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Abstract—In the past,reconfigurableomputinghasnotbeen
anoptionfor acceleratingcientificalgorithmg(whichrequire
comple floating-pointoperationsandothersimilar applica-
tionsdueto limited Field Programmabl&ateArray (FPGA)
density However, therapidincreaseof FPGA densitiesover
the pastsereral yearshasalteredthis situation. The central
goal of the ReconfigurableComputing Application Devel-
opmentEnvironment(RCADE) is to capitalizeon theseim-
provementsThroughRCADE,analgorithmis translatednto
adataflow designwhichis thenimplementecn areconfig-

urablecomputingplatformusinga“toolbox” of components.

This paperexpandsghislibrary of component®y implement-
ing the following IEEE single precisionfloating-pointfunc-
tions: sine,cosine arctangentarcsinearccosinesquareroot
and naturallogarithm. Eachcomponenis designedaround
the CORDIC shift-and-addalgorithms. A discussiorof how
eachoperationis implementeds followed by an analysisof
thespaceaequirement®f eachcomponenbn currentandfu-
ture Xilinx FPGAs. Performanceesultsare comparedfor
eachcomponentndividually andfor two exampleequations
againstseveralcurrentworkstations.
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1. INTRODUCTION

Reconfigurableomputinghasprovento be extremelyuseful
atenhancingheperformancef mary applicationsandalgo-
rithms over that of a workstationalone[1], [2], [3], [4] and
[5]. This successhasbeendifficult to copy for more com-
plicatedscientific algorithmsdue to limited FPGA density
Thesealgorithmstypically require a fractional representa-
tion (usuallya standardEEE floating-pointformat) andhave
mary complex elementanyoperationgi.e. trigpnometricand
logarithmicfunctions). Thesefloating-pointoperationshave
provento be too large to be performedon a single FPGA.
Attemptsto overcomethis problem have usedfixed-point
representationandreducedprecisionfloating-pointformats
[6]. Unfortunately theseformats are incorvenientand do
not have the dynamicrangeor precisionrequiredby mary
algorithms. However, with the rapidincreasan FPGA den-
sity, reconfigurableomputingcannow overcometheseprob-
lems. Our previous work [7] hasdemonstratedhat FPGAs
cannow achiese high performancavith simplefloating-point
operations suchas multiplication and addition. For recon-
figurable computingto be a usefultool for scientific algo-
rithms, the morecomplex operationamustalsobe available.
With a “toolbox” of these(and other) floating-pointopera-
tions,mary scientificalgorithmscanbedirectlyimplemented
on currentreconfigurable&eomputingplatforms.

This is the goal of the ReconfigurableComputingApplica-
tion DevelopmentEnvironment(RCADE). RCADE provides
a “user friendly” meansto describean algorithm as a data
flow design. This designis thenimplementedon a recon-
figurablecomputingplatformusinga library of components.
Using RCADE, reconfigurablecomputingcan provide non-
hardwaredesigneranalternatvefor acceleratinglgorithms.
A completedescriptiorof RCADE canbefoundin [8], while



this paperfocuseson componenimplementation. This pa-
per discussesmplementingthe following floating-pointop-
erations:sine, cosine,arctangentarcsine,arccosinesquare
root, andnaturallogarithm. Eachoperationis designedasa
singlecomponentapableof beinginterfacedwith ary other
componentn the RCADE library without the needfor addi-
tional controllogic. This allows equationgo be easilycon-
structedn a dataflow design by combiningtheseoperations
with previously developedmultiply, add/subtracsumanddi-
vision components.

Eachof the componentslescribedn this paperaredesigned
aroundthe CORDIC shift-and-addalgorithms. CORDIC is

a setof hardware efficient algorithmsthat usesonly shifts

andadd/subtractto computea numberof trigpnometricand
logarithmicfunctions. The CORDIC algorithmsprovide the

corefor eachcomponentFloating-pointextensionsareadded
before and after the CORDIC core to handle|[EEE single-
precisionfloating-pointvalues. This simplifies interfacing
componentswith the host programand typically provides
sufficient dynamicrangeand precisionfor mostalgorithms.
High performanceas achieved throughfully pipelining each
component.

The next sectiongivesa brief backgroundon the CORDIC
shift-and-addlgorithmsandhow they cancomputetheabove
operationsSection3 describefow the CORDICalgorithms
areextendedo handlefloating-pointvalues.Sectiord details
the spacerequirementgor eachoperationandcompareghe
performancef eachoperatiorandtwo exampleequationsn

an Annapolis MicrosystemsWildforce reconfigurablecom-
puting platformwith thatof several currentworkstations Fi-

nally, our conclusionsand the direction of future work are
presented.

2. BACKGROUND

CORDICis acollectionof iterative shift-and-addalgorithms
which form an extremely efficient meansof computing
trigonometric functions and other complex elementary
functions,suchas squareroot, naturallog and exponential.
They were originally introducedby Volder [9] and were
later expandedby Walther [10]. A numberof machines
have implementedCORDIC. The basesetof equationds as
follows:

Tng1 = Tp — Mdpyn2™" (1)
Yn+l = Yn + dp2n 2" (2)
Zn4+l = Zp — dnen (3)

CORDIC operateshy performing multiple iterationsof the
above equationsThis hastheeffectof rotatingavector(z, y)

throughoneof threecoordinatesystemsz is theanglegener
atedby thevectordescribedy (z, y). Rotationof the vector

is controlledby d,, (eitherl1 or -1). d,, is basedon the mode
of operatiorselectedrotationor vectoring).Whenin vector
ing mode,d,, = 1if y, < 0 and-1 otherwise. For rotation
mode,d,, = -1 if z, < 0and1 otherwise(exceptfor sin~*
andcos1). The coordinatesystemis selectedoy m (circu-
lar, m = 1, linear, m = 0, andhyperbolic,m = -1). e, is the
angleof rotationat eachiterationandis setby the coordinate
systemused. As eachiterationof the CORDIC equationds
performedeitherz (rotationmode)or y (vectoringmode)is
drivento 0 andthe equationsn Table1 aregeneratedEach
coordinatesystems usefulfor computingdifferentfunctions.
For thefunctionsof interest the circularandhyperbolicsys-
temsareused.

Table 1 describeghe equationsgeneratedafter n iterations
for eachcoordinatesystemand modeof operation. Table 1
alsoprovidesthe equationdor A,,. A,, is thegainproduced
during the vectorrotation. The gain mustbe accountedor
in orderto produceaccurateresults. Typically, one bit of
precisionis developedper iteration. As indicatedby Table
1, by selectingthe properinitial values(while compensating
for the gain), the functionsof interestcanbe computed.The
following sectionswill briefly describenow eachfunctionis
generated.

2..1 Sine/Cosine

The sine and cosineof an input angle are computedusing
the rotationalmodeof operationandthe circular coordinate
system.The circular coordinatesystemis usedfor all of the
trigonometricfunctions. From Table 1, by settingyo to zero
theequationgeduceto:

T, = A, - zgcoszy (4)
Yn = A, - Tosinzg (5)

Thereforewith zy = 1/A4,,, aftern iterationsof equationsl, 2
and3, z,, = coszg andy,, = sinzg.

2..2 Arctangent

Thearctangentd = tan ! (yo/z0), canbe computedusing
thevectoringmodeof operation.FromTable1:

Zn = 20 + tan ™' (yo/x0) (6)

Thereforey settingzo = 0 andproperlyselectingyo, andz,
thetan™—! of aninputargumentcanbe computedirectly.

2..3 Arcsine/Accosine

The arcsineandarccosinerequirea manipulationof the ba-
sic cordicequations Startingwith a unit vectoreitheron the



Table1l: CORDICequations[1]L

Coordinate rotation vectoring scale rotation
System mode mode factor A, angle.e,
m=1 Tn = Ap(z0c0sz0 — Yyosinzg) T = An/ (22 +12) | [loe,V1+2-20
(circular) Yn = An(yocoszo + xgsinzo) Yn =0 tan—12-7
2n =0 2n = 20 + tan"tyo /o ~ 1.64676 (n=0to o)
m=0 Tn = To Tn = To noscale
(linear) Yn = Yo + ToYo yn =0 factor 2-1
Zn =0 2n = 20 + Yo/ To
m=-1 x, = Ap(zocoshzg + yosinhzg) Ty = An\/ (2% — 13) [, vi+2-2»
(hyperbolic) | y, = A, (yocoshzg + Tosinzg) Yn =0 tanh~127"
2, =0 2n = 20 + tanh~lyo /xo ~ 0.82816 (n=1too0)

positive x axis (arcsine)or on the positive y axis (arccosine),
the vectoris rotateduntil its y(x) componentis equalto the

input angle. Insteadof usingthe sign of anintermediatere-

sult to control the direction of rotation, it is determinedby

whethery(z) is lessthan(greatetthan)theinputvalue,c. For

thesin~! usingthevectoringmode theequatiorfor z,, from

Tablel becomes:

Zn = 20 + sin” H{c/(An - x0)} @)

whered,, = 1if y,, < cand-1 otherwise.

By settingz, to 1/4,, yo to 0 and zy to O, the arcsineis
directly computed.Unfortunately the accurag of the result
diminisheswith inputsof ~ + 0.980r greater As they axisis
approachedrotationdecisionsaremadeimproperlybecause
thegaincauseghe vectorto be smallerthantheinput. Using
a“doubleiterationalgorithm”[12] cancorrectthis problem,
but it increaseshe complexity. For our purposesthis lossof
accurag is not critical. As larger FPGAsbecomeavailable,
this problemcanbe correctedwith this algorithm.

For thearccosineafew modificationsto theabove algorithm
mustbe made.Insteadof comparingthey componento the
input, thez components comparedThis produces:

2n = 20 +cos Hc/(An - yo)} (8)

whered,, = 1if z,, > cand-1 otherwise.

Therefore the cos~!c is calculatedvhenzy = 0, yo = 1/4,,
andzo = 7/2, Again, the accurag of the resultdecreaseas
+ 1 is approache@dndthe samecorrective measuresanbe
introduced.

2..4 SquaeRootandNatural Logarithm

While the circular coordinatesystemis usefulfor computing
trigonometricfunctions,the hyperboliccoordinatesystemis
usedfor theotherfunctionsof interest(squareroot andnatu-
ral log). For the hyperbolicsystemm = -1 in the baseequa-
tions. Additionally, insteadof startingiterationsatn = 0, for

the hyperbolicsystemiterationsmuststartat n = 1. Certain
iterationsmustalsoberepeatedn = 4,13,40,...,k,3k+1,.) or
the vectorwill not corverge. This generateshe hyperbolic
equationdn Table1 for eachmodeof operation.As canbe
seenthe samemethodscanbe usedto calculatesinh, cosh

andtanh~! aswereusedfor sin, cos andtan—!. From[10]:

Va= /(22 - y?) )
wherexg = a + 1/4andyy = a - 1/4

and,

Ina =2 - tanh™" [yo /o] (10)

wherexg =a+landy, =a-1

By usingthe vectoringmodeof operationfrom Table 1, the
squareroot and naturallog can be directly computed. The
squareroot of avalue(a) is generatedy settingzy = a +
1/[442%] andyo = a — 1/[4A42]. z,, is thenequalto /a after
n iterations. (As an addedbenefit,sincethe vectoringmode
is usedandz,, is notneeded}l/3 of theadder/subtractorsan
beeliminated.)

The naturallog is also computedusing the vectoringmode
of operation. With zo =0 andzy = a + 1l andyy, = «a -

1z, = %(lna). Therefore,a 1 bit left shift of z,, produces
theln a. (Also of note,e® canalsobe computed. e* =

sinha + cosha. However, extendingthis to floating-point
wasnotfeasible atthistime.)



Table2: Rangeof Valid Inputs

Function Domainof
Corvergence
sine/cosine +1.74
tan~T +00
sin~1/cos~! +0.98
Va [0.03,2.42]
Ina [0.10,9.58]

2.5 Rang of Valid Inputs

Table 2 describeghe rangeof valid inputs for eachopera-
tion. For sineandcosine this rangecanbe misleading.Both
arevalid for anentireperiodof eachfunction (- /2 to w/2).
Therefore,it is only a matterof reducingthe input into the
valid rangein orderto computethe sine and cosinefor ary
value. However, sinceeachcomponents fully pipelinedfor
performancewe wereforcedto limit theinputsto asetrange
(selectedasO to 27). For thearcsineandarccosinetherange
of valid inputsis alreadylimited to a [-1, +1] by the func-
tions themseles. While the single iteration approachdoes
notcompletelycoverthisrange,it is sufficient for thesetests.

For the arctangentthereis no specifiedvalid range. The
CORDICalgorithmwill computecorrectresultsprovidedthe
ratio yo/zo = input value. However, hardware designcon-
straintsof bit lengthsanddataformatdo limit thearctangent
componensrange. The absolutevalue of the maximumin-
putallowedis determinedy the maximumy, andminimum
xo possiblefrom the dataformat. Any input valuesgreater
thanthis maximummustbe considereds=+oo andarecalcu-
latedby settingzq to 0.

For naturallog andsquareoot, therangeof valid inputsfrom
Table2 arelimiting for fixed-pointformats. However, for a
floating-pointformat, this is not a problem. The mantissas
usuallyonthebinaryrangeof [1.0,2.0).Thisfallsin thevalid
rangefor the CORDIC algorithms. For both caseszeroand
negative inputsaretreatedasexceptions.

2..6 Precision

The precisionis determinedby 2 factors: the angularerror
andthe truncationerror[5]. Since CORDIC works through
rotatinga vector, the largestpotentialerror occurswhenthe
next to lastiterationproduceghe correctresult. Thefinal ro-
tationwould thenproducethe worstcaseangularerrorequal
to the last rotation angle and the correctresult. Therefore,
thenumberof iterationsis the primary determinanbf theac-
curag. Sufficientiterationsmustbe performedsuchthatthe
maximumangularerror is lessthan the requiredprecision.
Onebit of precisionis typically producedperiteration[5].

| S|exp(+127)] mantissa |

Figurel: IEEE singleprecisionfloating-pointformat

To asmallerdegree theaccuray is affectedby thetruncation
of intermediateresultsdueto limited storage(i.e., from the
right shiftedtermsat eachiteration). Someerror from trun-
cationis unavoidablesinceit is impracticalto maintainall

significantbits throughoutthe computation. The truncation
of intermediataesultsproducedog(2L) of errorfor L itera-
tions[10]. To eliminatethis error, thedatamustbe paddedn
theright by the samenumberof bits androundedatthe end.

For singleprecisionfloating-pointvalues(with a 24 bit man-
tissa), 24 bits of precisionare required. This producesap-
proximately 24 iterationsand 4.5 bits of padding. These
guidelineswere usedfor the initial designof eachcompo-
nent. Experimentatiorwasthenusedto optimizethe number
of iterationsandpaddingbits to establishthe requiredpreci-
sionwhile minimizing the sizeof eachcomponent.

3. COMPONENT IMPLEMENTATION

The previous sectiondescribeshow to usethe CORDIC al-

gorithmsto computeeachfunctionfrom fixed-pointdata.For
floating-pointdata,extensionsnustbeaddedo thisCORDIC
core.Figurel shavsthe IEEE singleprecisionfloating-point
formatasdescribecby ANSI/IEEE Standard754-1985[13].

The mostsignificantbit is the signbit, S. The next 8 bits are
for theexponentE, in excess-12hotation. Thefinal 23 bits
are the mantissaM. The mantissahasan implicit 1 asits
mostsignificantbit (for mostcases) Thereforefor mostval-

uesthenumberepresenteds —1° * 28127 x (1. M). Zerois

representelly all zeros.Thereareotherelementdo this stan-
dard(i.e. NaN, Infinity, etc.). However, in orderto keepthe
componentdesignsstraightforward (without numerousspe-
cial conditions) theseexceptionalcasesarenothandled.The
completestandarccanbeimplementedn futurerevisions.

Figure2 is abasicblock diagramwhichis applicablefor each
component.Thereare 3 stepsto eachcomponent.The first

is to convertthefloating-pointinputinto a fixed-pointformat
(i.e.,to provide the properinputsto the CORDIC core). The
next stepusesthe CORDIC shift-and-addstagego compute
theapplicablefunction. Finally, theresultfrom the CORDIC
sectionis corvertedbackinto floating-pointformat. This in-

cludestwo’s complementorversion(asnecessaryynormal-
ization,roundingandexceptionhandling. Thefollowing sec-
tionsdescribeeachcomponent implementatiorin morede-
tail.



Pre-CORDIC extension:
floating-point to fixed-point
conversion; 2's complement

conversion, as necessary

data-in —v—=
32

CORDIC shift-and-add
stages

Post-CORDIC extension:
fixed-point to floating-point
conversion; normalization, -v— data-out
and 2's complement 32
conversion, as necessary

Figure?2: Block Diagramof floating-pointCORDICfunctions

Table3: ExtendingSine/Cosindor 0 to 27

QuadrantQ | Sine | Cosine
0 sinD cosD
1 cosD | -sinD
2 -sinD | -cosD
3 -cosD | sinD

3..1 Sine/Cosine

For the sineand cosinecomponentsthe first stepis to con-
vertthefloating-pointinputinto fixed-pointfor the CORDIC
shift-and-addstages. The rangeof valid inputsis 0 to 2x.
The mantissais directly latchedinto the the following for-
mat: XxXx.xxxxx...X. A 3 stagebarrelshifteris usedto right
shift the mantissaby 129 - E bits. This properlyalignsthe
decimalpoint. However, the CORDIC stagesequireanin-
putontherangeof —x/2 to «/2. Thereforetheinputangleis
reducedo theform (Q - 7/2 + D), suchthatD is betweerD
andz/2 and@ is theinput quadrant.) is savedfor lateruse
andD is theinputto the CORDICstages.

Using the CORDIC algorithm, both the sine and cosineof

D are computed. No extra logic is required becausethe
CORDICalgorithmcomputesothfunctionssimultaneously
The value of @) is usedto latch the properoutput. Table 3

indicateswhich outputof the CORDIC stageshouldbeused
dependingnthevalueof (). Sincethesineandcosineof all

anglesbetweer0 and~/2 arepositive, theresultantsignand
mantissaarelatcheddirectly.

Once the output is latched, it is then normalized to

1.xxxxx...X,if possible.Theresultantexponentis computed
basedon how mary bits the mantissais left shifted during

normalization. Normalizationrequires4 stages. Finally,

rounding and exception handlingis performedand the re-

sultis output. The overall componentequires38 stages:12

stagego corvertto andfrom floating-pointand26 CORDIC
stages.

3..2 Arctangent

As describedn section2..2, the CORDIC stagesequire2
inputsto computethe arctangentzo andyy, whereyg/zo

= input value. yo could be setequalto the input valuewith
xo Setequalto 1, but thatwould severely limit the rangeof
inputs. In orderto give a full rangeof inputs,zo andy, are
setbasedn theinputvalue.Whenthe|input < 2.0,

z=1.0 (11)
y = mantissa x 2~ 127~ F), (12)
Whenthe |input| > 2.0,
z=1.0x2"(F-12D (13)
y = mantissa. (14)

This providesthe maximumrangeof inputs.

The same3 stagebarrel shifter is usedto performthe right
shifting of eitherzq or yo by the valueof |E-127. Thelast
stageprior to the CORDIC stagegperformsa two’s comple-
mentcorversionof y basedon theinput sign. zo andy, are
theninput to the CORDIC stages. The first stageafter the
CORDIC sectionperformsa two’s complementcornversion
of theresult,as necessary The samenormalization,round-
ing andhandlingof exceptionscorvertstheresultto floating-
point. The arctangentomponentequires36 stagesjnclud-
ing 24 CORDICstages.

3..3 Arcsine/Accosine

The floating-pointextensionsfor the arcsineand arccosine
component®peratan muchthesamemannerasthesineand
cosine. The only differencesare in the fixed-pointformat
and the needto handlenegative inputs and outputsfor the
CORDIC sections. For the pre-CORDICsection,the input
valueis latchedinto thefollowing format: x.xx...x. Thedeci-
mal pointis alignedusingthe same3 stagebarrelshifter The
input to the barrelshifteris 127 - E. After the barrelshifter,
thetwo’s complements taken for negative inputs. Thefirst
stepin the post-CORDICsectionis to take the two’s com-
plementof the result,if negative, andto latchthe signof the
result. The restof the post-CORDICsectionis identicalto
the sign and cosine. The arcsineand arccosinecomponents
have 24 CORDIC stagesand36 overall.

3..4 SquaeRoot

The squareroot componenttakes a slightly different path
from the previous components.It is not necessaryo align



the mantissas decimalpoint or to performalong normaliza-
tion process An elementof thefloating-pointrepresentation
is usedto simplify the computation. Becausdloating-point
valuesarerepresenteéh base2, it is simpleto computethe
resultantexponentf theinput exponentis even(resultantex-
ponentprior to normalizationof the mantissa= E/2). The
pre-CORDICstageneedsonly to shift the mantissaso that
the exponentis madeevenwhile the mantissaemainsin the
valid range. (An input of zerois handledas an exception.)
The mantissas initially ontherange[1.0,2.0). Therefore jf
the exponentis odd, the mantissas right shifted 1 bit and1
is addedto the exponent. The mantissas now on the range
[0.5,2.0),whichis still in thevalid range,andtheexponentis
even. Themantissgrovidestheinputto the CORDICstages.
Simultaneouslythe unnormalizedresultantexponentis cal-
culatedby first subtractingl27 (to corvert from excess-127
notation).Theexponents right shiftedby 1 bit to divide by 2
andcornvertedbackinto excess-12hotationby adding127.
This valueis thenpassedhroughthe pipelineto be reunited
with its mantissa. The post-CORDICsectiononly requires
onenormalizationstagesincetheresultantmantissds onthe
rangel/.5 = 0.707,1/2.0 = 1.414). Thefinal stageshandle
exceptions,roundingand outputthe result. Throughexper
imentation,it was determinedhat only 20 CORDIC stages
wererequiredwith 29 total stages.

3..5 Natural Logarithm

Similar to the squareroot, an elementof the floating-point
representatiors usedto assisttomputationlt is known that:

In(M % 2F) = In(M) + In(27) (15)
Using this equation the naturallog of a floating-pointnum-
ber can be computedusing a combinationof the CORDIC
algorithmandanadder Sincetheexponents only 8 bits, it is
feasibleto storetheIn(2?) for i from -127to 128in memory
Exponent®f-127and128(0 and255in excess-12Totation)
areresenedfor specialvalues(i.e. oo andzero)andcanbe
dealtwith by storingtheappropriatedderinputsfor thoseex-
ceptiondn theirassociatedhemorylocations.Thereforethe
CORDICalgorithmis usedto computethe In(M), theIn(2%)
is readfrom memoryand a floating-pointadderis usedto
computethe final result. Figure 3 is a block diagramof the
naturallog component.

The In(M) is computedsimilarly to the previous compo-
nents. The mantissais directly latchedfrom the input and
no decimalalignmentis required. This providesthe input
for the CORDIC stages. The CORDIC sectionrequires26
stagesto producethe desiredprecision. Sincethe In(M) =
2*tan~1(y/z), themultiplicationis performedby a 1 bit left
shift of z,,. Thisvalueis thennormalizedandcornvertedback
into afloating-pointvaluein the samemannerasthe sineand
cosinecomponent.This output,In(M), is usedasoneof the
adderinputs.

data_out

-~
In(M
CORDIC M) floating-point
calculation adder
data_in | of In(M)
E In(2F)
memory interface
\

On-board
Memory

Figure3: Block Diagramof Wildforce board
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+- +- X[i+1]
right
shifted
—_—
ylil
+- T +/- yli+1]
right
—_—
shifted
dfi] dfi+1] —
—=
+/- +-

-

Z[i]

-

rotation angle for
iteration i

rotation angle for
iteration i+1

Z[i+1]

Figure4: CommonCORDIC add/subtracstages



The otherinput to the adder(In(2¥)) is from memory The
Xilimx 4000seriesFPGAshave anon-chipmemorycapabil-
ity. However, a 256x32bit on-chip ROM would requirean
unacceptablenumberof CLBs and addressingvould limit
maximumclock rate. Instead,an off-chip SRAM provided
by the implementationplatform is usedfor the look-up ta-
ble. Theexponentprovidesthe memoryaddresgor thevalue
of theIn(2¥). The memoryinterfacehas2 16x32bit FIFOs
to buffer the memoryaddressesnd dataso that the mem-
ory doesnot becomea bottleneck.The memorydatais then
matchedwith the correspondindn(M) resultat the input to
theadder Theresultof theadderis thenthe In(M* 2F).

3..6 CommortStructues

Sincethe samebasicoverall designis usedto computeeach
function, mary of the sameinternalcomponentsre reused.
The most obvious of theseare the CORDIC shift-and-add
stages.Figure4 shaws a diagramof 2 shift-and-addstages.
Eachstagerequires3 adder/subtractor@xceptfor thesquare
rootcomponentwhichdoesnotneedthez component)Since
thisis apipelineddesign separateshifting hardwareis notre-

quired. For eachstage the numberof bits to shift is constant.
Therefore the shifting is performedby hardwiringthe shift

at the input to the adjacentadder/subtractorAnother bene-
fit to the pipelineddesignis thata ROM is not requiredto

storethee,, data. Eachstagealways usesthe samee,, data
(basedon the stage)and thesevaluesare hardwiredto the

appropriateinput for the z adder/subtractorsThesestages
only differ betweercomponentdy theadder/subtractasize,

adder/subtractocontrol (d,,) andthe numberof bits shifted

in eachstage(circularvs. hyperbolic).

Another commoninternal componentis the 3 stagebarrel

shifter for the pre-CORDICsection. This componentuses
3 stagego right shift themantissay 0 to 24 bits. It performs
this by utilizing 3 4-to-1 multiplexers. The total numberof

bits to be shiftedprovidesthe input for the multiplexers. For

thesineandcosinecomponentsthisis 129-E.For thearctan-
gent,it isthe| E — 127 | andfor the arcsineandarccosine
componentdt is 127-E.Thefirst multiplexer shifts by either
0, 1, 2 or 3 bits basedon the 2 low-order bits of the con-

trol input. The secondmultiplexer shiftsby 0, 4, 8 or 12 bits

basedon bits 2 and3 andthethird multiplexer shiftsby 0, 16

or shiftsin all zerosbasedon bit 3 anda combinationof the

higherorderbits. The barrelshifteris usedby all 5 trigono-

metriccomponents.

The other primary sharedcomponenis the 4 stagenormal-
izationunit. It is utilized by all of thecomponentsexceptthe
squareroot. Thefirst 3 stageause4-to-1 multiplexersto nor-
malizeby 0, 1, 4 or 8 bits. Thefinal stagenormalizesy 0, 1,
2 or 3 hits. Therefore any value(28 bits long or less)canbe
normalizedn 4 stagesThefirst 3 stageperateby checking
fora‘l’ in thehighorderbit, in the4 highestorderbitsandin
the 8 highestorderbits. Basedon theseconditions,the mul-
tiplexer shiftsthe value. After 3 stagesif the valuecontains

Table4: Maximum ComponenClock Rates

Function/ Max Clock | BoardClock
Equation Rate(MHz) | Rate(MHz)
sinfcos 27.7 33
tan~" 26.6 33
sin~1/cos™! 18.5 33
Va 38.2 33
Ina 24.9 33

a'l’, thehighestorder‘l’ will bein the4 highestorderbits.
The last stagethen finishesthe normalization. In conjunc-
tion, the resultantexponentis adjustedby the sameamount
asthe mantissais left shiftedin eachstage,producingthe
normalizedresultantexponent. Additionally, standarccom-
ponentdrom the Xilinx designlibrary (i.e. adder/subtractors,
subtractorsmultiplexers,etc.) areusedto minimize compo-
nentsize(CLBs used)andmaximizeperformancémaximum
clockrate).

4. PERFORMANCE

4..1 ImplementatiorPlatform

The reconfigurablecomputing platform usedto test each
componentwas the Annapolis Microsystems Wildforce
board. This board contains5 Xilinx 4062 FPGAswith 1
MB of SRAM per FPGA. One of the FPGAssenesasthe
Control Processingzlementwhile the other 4 are the Sys-
tolic Processindgelements.Eachof the 4 SPEsareintercon-
nectedby a 36 bit wide by-directionalconnection.Eachend
of the systolicarrayis connectedo a bi-directional 36 bit,
512 deepFIFO. The CPEis alsoconnectedo a 36 bit, 512
deepFIFO. The CPE andthe SPEsare alsointerconnected
througha crossbar Figure5 is a block diagram. The board
communicatesvith the hostcomputerthroughthe PCI bus,
providing high speed/O. The hostcomputeris a 233 MHz
Pentiumll.

4..2 ResouceUtilization

Theflip-flop andlook-uptableutilization for eachindividual

componentareprovidedin Table5. Table5 alsoincludesin-

formationfor apreviouslydesignedully pipelinedmultiplier

andadder/subtractoAt a minimum, atleastonecomponent
will fit onasingleFPGA.(Eachcomponentvassuccessfully
placedandroutedfor a Xilinx 4062xIFPGA).With 4 FPGAs
on the Wildforce board,equationof atleast4 functionscan
beevaluated With thenext generatiorof FPGAs,3to 4times
asmary componentganbeplacedoneachFPGA,asdemon-
stratedby the utilization numbersfor the 40250xvFPGAs.
Therefore large complicatedequationg(typical in scientific
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Figure5: Block Diagramof Wildforce board

algorithms)canbe evaluatedon a reconfigurablecomputing
platform.

Eachcomponentvasdesignedn VHDL usingacombination
of behavioral andstructuralconstructs The Synopsy$PGA
Compilerwas usedfor componentynthesisand the Xilinx
M1.5toolsperformedplaceandroute. Table4 lists the maxi-
mumclock ratesasgivenby the placeandroutetoolsandthe
clock rateastestedon the Wildforce board. In orderto con-
sumedataasfastasit canbeinput,thecomponentlock rate
mustbe at least33 MHz. Little benefitis derived from ary
fasterclockrate.While only thesquareootcomponentneets
this minimum clock rate asreportedby the placeandroute
tools, all componentsveresuccessfullytestedat 33 MHz on
theboard.

4..3 ComponenPerformance

Component performance was evaluated by comparison
againsseveralcurrentworkstationsa300MHz SunUltra 10,

a233MHz Pentiumll anda500MHz Alpha21164.Individ-

ualcomponentsvereevaluatedby comparinghetimeto per

form 220 computationdor eachfunction. For the Wildforce

boardimplementationeachcomponentvasplacedon SPE1.
The floating-pointvalueswereinput throughFIFO1 andthe

resultswere outputthroughSPE15 SRAM (exceptfor natu-
ral log, which wrote its resultsto SPE25 SRAM to prevent
the memoryfrom beinga bottleneck). The time recordedis

the total time requiredto write the datafrom hostmemory
to the board, perform the computationand readthe results
backinto hostmemory For eachworkstation,it is thetime

requiredto readthe datafrom memory performthe compu-
tation and write the resultsbackto memory This provides
a realisticcomparisonof componentperformance. Table 6

shavstheresults.

Givena maximumPCl bus bandwidthof 132 MB/sec,com-
plete overlap of computationand!/O, andno overlapof in-

put andoutput,the theoreticamaximumperformancevould
be 60.6 msec.This performanceannotbe achievedbecause
I/0 and computationcannotbe completelyoverlappedand
the maximumPCl bandwidthcannotbe reached.However,
theWildforce boarddid achieve significantspeedup$or each
componentover eachworkstation. Againstthe host com-
puter speedupsangedfrom 3.9 for the squareroot to over
17.4for the arcsineand arccosine. When comparedo the
Alpha, speedupsveragedrom 2.9to 4.9, with evengreater
speedupsgainstheUltra 10.

4..4 ApplicationPerformance

For a more realistic performancecomparison,two equa-
tions wereimplementedon the Wildforce boardusingthese
floating-pointcomponents. The first equationtestedis the
Pythagoreatheorem.

c=+va2+ b2

(16)

Thevaluesfor aandb wereinputthroughFIFOlandSPE25
SRAM, respectiely. Theequationwaspartitionedacrosghe
boardasfollows:

SPE1:a?
SPE2:b% andtheaddition
SPE3:\/sum andwrite theresultto SRAM

Table 6 reportsthe resultsto compute2?° values for c.
(The theoreticalperformancdor the Wildforce board,using
the same assumptionsas before, is 91 msec since twice
as much data must be input to the board with the same
amountof output.) Even for a simple equationsuch as
the Pythagoreartheorem, performancewas enhancedwith
speedup®f 1.87 (Alpha), 1.94 (Pentiumll) and 3.2 (Ultra
10).



Table5: ResourceaJtilization of fully pipelinedfloating-pointfunctions

Function 4-LUTs/ Xilinx Xilinx
Flip-Flops 4062XL 40250XV
sin/cos 2928/ 2629 | 63%/57% | 16%/ 14%
tan~T 2745/ 2399 | 59%/52% | 15%/ 13%
sin~Ycos™T || 2789/ 3010 | 60%/ 65% | 15%/ 16%
Va 1600/ 1663 | 34%/36% | 9%/ 9%
In 3620/ 3276 | 78%/ 71% | 20%/ 18%
add 629/ 671 12%/ 8% 4%/ 4%
multiply 759/ 1017 | 16%/22% | 4.5%/ 6%

Table6: Performancédresults

Function/ Wildforce | SunUltra 10 | Pentiumll | Alpha
Equation (msec) (msec) (msec) | (msec)
sin/cos 70 750 480 220
tan~1 70 560 770 265
sin~1/cos™! 70 680 1220 335
Va 70 330 270 205
Ina 70 605 400 220
Va2 +y? 160 515 310 300
tan~1(vVt) + 0,14 160 520 970 500

Thesecondequatiorevaluateds asimplifiedsatellitenaviga-
tionalgorithm[14]. Navigationistheproces®f extrapolating
the positionof the satelliteat a particulartime giventhatthe
satellitewasin a known positionat a previous known time.
Navigation is frequentlyusedin satelliteimage processing,
wheretheonly dataavailableabouta givenimageis thetime
atwhich the satellitetook theimage. This may bedoneon a
perimage perscanline, or perpixel basis.Navigationis typ-
ically doneusingtheBrouwerLyddaneorbit predictionpack-
age,whichis too complex for implementatioron the current
testbedn asingleconfiguration.In this example,the orbit of
the satelliteis assumedo follow a completelycircular path,
and the original position and nen position are specifiedin
polar coordinateslt is assumedhatthe satellitehasa time-
varyingangularwvelocity which canbeintegratedanalytically
Thenavigationprocesghensimply becomesleterminingthe
new angleby addingtheold angleto theintegral of theangu-
lar velocity over the elapsedime. The resultingequationis
shavn below.

Orew = tan_l(\/i) + 0014 a7)

where,

0w IS thesatellitepositionafteranelapsedime,
0,14 is theknown initial satelliteposition,and
tistheelapsedime.

The equationwaspartitionedasfollows:
SPE1:\/t

SPE2:tan—! andtheaddition
SPES3:write theresultto SRAM

The data for t and 8,;; were input in the same manner
as a and b above. The equationwas partitionedin this
mannerto maximizeperformanceby preventingbottlenecks
at the bus betweenSPE2and SPE3or at SPE25 SRAM.
Again, the reconfigurablecomputing implementationout-
performed each workstation with speedupsranging from
3.1to 6.1. Theseresultsdemonstratehat reconfigurable
computingcannow provide a performancesnhancemerfor
an areathatit traditionally hasnot addressed With denser
FPGAs capableof handling more complicatedequations,
evengreaterspeedupsareexpected.

4.5 1/0O Consideations

It shouldbenotedthatwe do notcomparehe performancef
thesecomponentdor singleor smallnumbersof dataitems.
Sincethereconfigurableomputingplatform mustcommuni-
catewith the hostthroughl/O channelqi.e., the PCl busfor
theWildforce board),it cannotoperateasatrueco-processor
This providesan algorithmanddesignlimitation determined
by thel/O bandwidth.For this approactto provide a perfor
manceenhancementan algorithm or applicationmust per
form thesamecomputatioroverlargestream®f independent
data.



5. CONCLUSIONS AND FUTURE WORK

This paperhasdescribedheimplementatiorof severalcom-
plex floating-point operationsas numerical componentso
be utilized to enhancethe performanceof scientific algo-
rithms on reconfigurablecomputingplatforms. A hardware
efficient algorithm was usedas the core of eachoperation
andexpandedo handlefloating-pointvalues. Throughdeep
pipelining we achieved significant performanceimprove-
mentsover several currentworkstations Whenthesecompo-
nentsarecombinedinto even morecomplex equationsgven
greaterspeedupsanbeachieved. Theseresultsdemonstrate
thatreconfigurable&eomputingcanprovide significantperfor
manceenhancementfr mary scientificalgorithmsandil-
lustratesthe feasibility of RCADE. In the future, we will
continueto optimize thesecomponentdor integration into
RCADE. As necessarynorecomponentsvill be developed.
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