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Abgtract. This position paper® discusses reconfigurability issues in low-power hand-
held multimedia systems. A reconfigurable sysems-architecture is introduced, with a
focus on a Fidd Programmable Function Array (FPFA). Application domain specific
dgorithms determine the granularity of FPFA processor tiles. Severd dgorithms are
discussed and mapped onto a FPFA processor tile.

1 Introduction

In the next decade two trends will definitively play aggnificant rolein driving technology: the
development and deployment of persona mobile computing devices and the continuing ad-
vances in integrated circuit technology. The semiconductor technology will soon dlow the
integration of one hillion tranggtors on a single chip [1]. Thisis an exciting opportunity for
computer architects and designers; their chdlenge is to come up with system designs that
efficiently use the huge tranastor budget and meet the requirements of future applicetions.
The development of persona mobile devices will give an extra dimension, because these
devices have a very amal energy budget, are amdl in sze but require a performance that
exceeds the levels of current desktop computers. The functiondity of these mobile computers
will belimited by the required energy consumption for communication and computation.

The way out is energy efficiency: doing more work with the same amount of energy.
Traditiondly, designers have been focused on low-power techniques for VLS design.
However, the key to energy efficiency in future mobile multimedia devices will be at the
higher levels. energy-efficient system architectures, energy-efficient communication proto-
cols, energy-cognisant operating systems and gpplications, and awell designed partitioning of
functions between wirel ess device and services on the network.

Mobile computers must remain usable in a variety of environments. They will require a
large amount of circuits that can be customized for pecific gpplications to stay versdile and
competitive. Reconfigurability is thus an important requirement for mobile sysems, snce the
mobiles mugt be flexible enough to accommodate a variety of multimedia services and com-
munication capabilities and adapt to various operating conditionsin an (energy) efficient way.

1 This research is supported by PROGRESS, the embedded systems research program of the Dutch
organisation for Scientific Ressarch NWO, the Dutch Ministry of Economic Affairs and the Technol-
ogy Foundation STW.



Research has shown that adapting continuoudy the system and protocols can significantly
improve the energy efficiency while maintaining asatisfactory level of performance[4].

Reconfigurability aso has another more economic motivation: it will beimportant to have
afagt track from sparkling idees to the find design. If the design process takes too long, the
return on investment will be less. It would further be desirable for awirdesstermina to have
architecturd reconfigurability whereby its capabilities may be modified by downloading new
functions from network servers. Such reconfigurability would aso help in field upgrading as
new communication protocols or sandards are deployed, and in implementing bug fixes [3].
One of the key issuesin the design of portable multimedia systemsiis to find a good balance
between flexibility and high-processing power on one side, and area and energy-efficiency of
the implementation on the other side.

Findly, amgor obstacle to designing one billion trangstor sysems is the physica design
complexity, which includes the effort devoted to the design, verification and testing of an
integrated circuit. A possible solution isto work with ahighly regular sructure sncethey only
require the design and replication of a sngle processor tile and an interconnection structure.
We have designed a reconfigurable architecture that is suitable for many DSP-like dgorithms
and yet is energy-efficient. In this paper we will show how various dgorithms map on this
architecture.

2 Reconfigurable sysemsar chitectures

The design of energy efficient hand-held multimedia computers cannot be done in isolation.
The energy problem hasto be consdered at al layers of asystem.

Theinterconnect of a system contributes significantly to the total energy consumption of a
gysem. Experiments have demondtrated that in chip-designs, about 10 to 40% of the totdl
power is dissipated in buses, multiplexers and drivers [5]. This amount can increase drameati-
cdly for sysems with multiple chips due to large off-chip bus capacitance. Measurements on
aXilinx XC4003 FPGA show that at least 65% of adesign's power isdissipated in the collec-
tion of interconnect resources and logic cdl interface circuitry [3].

Multimedia applications have a high computationa complexity. They dso have regular
and spatialy loca computations. Exploiting such locdity of reference improves the energy
efficiency of asystem.

With high-peed wirdess networks, many different architectura choices become possible,
each with different partitioning of functions not only between the resources of the hand-held
itself, but aso between servers resident in the network. Partitioning is an important architec-
tural decision, which dictates where gpplications can run, where data can be stored, the com-
plexity of the mobile and the cost of communication services[4].

Our gpproach to cope with the challenges mentioned above isto have areconfigurable sys-
tems-architecture, in combination with a QoS driven operating sysem. In our architecture
locdlity of reference is exploited a severd levels. The main philosophy used isthat operations
on data should be done & the place where it is most energy efficient and where it minimizes
the required communication. This can be achieved by matching computational and architec-
turd granularity.

In our architecture, we have an organization of a programmable communication switch
surrounded by severd autonomous modules. Modules communicate without involvement of



the main processor. For example, an audio stream from the network can be sent directly to the
audio module. In asystem we differentiate three grain-sizes of operations.

o finegrained operationsin the modulesthat perform functions like multiply and addition.

e medium grained operations are the functions of the modules. The functiona tasks are
dlocated to dedicated (reconfigurable) modules (e.g. display, audio, network interface,
security, etc.) [2].

e  course grained operations are those tasks that are not specific for amodule and that can
be performed by the CPU module, or even on aremote compute server. This partitioning
ismainly atask of the operating system.

In the remaining part of this paper we will focus on the fine-grained reconfigurable processing
modules, and more specifically on the Field Programmable Function Array.

3 Fidd Programmable Function Array

Field-Programmable Function Arrays (FPFAS) are reminiscent to FPGAS, but have a matrix
of ALUs and lookup tables [7] ingtead of Configurable Logic Blocks (CLBs). Basicaly the
FPFA is alow power, reconfigurable accelerator for an gpplication specific domain. Low
power ismainly achieved by exploiting locdity of reference. High performance is obtained by
exploiting paraldism. A FPFA congsts of interconnected processor tiles. Multiple processes
can coexist in pardld on different tiles. Within atile multiple data streams can be processed in
pardld. Each processor tile contains multiple reconfigurable ALUs, local memories, acontrol
unit and acommunication unit. Figure 1 shows a FPFA with 25 tiles; each tile hasfive ALUs.
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Figure 1: FPFA architecture.
The ALUs on a processor tile are tightly interconnected and are designed to execute the
(highly regular) inner loops of an gpplication domain. ALUs on the same tile share a control
unit and a communication unit. The ALUs use the locdlity of reference principle extensively:
an ALU loads its operands from neighboring ALU outputs, or from (input) values stored in
lookup tebles or local regigters.
The FPFA concept has anumber of advantages:

e The FPFA has a highly regular organisation, it requires the design and replication of a
sngle processor tile, and hence the design and verificetion is rather straightforward. The
verification of the software might be lesstrivid. Therefore, for less demanding applications
we Use ageneral-purpose processor core in combination with a FPFA.

o Itsscaability standsin contragt to the dedicated chips designed nowadays. In FPFAS, there

is no need for aredesign in order to exploit dl the benefits of a next generaion CMOS
process or the next generation of agtandard.



e The FPFA can do media processing tasks such as compression/decompression efficiently.
Multimedia gpplications can for example benefit from such energy-efficient compresson
by saving (energy-wasting) network bandwidth.

3.1 Typical FPFA algorithms

In this section we will sudy several widely used dgorithms. These dgorithms provide a
means to bring together a st of requirements for the functionaity of an FPFA-ALU. Wewill
look into some agorithms from the digitd signad-processing domain: linear interpolation,
finite-impulse response filter and Fast Fourier Transform. Other agorithms of our interest
include Viterby decoding, Turbo decoding and various computer graphics agorithms,

Linear interpolation

It may be convenient (and energy efficient) to use tables for difficult calculations like square
roots, divison and sine. In order to keep the energy consumption low, such atable should be
kept loca and smdl. Interpolation between the function values from a table can be used to
gpproximate a function vaue that is not in the table. The dgorithm works as follows. For a
vauex (X, < x < X,), two surrounding function values F(x,) and F(x,) arelooked up in atable.
With these vauesthein between function value F(x) is caculated with:

F(X) = [F(X) —F ()] X X,aenT F(X) (X, <x<Xx) (@)

Xyonen = (XX /(X -X,) determines the distance of x relative to x, and x,. For examplex, . is¥2
if X is exactly between x, and x,. In many applicationsthe x, . vaues are known congants.
Thedgorithm for linear interpolation is shown in Figure 2.
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Figure 2: Linear interpolation.

Finite-impulseresponsefilter
The finite-impulse response filter (FIR) is a frequently used agorithm in digita sgna proc-
essing gpplications. Figure 3 showstwo implementations of a4-tgp FIR filter.

EER fRAd

h3 h2 h2 h1 ho

Figure 3: FIRfilter.
Each section contains a multiplication, an addition and adeay. As shown in Figure 3, the lft
FIR filter usesthree inputs and two outputs for every tap. Theright FIR filter usesthree inputs
and one output. However, in the latter case, theinput isrouted to more than one tap.



Fagt Fourier Transform

Fourier transform enables the converson of sgnals from the time domain to the frequency
domain (and vice versd). For digitd sgna processng, we are particularly interested in the
Discrete Fourier Transform (DFT). The Fast Fourier Transform (FFT) can be used to calcu-
late a DFT efficiently. FFT recursively divides a DFT into smdler DFTs. Eventudly only
basic DFTsremain. These DFTs have anumber of inputsthet is equd to the radix of the FFT.
Thisisillustrated in Figure 4 for aradix 2 FFT with N=8 input sgnas.

S v Ot
o b ~(—C s
W
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The resulting basic DFTs can be calculated by a Sructure caled a butterfly. The butterfly is
the basc dement of aFFT. Figure 5 depicts the radix 2 butterfly; a and b are complex inputs
and A and B are complex outputs. W is a complex congtant called the twiddle factor. The
radix 2 butterfly condsts of a complex multiplication, a complex addition and a complex
ubtraction.

The FFT butterfly depicted in Figure 5 can be written as Equation (2). A hardware ago-
rithm for the radix 2 FFT butterfly hes sx inputs (a,.4,,b,.0,.,.W,.W,,) and four outputs
(A A,,.B.B,). Eachinput is used two times. Three subtraction, four multiplication and three
addition operations are used.

3.2 ALU datapath design
After investigating the functiondity required by an application domain, asuitable ALU can be
designed. Based upon [9] and [7], we introduce an FPFA-ALU that can be used to implement
the agorithms discussed in the previous section. This ALU — which is depicted in Figure 6 —
has 4 inputs (a, b, ¢, d) and 2 outputs (O1, O2). The input operands are al 16-bit, 2-
complement numbers. Theinterna ALU datgpeths are either 20 or 40 bitswide.

Ascan be seenin Figure 6, three different levels can be distinguished in the ALU:

¢ Levd one s areconfigurable function block. The function blocks f, f, and f, in Figure 6
each can perform five operations add, subtract, absolute vaue, minimum and maximum.
Theresult of level oneis:

Z1=f(f(ab),f(cd))



This means that most functions with four operands and five operations can be performed,
eg. Z1 = aby(a+b)—max(c,d)). Theinternal operands have awidth of 19-bits+ asign-hit.2
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Figure 6. ALU datapath design.

Leve two contains a 19x19-hit unsgned multiplier and a 40-bits wide adder. The multi-
plier result is thus 38-bits + a Sgn-hit. An East-West interconnect connects neigbouring
ALUs, which makes multiple precison arithmetic possble. A vaue on the East input can
be added to the multiplier result. The result of amultiply-add (Z2) can be used asinput for
level 3 and for the ALU connected to the West output. We can represent the behaviour of
level two es

Z2 = mJa|b|c|dinop] xm[albjc|d|Z1|nop] [+|-] m.[0:c|c:0]0:d|d:O|c:d|E|Ojnop]
m,, m,and m.are multiplexers (the output is one of its parameters and a colon denotes con-

catenation). In algorithms that do not use a multiply-add operation, the nop options can be
used to bypasslevel 2.

Leve three can be used asa40-hit wide adder or asabutterfly sructure:
OUT2 = m[0]c:0|0:c|d: 0]0:d|c:dnop] —Z2
OUT1 = m[0|c:0J0:c|d:Oj0: d|c:djnop] + Z2

OUT2 and OUT1 are both 40-bit wide.

2 The carry signds are propagated to neigbouring ALUs to support extended precision of the operands.
For darity reesonsthese carry signdsare not depicted in Figure 6.



The find multiplexer (m) sdlects which two 20-bit results are written back into the registers
viaitsoutputs O1 and O2.

3.3 Procesor tiledatapath design

A FPFA processor tilein Figure 1 condgts of five identical blocks, which share a control unit
and a communication unit. An individua block contains an ALU, two memories and four
register banks of four 20-bit wide registers. Because of the locdity of reference principle, each
ALU hastwo locd memories. Each memory has 256 16-hit entries. A crossbar-switch makes
flexible routing between the ALUS, registers and memories possible. Figure 7 shows the
crosshar interconnect between five blocks. Thisinterconnect enables an ALU to write-back to
any register or memory within atile.
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Figure7: Crossbar-switch.

Five blocks per processor tile seems reasonable. With five blocks there are ten memories
available. Thisis convenient for the FFT agorithm, which has sx inputs and four outputs.
Also, we now have the ahility to use 5x16=80-bit wide numbers, which enable us to use
floating-point numbers (athough some additiona hardware is required). Some agorithms,
like the FIR filter, can benefit subgtantialy from additiond ALUs. With five ALUSs, afive-tap
FIR filter can be implemented efficiently. The fifth ALU can dso be used for complex ad-
dress caculations and other control purposes.

34 Mapping of algorithms
The FPFA-ALU has been designed with well-know DSP agorithmsin mind. Asan example,
wewill show how the algorithms presented in Section 3.1 can be mapped on the FPFA.

Linear interpolation
The linear interpolation agorithm of equation (1) can be mapped to the ALU depicted in
Figure 6. Assume that operands F(x;), F(x)), ad X, are available & inputs d, c and a re-
spectively. Then F(x) = [c—d] xa+ d, whichiscdculated with the following behaviour:
Zl1=cd
Z2=axZ1+0.d
OuUT1l=22

Finite-impulseresponsefilter
Figure 8 shows the implementetion for afive-tap finite-impulse response filter. When the FIR
filter is darted, every cock cycle an additiona ALU isused, until dl five ALUs are in use.



Thus, the firg result is ready after five clock cycles. Every subsequent cycle returns the next
result.
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Figure8: Five-tap finite-impulse responsefilter.

Fast Fourier transform
Figure 9 shows how the FFT butterfly of Equation (2) can be caculated on four FPFA-ALUSs.
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Figure 9: Theradix 2 FFT butterfly.

4 Discusson and reated work

We intend to implement an energy-efficient mobile system based on the (reconfigurable)
architecture presented in Section 2. Consequently, awhole new QoS model that can balance
issues like energy budget, required performance and communicetion costsis required. We are
aso working on operating system extensions for energy efficiency. The operating system has
to provide the flexibility required by the QoS modd and it must exploit the flexibility of the
systems architecture. The FPFA is part of the systems architecture. We believe thet the archi-
tecture of the FPFA implies a good energy-efficiency. The minimization of the energy con-
sumption of an architecture like the FPFA requires that the energy consumption due to arith-
metic (logic), communication (wiring) and data storage (RAM) be baanced. Itisshownin[8]
how these concepts can be baanced to find alower bound for the energy consumption of the
FFT. We gpplied the design concepts again to design the FPFA such that it is energy efficient
for awide class of Sgna processing applications. In our current research, we are investigating
the energy efficiency of various agorithms when executing on a FPFA architecture. We plan



to build an experimenta chip after we have demongrated the efficiency of the architecture
and evauated various architectural dternatives. The interconnection network between the
processor tilesis another topic of research.

To support awide range of adgorithms requiresalot of flexibility inthe ALU. Thishas par-
ticular impact on level one of the FPFA-ALU datgpath. The control of level one would re-
quire 15 control bits per ALU. To save on control bits, and to have more flexibility, we plan to
implement the level one functiondity by areconfigurable block that is Smilar to Xilinx CLBs
[11]. This dso gives us the possibility to do hit-level logic functions. Having a reconfigurable
block in level one means that the functiondity of the ALU becomes partly reconfigurable.
Note that such areconfigurable block must be configured before the ALU can be used.

Unfortunately, space retrictions restrain us from giving a literature overview of the im-
petuous area of reconfigurable sysems-architecture. However, we do want to mention the
Raw architecture [10] of MIT and the Imagine sream architecture [6]. Raw has a mesh of
identical processor tiles. Each tile has atile processor, a gtatic switch processor and adynamic
router. The tile processor is related to a 32-hit MIPS processor. The RAW group abandoned
the idea to include reconfigurable logic in their processor tile, mainly because of the added
complexity of the reconfigurable logic, itsinterface, and the software interface.

We digtinguished three verticd leves in the ALU datgpath. There are dso architectures
that use a horizontal gpproach, such as the Imagine stream architecture. This architecture has
clugters of functiond units. One cluster can for example contain three adders, two multipliers,
one divide/square root unit, one 128-entry scratch-pad register file and one communication
unit. All functiond unitsin aclugter are connected to busses and can operatein pardld. Inthis
architecture a multiply-add is performed by firs completing a multiply and subsequently
sending the result to an adder. So, the delay of amultiply-add is equd to the sum of the delay
of amultiply and the delay of an addition. In our ALU, the multiplication and additions of
level two and three can be done largely in pardld. Thisisillugrated in Figure 10. The lesser
sgnificant bits of the result of amultiplier are known (or stable) prior to the more significant
bits. As soon as the next bit of the multiplication result is known, the adder can caculate the
next bit of its result. Clearly, the delay increase of amultiply-add in aleveled ALU issmdler
than the delay of an individuad addition.
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Figure 10: Ddlay increasefor vertical leveled multiply-add operation.

A verticdly leveled ALU has ardatively long signa propagation time, which impliesarea
tively dow clock. The dower clock is atradeoff; averticaly leveled ALU requiresless clock
ticksfor particular operations (like the multiply-add) than aflat ALU. We showed above, that
the FPFA-ALU can perform very complex functionsin just one clock-tick.

The multiply-add functiondity of level two of the ALU is not required for every agorithm
(e.g. Viterby decoding). An unused multiplier consumes chip area and might even consume



some energy. However, if we omit the multiplier, a severe performance pendty hasto be paid
for the dgorithmstha do require amultiplication. In future one billion transistor chip designs,
the area of amultiplier is smal compared to the areaused for communication and loca mem-
ory. Therefore, we believe that the benefits outweigh the pendty and that a multiply-add unit
should be integrated in the FPFA-ALU. However, when not used, the multiply-add unit
should not consume much energy.

5 Concluson

The introduced FPFA architecture is aimed at fine-grained operations in hand-held multime-
dia computers. The architecture has a low design complexity, is scaable and can execute
various agorithms energy efficiently, while maintaining a satisfactory level of performance.
Severa non-trivia dgorithms have been mapped successfully on the FPFA processor tile.
Examples from the digitd sgnd-processing domain include linear interpolation, FIR filter
and FFT.

In contragt to the FPFA, which isaimed &t fine-grained 16-bit wide operations, the FPGA
isamed at bit level logic functions. As a consequence, operations like multiply-add are rela-
tively expensive on a FPGA (i.e. they take a large area and thus consume a large amount of
energy).

The ALU of aFPFA processor tile has four input operands. Mogt standard AL Us have two
input operands. The extra inputs increase the functiondity of the ALU and enable it to com-
pute powerful functionslikethe linear interpolation efficiently.

The FPFA design has gtill many open issues, which include the control of a processor tile
and the interconnect between processor tiles.
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