ON PORTABLE MACRO-CELL FPU GENERATORS FOR DIVISIONAND SQUARE ROOT OPERATORS COMPLYING TO THE FULLIEEE-754 STANDARD M. Aberbour, A. Houelle, H. Mehrez, N. Vaucher & A. Guyot*LIP6/ASIM Laboratory, Universit� Pierre et Marie Curie4, Place Jussieu, 75252 Paris Cedex 05, France *Integrated Systems Design Group, TIMA Laboratory,46 Av. F�lix Viallet, 38031 Grenoble Cedex, Francee-mail: habib.mehrez@lip6.fr*alain.guyot@imag.frABSTRACTIn this paper we investigate the design of macro-cellgenerators of division and square root floating-pointoperators. The number representation used in ouroperators is the IEEE-754-1985 standard for binaryfloating-point numbers. The design and implementationof the generators rely on a powerful multiview layoutsynthesis tool called GenOptim. This CAD tool is ableto output a set of different descriptions for several VLSItechnologies as well as FPGAs. The division and squareroot operators described in this paper use the signed-binary-digit representation. We start first by describingthe operators for the significand, then we investigate theIEEE floating-point operators. All along this paper, andwherever appropriate, we present the implementationresults using the GenOptim environment.1. INTRODUCTIONPortability and design time are crucial issues in anysystem design. The procedural generator concept hasproved to be of great interest since it allows the user toencapsulate his design knowledge into well-definedpackages and to retrieve this information withoutdifficulties and time penalty. So procedural generatorstend to become an essential part of state-of-the-art CADframeworks.The generators are built up from two distinct parts. Thealgorithm to be realised is proper to each generator anddescribed logically using virtual cells. The other part,called GenOptim, is common to all generators and mapsthe virtual cells on the target library and solvesautomatically the electrical and placement problems byanalysing the circuit and the target cells library.Generators of addition and multiplication arithmeticoperators have already been written using the GenOptimenvironment [1]. This methodology is now used to realisegenerators for division and square root operators. Theseoperations are not so frequent in common applications,but as processor speeds increase their latency may becomea penalising factor. The use of the borrow save notationand the similarity of the two operations division andsquare root both in fixed-point and floating-point schemesmotivated us to combine them in a single operator. Thiscombination is appealing for infrequent operation since itallows saving on area without compromising the speed.The paper is organised as follows: section 2 describes thegenerator concept and the GenOptim environment.Section 3 treats the fixed-point operators and all thetheory behind respectively the division, the square rootand their combination. In section 4 we investigate theIEEE floating-point operators. This paper ends bypresenting the implementation results and by drawing aconclusion from them.2. METHODOLOGYA methodology to design portable standard-cell generatorshas been developed [2]. This methodology is intended toease the task of designing and implementing IEEEfloating point arithmetic operators. The generator conceptis supported by two main ideas. First, in the field ofdesigning floating point arithmetic operators the designerhas a large set of number formats and precision. As far asthe IEEE standard [3, 12] is concerned, beyond the simpleprecision representation over 32 bits and the doubleprecision representation over 64 bits, there exists a hugeset of number formats in which the word lengths differ.These formats, called extended formats, increase theprecision of the numbers represented. The second ideadeals with the approach of floating point operators design.In fact, in order to realise these operators three mainalternatives may be considered [13, 14, 15, 16]. The firstis a full-custom realisation. This solution is ideal interms of surface and propagation time, as well as otherfactors, but unfortunately this solution leads to hugeamounts of design time and moreover the generators arenot portable. The second alternative is the realisation ofthe operators by means of logic synthesis from thebehavioral descriptions of the operators. This solution isextremely fast and portable but the complex operatorsmay lead to an explosion of the size of the circuit.Finally we have the solution of realising the operatorsadopting the approach of generators using data-path orstandard-cell libraries. This alternative gives the bestcompromise between logic synthesis and full-customrealisations.2.1 GenOptim CAD EnvironmentExperience has shown that generator programs are quiteoften written by VLSI designers, as they hold theempirical knowledge better anyone. However, their abilitydoes not necessarily include programming and debuggingabilities: these designers have to focus on the problem athand, not on the tools or the language they use to solveit. GenOptim has been created to quickly design efficientIEEE floating-point macro-cell generators that do not relyon particular target technologies. These macro-functions(shifters, multiplexors, priority encoders,...) are very common in the VLSI design world and may be used inmany different contexts.2.2 GenOptim : the ToolGenOptim is a VLSI CAD tool allowing a very fastimplementation of architecture ideas on differenttechnologies and different commercial sets of CAD tools.It furnishes the designer a set of high level C functionsallowing to write quickly the architecture, the testpatterns and the placement. During the mapping on thewanted technology placement and timing optimisationoperations are carried out by GenOptim.Generators created with this tool can be mapped on anystandard cell library (actually we have tried three differentlibraries: Cmos standard cell library, Cmos datapath celllibrary as well as FPGAs).Text

Mapping

AsimutHiloQuicksimAllianceCompassCadenceTextVHDL

Test vectorsNetlistLayoutDatasheetBehaviour

NetlistLayout

Layout

Library

Parameters

Genlib

GeneratorsGenOptimVirtual descriptionTarget technology

Figure 1: GenOptim description.As depicted in Fig. 1, the circuit generation starts with avirtual description (netlist and layout of virtual cells) ofthe circuit. Then, GenOptim maps the virtual descriptionto the target library and optimises the circuit.2.3 Generators DescriptionFrom simple parameters ( name of the circuit and thenumber of bits ), the generators create automatically anetlist view, a placement view, a behavioral view, testvectors and finally a file summarising all the circuitcharacteristics.The generators are built up from two distinct parts. Oneproper to each generator and describes logically thealgorithm to be realised using virtual cells. The other iscommon to all generators, called GenOptim that maps thevirtual cells on the target library and solves automaticallythe electrical and placement problems by analysing thecircuit and the logic cells library used.GenOptim allows the designer to concentrate exclusivelyon the algorithm to be realised. Furthermore it makes itpossible to undergo modifications without anyintervention on the source code of the generator.Consequently the developer of generators is neverbothered by the electrical, placement and timingconstraints.We list below some of the most important descriptionsfurnished by the generators.2.3.1 Placement ViewSeveral GenOptim directives such as row compression orslice reconfiguration modify the initial placement in orderto insert the generator in any specific topological contextand to obtain homogenuous physical structures.2.3.2 Netlist ViewIn order to enhance portability, GenOptim uses multipledrivers and is able to generate netlist and layout views forvarious CAD systems and technologies.One of the essential motivations behind the generatorapproach is the portability. So the generators use a libraryof virtual cells. A virtual cell is defined as a cell having aunique behavior but having many possible constructions.This allows the mapping of the generators over manydifferent technologies and libraries.2.3.3 The Datasheet ViewIt is a report of all timings and critical paths of thegenerated circuit. It is very useful when designing agenerator. The user can easily and quickly see where arethe critical paths and the evolution in performance/surfacefollowing the activated optimisations.3. FIXED POINT OPERATORS3.1 DivisionThe table below shows the notations and variables usedalong this part: ¯, �, ¥ denote XOR, OR and ANDoperators ; +, —, *, ‚ denote add, subtract, multiply anddivide. i, j, k, n represent integers.NumberDigit

Aajdividend or radicand

Ddjdivisor

Qpjquotient or square root

"qjsame Q in redundant notation

R(i)rjith partial remainder

R(i+1)sjnext partial remainder

˚R^(i) r-2 r-1 r0a 3-digit coarse estimate of R(i) cjborrow (negative carry tosubtract) gjborrow generate tjborrow transmit

Gij group generate

Tij group transmit

In common applications the division operation isconsiderably slower than addition or multiplicationoperations [4]. There are two approaches for the hardware implementation of division Q = A‚D. The Newton-Raphson method uses a series of multiplications andadditions to develop an increasingly accurateapproximation of the desired quotient Q. Its main interestis the use of readily available adders and multipliers [4, 5,6, 7, 8, 9, 10, 18, 19]. The digit-recurrence approachrelies on subtraction and multiplication by the radix "b"and by the quotient digits "qj".Step 0R(0) = A - D; Q(0) = 1

Step j £ 0 j £ n-1R(j+1) = R(j) - qj+1 * D * b-j-1

Q(j+1) = Q(j) + qj+1 * b-j-1

3.1.1 Cellular Array Division: Borrow SaveDivisionIn the borrow save radix 2 notation, each signed digit qj ˛ {-1,0,+1} is the difference of 2 bits (q-j - q+j ).This redundant notation [5] can be used for quotient digitsselection through the test of only 3 digits of the partialremainder [6,7] and for carry-propagation-freeaddition/subtraction as well. But the quotient has to betranslated from the redundant notation into a standard one.

d1a1

1a0tailheadtailrr-1r012rr3

2a23a34a45a5dddd tailtailtailheadtail tailtailr4000Figure 2. A borrow save divider arrayA combinatorial divider is a stack of n identical slices,each one formed out of a head cell and a linear array of ntail cells [10] as shown on Fig. 2.3.1.2 Slice of the DividerTo simplify the reading of Fig. 2, and since we areinterested in the jth slice only, let us putR = R(j) * 2j and S = R(j+1) * 2j .d2d1dn

r-2-qjq+-j

-+-+--++-+-+-+-+-+headtailtailr-2+r-1-r-1+r0-r0+tail1-r1+2-r2+rrrn-rn+s-1-s-1+s0-s0+1-s1+2-s2+sssn-sn+-++-++Figure 3. Slice of a radix-2 borrow-save dividerThe role of the head cells (Fig. 3) is to :1. select qj and the operation to execute2. execute this operation on the head digitsThe role of the tail cells (Fig. 3) is to execute theoperation dictated by the head cells on the tail digits.3.1.3 Equations of Head and Tail CellsAn improvement over paper [8] is to parallelise thequotient digit selection and the processing of theremainder three most significant digits [9].Since D =1+�˚nj=1 dj*2-j, -D =-2+�˚nj=1dj__ *2-j+ 2-n.So the iteration S = R - qj * D can be written:S=R+q-j *(1+�˚nj=1 dj*2-j)+q+j *(-2+�˚nj=1dj__ *2-j+2-n)The head cell preserves the identity: S^ = ˚R^ + q-j + q+j * (- 2)and the tail cells preserve the identity :( 2 * s+i-1 - s-i ) = ( r+i - r-i + q-j * di + q+j * di__ ).The bit s+n weighting (+2-n) is connected to q+j .3.1.4 Overlapped ConversionThe quotientQ(n) = �˚nj=1 q+˚j * 2-j — �˚nj=1 q-j * 2-j .In an n-bit binary subtractor, let us note Tij the grouptransmit and Gij the group generate, with 0 ‡ i‡ j ‡ n .We note ci the borrow.Tij means that the borrow propagates from position j upto i, that is ci+1 is equal to cj.Gij means that a borrow is generated somewhere betweenpositions j and i and propagated from this location up toposition i and thus ci+1 = 1. We haveTii = ti = q+i˚�˚q—i________ , Gii = gi = q—i and ci+1 = Gin .The n bits of the converted quotient are given by pi = ci ¯ ti.For any k such that 0 ‡ i ‡ k ‡ j ‡ n, (Tij , G ij ) can becomputed from (Tik , Gik ) and (Tk+1j ˚ ˚ , Gk+1j ˚ ˚ )as follows:(Tij , G ij ) = (Tik . Tk-1j˚˚ , Gik � Tik . G k-1j˚˚ ) . We note D the operator introduced by Brent and Kung[11] : (Tij , G ij ) = (Tik , Gik ) D (Tk+1j ˚ ˚ , Gk+1j ˚ ˚ ) .In Fig. 4 the icon for the D-cells is represented as

.Each wire carries two bits (T,G). It is easy to check thatD is associative so to give the same result the D-cells canbe connected in many different ways.

3.1.5 Speed-Area Trade-Off of the ConverterThe quotient is produced digit by digit, starting from themost significant one that has to be transformed intostandard notation by a subtraction.Fig. 4 show two ways of organizing the D-cells for thegeneration of carries in a 10-bit subtraction. We want theresult digits all at the same time, so the slice numbergives the time (expressed in D-cell delay) when the inputsmust be ready.

-1-2-3-4-5-6-7-8-9-9

-1-2-3-4-5-6-7-8-9

-9Figure 4. Converter�s architectureThe subtractor of Fig. 4 (left), with a complexity of 12

˚(n-1)2 D-cells seems well suited when the mostsignificant digits are the first to be ready but is indeedvery fast (but costly). Let us call s the ratio between thedelay of the D-cell and the pace at which the quotientdigits are computed by the head. If s>1, the twoconverters of Fig. 4 can be mixed. Fig. 5 gives differentshapes of the converter according to s.‚˚Q. Like the division we have two classes ofalgorithms: The Newton-Raphson that uses a series ofmultiplications and additions and the digit-recurrencemethod.3.2.1 Cellular Array Square RootThe digit-recurrence square root approach relies onsubtraction and multiplication by the radix b and by thequotient digits qj .

110a0 tailhead

200head tail30 tailtailtailtailtailtailtail tailtailtailtail taila40050aa67aa80090a111 trctrctrctrctrctrcp1p2p3 p4headhead000aaaFigure 6. Borrow save square root architectureStep 0R(0) = A - 1; Q(0) = 1

Step j 0 £ j £ n-1 R(j+1) = R(j) - 2 * qj+1* Q(j) * b-j-1 - qj+1˚2˚ * b-2j-2

Q(j+1) = Q(j) + qj+1 * b-j-1

It is easy to verify that A = (Q(j+1))2 + R(j+1) since(Q(j+1))2= (Q(j))2+ 2*qj+1*Q(j)*b-j-1 + qj+1˚2˚ *b-2j-2A borrow save square root is composed of an array ofcarry-propagation-free adders/subtractors, and a conversioncircuit that transforms the quotient from a borrow savenotation to a standard binary representation.In radix 2 the iteration becomes:R(j+1) = R(j) - 2 * qj+1* Q(j) *2-j-1 - (qj+1)2 * 2-2j-2Note that in borrow-save we have:(qj+1)2 = q+i+1 � q—i+1 = ti+1___ = 1 - ti+1 .The main skeleton of a borrow save square root operatoris the same as the one of the non restoring operator, thedifference resides in the fact that in the first one nopropagation exists and the next operation is determined byexamining the MSB’s of the partial sums ( Fig. 6).3.2.2 The TRC CellThe TRC cell carries out the construction of Q:Q(j+1) = Q(j) + qj+1 * 2-j-1Assuming that Q(j) = � ˚j˚i=0 pi * 2-i at step j then

Q(j+1) = �˚j˚i=0 (pi ¯ Tij . gj+1 ) *2-i + tj+1___ * 2-j-1i+1

Ti+1j˚ = Tij .ti+1 Gi+1j˚ = Gij � Tij . gi+1Ti+1j˚ = Tij .ti+1pj˚˚(i+1)= pj˚˚(i) ¯ Tij . g

i+1j˚TGi+1j˚iTj

Gijpj˚˚(i)iTjpj˚˚(i+1)Ti+1j˚

ti+1 gi+1ti+1 gi+1trcBrentKungFigure 7. The D-cell and TRC cell equationsThe square-root converter has the same structure as inFig. 4, the cells being slightly different. This convertercan not be optimised as proposed in section 3.1.5 sincefor the square root not only the final result Q(n) is needed,but the intermediate results Q(i) are used as well.3.2.3 Implementation ResultsA fixed point square root operator has been implementedusing the GenOptim tool. Shown in Fig. 16 and Fig. 17are two versions of the layout of the same size fixed pointoperators. In the first one no optimisation has beenactivated. We can notice the odd triangular shape of thelayout, this is due to the disposition of the cells buildingup the complete operator. In the second schematic a nicerversion of the layout is shown. In fact, placementoptimisations have been activated when generating theoperator. The optimisation shows to be of great interestsince it allows the compacting of the circuit.3.3 Square Root and Division CombinedBased on the architectures of borrow save division andsquare root, we imagined a combined operator for both ofthem. The circuit comprises a regular array of cells,fundamentally identical to the cells of separate operatorsthus only a few multiplexors are introduced.The similarities of the recurrence for division and squareroot are apparent so that their combination turns to be aneasy task [17]. We judge that this combination is ofconsiderable value. Considering the frequencies ofoccurrence of a division or a square root and theprobability of soliciting the system to perform the twooperations at the same time, we are convinced that thecombination of the two operators will be a contributionof value. The combination will lower down the siliconsurface, thus prize, and enhance the speed performance ofthe system.4. IEEE FLOATING-POINT OPERATORSThe IEEE floating-point operators must be created withgenerators because the precision (the width of theexponent-significand in bits) is not. The precision will bechosen following the needs of the application.According to Fig. 8, an IEEE operator is performed infour stages, which are the prenormalisation stage, theoperation stage, the renormalisation stage, and theexception computation stage.The prenormalisation stage consists of the effectivepreparation of operands A and B before the operation isexecuted. The renormalisation stage takes the result of theoperation and codes it in the IEEE standard format. Thisstage takes into account the rounding mode. At last,during the exception handling stage, some flags may beset whenever an exception condition has been detected.Figure 8. Main stages of an IEEE operator.4.1 IEEE Division4.1.1 ArchitectureAn IEEE division is more complex than a fixed pointdivision, since it includes operator prenormalisation andrenormalisation, exponent calculation and exceptionhandling.

4.1.2 Practical ResultsMany floating point operators have been generated andvalidated, we present below some implementation resultsrelated to a simple precision (8:23 bits) IEEE divider(Fig. 10). All the results presented in this paper are for a1mm technology.operationtransistorsnb.size (mm2)propagationdelay8:23 divider 500009888 x 5598 300 nsFigure 10. Characteristics of a simple precision IEEEdivider4.2 IEEE Square Root4.2.1 Architecturepropagationdelay8:23 squareroot 4000011328x4684 290 nsFigure 12. Characteristics of a simple precision squareroot IEEE operator4.3 IEEE Square Root and Division4.3.1 ArchitectureThe realization of the separate operators for division andsquare root encouraged us to consider the design of acombined IEEE floating point operator. This is of acourse a harder challenge. A careful study of the separateoperators shows that the same material is "reused" forboth operators. A very few multiplexors (taking a verysmall space) have been introduced in the combinedoperator.We think that there is no need to lay down every singledetail of the overall architecture of the IEEE combinedoperator. The main idea that must be kept in mind is thatan IEEE operator skeleton is the same for any operation.we will always encounter the now traditional stages of theIEEE operators, i.e., prenormalization, exponent,normalization and exception handling stages. (Fig. 13)The signal divrac selects the operation to be carried out (1for division and 0 for square root).propagationdelay8:23 divider& square root 6000014000x5000 340 nsFigure 14. Characteristics of a simple precision combinedoperator for division and square rootA layout of the IEEE floating point operator forcombined division and square root is depicted in Fig. 18.

5. CONCLUSIONThis paper has been considering the design andimplementation of portable standard-cell generators ofarithmetic operators satisfying the IEEE 754 standard forbinary floating-point arithmetic under the GenOptimenvironment.The GenOptim VLSI CAD tool is of great value as itallows the rapid and efficient design of macro-functionsthat can be reused in larger designs. We believe that inlight of production of Intellectual Property (IP) cores, thistool will be of great interest.The motivation behind the realisation of the combinedoperator are the similarities of the division and square rootoperations and the borrow save notation used in both ofthe cellular arrays to implement the two operators.The combined operator offers the advantages of speedingup of the overall system and considerable gain in surface,thus cost. The table below shows some results of thefloating point IEEE arithmetic operators implementedusing the GenOptim CAD environment. Fig. 15.operatortransistorssizedelay8:23 divider 50000 9888x5598 300 ns8:23 square root 40000 11328x4684 290 ns8:23 square root& division 60000 14000x5000 340 nsFigure 15. Implementation resultsOur contributions in the field of computer arithmetic andVLSI design and architectures are the GenOptim tool andthe implementation of up to now theoretical algorithmsand the combination of the two operations of division andsquare root in a single operator, both in fixed-point andfloating-point schemes.REFERENCES[1]Houelle A., Mehrez H., Vaucher N. "On portableMacro-cell generators using the fully 754-IEEE standard", proc. ICSPAT 94, Dallas Texas USA, Oct. 18-21,1994, V2 pp1749-1754.[2]Houelle A., Mehrez H., Vaucher N., M�hodologiede conception de g�n�rateurs portables de macro-blocsfonctionnels optimis�s en surface et en performance,MASI report, December 1993.[3]ANSI/IEEE,IEEE Standard For Binary Floating-Point Arithmetic, ANSI/IEEE transaction, Std 354-1985.[4]Cavanagh J.J.F., Digital Computer Arithmetic,Design and Implementation, McGraw-Hill, computerscience series,1984.[5]Avizienis A., Signed number representation forfast parralel arithmetic , IRE Transaction on ElectronicComputer vol. EC-10, September 1961.[6]Robertson J.E., The correspondance betweenmethods of digital division and multiplier recodingprocedures, IEEE Transactions on Computers, vol. C-19Nb. 8, August 1970.[7]Tocher K.D., Techniques of multiplication anddivision for automatic binary computers, Quart. Journ.Mech. Appl. Math. Vol. 11 Nb. 3 1958.[8]Vandemeulebroecke A., Vanzieleghem E., & al.,A new carry free division algorithm and application to asingle chip RSA processor, proc. ESSCIRC�89,Vienna, Austria, 1989.[9]William J., Hamacher V.C.,"A linear-time dividerarray ", Canadian Elec. Eng. Jour. Vol. 6, Nb. 4, 1981.[10]Moussa I., Guyot A., Rost. P.,"Design andcomparison of GaAs and Cmos redundant dividers˚",proc. ESSCIRC�93, Sevilla, Spain, 1993.[11]Brent R., Kung, H. T., A Regular Layout forParrallel Adders, IEEE Transactions on Computers, volC-31, 1982.[12]D. Goldberg, "What Every Computer ScientistShould Know About Floating-Point Arithmetic " ACMComputing Surveys, Vol. 23, No. 1, March 1991.[13]D. Johansen, "Bristle blocks: a silicon compiler "proc 16th ACM IEEE DAC, San Diego, June 1979.[14]A. Greiner, F. P�cheux "ALLIANCE: A completeSet of CAD Tools for teaching VLSI Design ", proc.Third Eurochip Workshop, p 230-237, 1992.[15]"The VHDL Language Reference Manual ",Intermetrics, Inc., version 7.2, Aug. 1985.[16]A. Compan, V. Delorme, J-A. Fran�ois, H.Mehrez, F. P�cheux "F-Risc: A 32 bits floating-pointunit integrated in a Risc processor for embedded system" proc. ICM92, Monastir Dec 19-21 1992 pp 6.1.2.1-4.[17]McQuillan S.E., McCanny J.V.,"New algorithmsand VLSI Architectures for SRT division and SquareRoot ", proc. IEEE symp. on Computer Arithmetic,1993, pp80-86.[18]Muller J-M., " Arithm�tique des ordinateurs,op�rations et fonctions �l�mentaires ", Masson, 1989.[19]Guyot A., Montalvo L., Houelle A., Mehrez H.,Vaucher N.,"Comparaison of the layout synthesis ofradix-2 and pseudo-radix-4 dividers ", proc. 8Th IEEEInternational Conference on VLSI design, New Delhi,India, January 1995.FIGURES