelined architecture, went to a SIMD
(single instruction multiple data stream) design [21], &mdled up with a shared-memory design — sometimes
supporting multiple completely different designs for difént price points [22].

SGIl was able to vary the underpinnings because the softwetnéecture (Gl, later OpenGL) was kept consist-
ent.

When we look at the wireless platform, the design trade-bfftmosing what to fix and what to leave open
applies. In the SGI case, the programming interface wasdamistent (at binary level): a hardware abstraction
layer made all these variations in architecture transpéescept for performance and some advanced functionality
which was performance or memory dependent).

To put all this together, the nature of the niche we are dgaliith suggests a hardware abstraction layer to
hide specialized processing which would be useful to reémmgnt as needed to address new requirements. A
specialized processor (DSP for example) artificially @eat boundary where functionality on that specialized
processor is seen as separate, and not substitutablet Babadary could be hidden, as with the SGI example,
changing the underlying implementation could be seen agarpgnce optimization, rather than a major redesign.

A challenge with using a conventional design in the wirefg@asform is therefore to maintain this distinction
between the mutable and immutable aspects of the archigewithout the (possibly artificial) dividing line of
what runs on the conventional processor versus the spaeipbse design. Rather, logical divisions need to be
established, in which it is clear which components areitelchange over time, and these components should be
isolated by an abstraction layer.

Once this high-level architectural issue is disposed dfe@omes possible to focus on performance issues.

Given cost constraints, using a single processor has gigntfvalue. Even if performance goals are harder to
meet, there is some value in attempting to implement DSPtifumetity on a conventional design. The big obstacle
is the fact that hard real time requirements are central toyrapplications. Being within 10% of the performance
of a more expensive design may generally be a useful goalsiasamsitive markets, but if a real time deadline is
missed as a consequence, the design is no good.



The two major issues identified here for conventional desigimerefore, are defining an architecture which
clearly provides an abstraction layer to hide aspects wingpeementation should be flexible, and to ensure that
real time design constraints can still be met with a lessiapieed design.

2.1.4 Hybrids

Given that a completely conventional design could run irgdgrmance and design problems, while reducing the
component count is a useful goal, it is worth consideringridydesigns.

Such hybrids exist in various forms, including vector esiens to existing instructions sets, as in Motorola’s
AltiVec extensions [23] to PowerPC processors. There ae@ocessors with more than one core, such as designs
from Texas Instruments which include and ARM processor aoceone of their own DSP cores [24].

As experience with AltiVec has shown, a hybrid pipeline iiclilt to scale up in speed. Further, integrating
DSP-oriented extensions into an instruction set blurs thendary between the application binary interface (ABI)
and the low-level implementation. In the model we are waghkowards, it would be useful to maintain a distinction
between operations central to computation and operatiensal to communication and 1/O. This distinction is
easier to make if the low-level processing of these funstismot too tightly integrated into the CPU — which
suggests a multiple core design.

Another advantage of a multiple-core approach is that itesglower management simpler. If a core is not
being used, provided the latency of restarting it is acdépt@.g., for meeting real-time deadlines), it can be tdrne
off when it is not in use. While parts of any CPU can in prineipk turned off when not in use, a more integrated
design reduces the opportunities for limiting energy user. é&xample, parts which relate directly to interfacing
with the pipeline may not be possible to turn off, and it wontt be feasible to turn off the parts of a cache used
by an idle functional unit (or other component).

Finally, different optimizations may be easier with a dguled design: if the conventional core is running
more or less constantly whereas the DSP core is runningdigatly with bursty behaviour, different peak energy
use may be tolerable in each core — possibly leading to appesdike running at different voltages, which would
be much harder to achieve in a monolithic design.

2.2 Summary

Processor design for mobile computing has a number of cigke If the right trade-off between precise specific-
ation and flexibility can be found, a design covering a widegeaof applications and with a relatively long lifetime
should be possible.

Low energy should remain a priority. The role of specializestruction sets as in DSP designs requires
more detailed examination. The question as to whether DSIRuttion sets represent a significant improvement
over an aggressive conventional design is more complexvisiigate than “conventional” architecture studies,
because of the need to take into account hard realtime esgairts, which make a traditional Amdahl’'s Law-style
investigation (measure the average over a whole run tordéterspeedup) problematic.

2.3 Operating Systems

Given that one of the challenges in wireless computing isreihg the platform to new niches, cost is likely to
continue to drive memory requirements to much smaller gtzas are acceptable in desktop and server computers.
For this reason, operating systems will continue to be redub have small memory footprints. Energy efficiency
will also have to be a more significant aspect of operatintesyslesign [5].

Historically, designing for small memories has lead to gesiwhich have been abandoned as newer, larger
memories became affordable (for example, the move from Die-P1 to the VAX). A change becomes difficult
when a new memory system goes beyond limits imposed by the@i®n set architecture or the software.

Given the scalability model in 1.2, it is useful to think inmes of an operating system which works with very
small configurations, but which can also scale up. A microkkwith very fast messaging to support building
extra layers outside the kernel is one potential model.

Such operating sytems exist, for example, L4Ka [25], whih small kernel, with emphasis on supporting
traditional kernel functionality outside the kernel effiotly. The flexibility of the design, speed of messaging and
small size of a minimal kernel make L4Ka and derived kernaislidates for a wireless platform. Not only do they
support very small configurations, but the design is interdescale to very large ones. The key is modularity:



components which are not needed can be left out. Given thévaly high-speed interface to the kernel, most
components are not part of the kernel, which makes it relgtigasy to add or subtract functionality.

2.4 Network Protocols

Network protocols for wireless systems are possibly tha afegreatest challenge, because interoperability is
most strongly dependent on ability to communicate. Thedsgghallenge is to design a flexible fabric on which
protocols can be built, so backward and forward compatjitlecome possible.

Because one of the strengths of the wireless device areéattvedy rapid evolution of new protocols, it is
important to try to find models for allowing rapid change,waitit obsoleting devices whenever possible.

One strategy would be to implement as much as possible iwaat Software-defined radio (SDR) is a broad
catch-all term for moving as much of the traditional hardsviayer of wireless communication into software as
possible. Potential problems include regulatory comfiices and security [26]. In general, wireless protocols
can introduce security problems of their own; while fixingslk problems may drive defence and attacks to other
layers [27], the diversity of wireless protocols requirestinuing reevaluation of security issues.

The general notion of mutable protocols has a lot of appea torag as the physical device was able to
operate at a given frequency, and there was some low-contt@oominator basis for setting up communication,
a device lacking a given protocol could in principle ask theeless network for the missing software. This kind
of functionality has more appeal in the wireless than thediwvorld, as the mobility of devices is likely to lead
sooner or later to encountering a situation where protagblsh may at first have appeared optimal are no longer
the best choice (possibly even not working with the new emrirent).

Resource discovery of this kind would require close attentd security issues. A kernel with fine-grained
protection, capable of minimizing possibilities for mabies software (even low-level drivers) would be desirable.

25 Summary

Processor architectures specific to requirements of véisedemputing, particularly DSPs and low-energy designs,
are crucial to developing a standard platform. The platfogads to allow flexibility for change. One approach
to supporting this flexibility is to implement multiple-aprocessors, with communications and processing sep-
arated. In this way, the flexibility needed to move rapidly&v protocols can be divided off from the processing
requirements of the application.

An operating system to support the required flexibility dddae highly modular in design, with capabilities
of adding or subtracting functionality. It should also hawéficiently fine-grained protection to allow potentially
untrustworthy drivers to be used, as part of resource desgov

3 Problemsand Challenges

Designing a wireless platform requires careful balancexadfiversus mutable aspects of its design. The lack
of standards (or fluidity of standards) in the wireless waslthoth a strength and a a liability. Building on the
strengths while limiting the weaknesses is a challengeyfstesn architects. A poor initial choice could constrain
future designs in the wrong areas, and reduce the value ahdatd platform.

In the processor area, there is a temptation to limit addspase because of currently small memories be-
ing used in many mobile devices. However, demands of pemvasid ubiquitous computing applications could
lead to large-scale shared address spaces with persisjent Given the open-ended nature of the application
space, choosing suitable processor design features is difécalt than in traditional niches, where the scope
of applications has generally been clearer. For the sanseme@struction set design trade-offs are not clear: a
tightly-encoded instruction set designed to minimize mgnuse at the expense of speed may seem a good idea if
all devices are small, but speed may be of the essence in quptiesgions (for example, speech recognition).

The ideal scenario would be to have flexibility in instruat&et design. A possible implementation would be to
crack instructions into simpler operations which were iempénted directly in hardware, with a simpled front end
to translate the instructions to the internal format — arrepgh already in use in some commercial designs [28].
In cases where speed was the major requirement, and instrget architecture close to the machine instructions
could be used. Where memory use or communication bandwidshmore of a concern, a more tightly encoded
instruction set could be used, with more steps to crackunsbns into machine operations.



The biggest difficulty with operating systems is the lackafepted standards. While a tightly-coded microkernel-
based system would be ideal, existing operating systeraadrhave market share, which could prove a stronger
issue than technical suitability. However, given that tppl&ation base is small (a small number per device that
is), moving to a new platform may not be so difficult.

The networks area, while presenting some of the most diffigtdblems, builds on the other areas. If a
good processor architecture can be found with strong stijfmocommunications software, greater flexibility in
network protocols could result. Similarly, if an operatisgstem with strong support for modularity and fine-
grained protection is used, network protocols can be flexiith options like resource discovery to add new
protocols on the fly.

4 Conclusions

Defining a wireless platform presents many challengesf ¢ ipromises of ubiquitous and pervasive computing
are to become reality, something better than a range of adrimmmpatible device designs is needed. As has been
noted in the automotive industry [11], a common platfornhis way to go.

This section wraps up the discussion by summarizing thedaeis raised before, proposing a way ahead, and
providing an overall conclusion.

41 Summary

Wireless devices (most but not all of which are mobile) arecaving field. The flexibility inherentin being able to
operate without wires is a great strength of the area, yettahwte which has the potential to prevent integration
of services and applications.

A standard platform has the potential to provide a clearddidietween the aspects of wireless devices which
are useful to standardize, and those which are better left.op

Processor design presents a number of challenges, arigiiof the fact that what is done in software and what
is not can change over time, and the fact that the scale of etatipn is likely to change over time. Approaches
like multiple cores and flexible instruction sets seem westploring. Maintaining an architectural split between
mutable and fixed aspects of the architecture seems wotldhwivhether this is a hardware or a software split is
to some extent a matter of design philosophy, but a hardwgditdnas the advantage of allowing aggressive pursuit
of design alternatives in areas where frequent change csaqb.

Operating systems which scale from very small to very laggesns are a useful addition to the platform,
as are highly flexible approaches to designing network paisp with less emphasis on a fixed division between
hardware and software layers. Design for energy efficiehoylsl also become a significant operating systems
issue.

Networks are one of the areas of greatest challenge, beegdareless operation is inherently more flexible
that wired operation. Blurring the hardware-software totary is a likely consequence of improved low-cost
processors.

4.2 Way Ahead

To take these ideas forward, it would be useful to provideseli@e for future evaluation. A set of benchmarks
for desired behaviours, especially taking into accourittiege requirements, would be useful. Application-based
benchmarks are likely to be hard to pin down because of the veidge of devices. Scalable benchmarks for real-
time behaviours would be useful (perhaps drawing from tlea idf scalable transaction processing benchmarks
[29)).

Once a basis for comparison is established, it would be Ugefdefine a relatively abstract sample device,
which could easily be modified to represent a range of diffeepplication styles. This sample device could
become the basis for future simulators and implementations

Given an abstract sample device, it becomes possible teedefimnge of alternative implementation strategies,
which can be measured against more specific needs.



4.3 Overall Conclusion

The ideas described here are a starting point: much deliailestds to be worked through. The notion of a standard
platform for wireless devices has attractions, and, if ibibe done, should be done as well as possible, to provide
a significantly better base than no platform at all. Given tfwene flexibility is inherently given up in going for a
platform rather than an ad hoc design, it is important to bie that the end result confers more advantages than
the costs.

If a good division between standardization and flexibiléjde found, a design which will be good for several
decades is possible, if history of other successful archites is a basis on which to judge.
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