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In this dissertation floating-point arithmetic circuitsr fimultimedia processing are
designed. The arithmetic operations floating-point ad@tithg-point multiply, floating-
point multiply-add and floating-point division are resdad and specific hardware de-
signs for them are implemented. The multimedia instrustiame single instruction multi
data (SIMD) type instructions. Hardware designs that perfoperations on packed data
increase the speed of the execution of floating-point meitiia instructions. In this dis-
sertation, multiplication, addition, subtraction andipeccal operations are speed up and
additional functionalities are added using packet floapogt numbers.

Key Words: multimedia, hardware, design, floating-point, SIMD.
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Bu tezde ¢oklu ortamlarda igin kayan-nokta aritmetikreéderi tasarimlari yapiimistir.

Bu amacla kayan-nokta toplama, kayan-nokta carpma,rkaglta carp-topla ve kayan-
nokta bolme aritmetik islemleri arastirildi ve 6zelndmim tasarimlari gergeklestirildi.
Coklu ortam yonergeleri tek yonerge coklu veri tipi {8D) yonergeleridir. Paketlenmis
veri Uzerinde islem gercgeklestiren donanimlar kayakta ¢oklu ortam yonergelerinin
isletiime hizini artirir. Bu tezde de ¢arpma, toplamagma ve bire bolme islemlerinde
paketlenmis kayan-nokta sayilar kullanilarak coklaorislemlerin gergeklestiriimesinin
hizlandiriimasi ve beraberinde fonksiyonel gelistirenslaglanmistir.

Anahtar Kelimeler: coklu-ortam, kayan-nokta, donanim, tasarim, SIMD.
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1. INTRODUCTION

Multimedia can be defined as multiples of media integrateeéttoer (Buford, 2007).
The term media can be text, graphics, audio, animationpvidelata. Other than media
integration, multimedia sometimes used for interactiyees/of media like video games.
Multimedia has become an important in industry, educati@hentertainment. The infor-
mation from televisions, magazines, web pages to moviebeahought as multimedia
streams. Advertising may be one of the largest industrygusialtimedia to convey their
messages to people (Buford, 2007). Another popular use tiimadia is interactive ed-
ucation. Human beings can learn with their senses, espewiiéh sight and hearing. A
lecture that uses pictures and videos can help an individaah and retain information
much more effectively. Online learning applications repkthe physical contact of the
teacher by multimedia content and offers more accessiatailgg environment.

One of the most popular multimedia application area is thglgics. At the beginning
2D graphics applications were considered quite satisfyiHgwever new applications
raised the bar to 3D graphics(Hillman, 1997). Engineeriddd@Computer Aided De-
sign)/CAM(Computer Aided Manufacturing), scientific vadization and 3D animation
becomes important aspects of multimedia. Graphic praggssiquires large computa-
tions that can be performed via specialized hardware inrgéparpose microprocessors
extensions. Graphics processing applications are sugipoid extensions. These exten-
sions consist of instructions that operate on packets @&. dahis type of instructions
perform a single operation on all the data in the packet, wis&nown as SIMD.

SIMD instructions entered to personal computing world withntel's
MMX(Multimedia Extension) instructions added to the x86stmuction set (Lem-
pel, Peleg, Weiser, 1997). Motorola introduces the Altivestructions to PowerPC G3
and later a better version to PowerPC G4 processor (Diefén@ubey, Hochsprung,
Scale, 2000).

The term SIMD(Single Instruction Multiple Data) is a proses structure which a
single instruction manipulates multi data structure. Aeah be seen from the Figure
1.1, a SIMD processor uses a property of the data streandcdta parallelism When
large amount of uniform data, that needs same instructidioqmeed on it, requires data

parallelism. For example an application which fit to SIMD mi®n is applying a filter
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to an image. When a raster-based image has to filtered, theefgdenhas to be applied to
all pixels of image. The computation of filter equations faclk pixel is the same. That

means there is single operation to be performed on multguie. d

Output Output

Figure 1.1 SSID vs SIMD Structure.

Today, many general-purpose processors have multimet@asgns that increase
the performance for 3D applications. Processors from AMignced Micro Devices)
support 3DNow! and 3DNow!+ (AMD, 2000). These extensiongehadditional 21
instruction for supporting packed floating point arithraetnd packed floating point com-
parison (Oberman, Favor, Weber, 1999). Intel has impleete8SE (Streaming SIMD
Extension) since the Pentium 3 processor with support toCs$vigle precision floating
point operations, 64 bit integer SIMD operations also caabibty control, prefetch and
instruction ordering operations The SSE2 and SSE3 weredated with the Pentium
4 processor (Singhal, 2004) with support to on packed depigeision floating oper-
ations and packed byte,word doubleword and quadword apesaand the SSE4 were
introduced with the Core platform (Varghese, 2007), giveupport to packed double-
word multiplies, floating-point dot products, simplify pexl blending, packed integer
operations, integer format conversions (Intel, 2007).

Another trend to increase the performance of graphics peneg is the use of graph-
ical processing units’(GPU) computational power (Macadp2003). With the intro-
duction of GeForce 256 processor from NVIDIA in 1999, gragttard’s processor can
be used as co-processor in graphics calculations. Sinee tta@ds are designed to exe-
cute fast graphics operations, they have high performaaraliel processing units. The

GeForce 3 has the first programmable vertex processor éxgargrtex shaders, along
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with a configurable 32-bit floating-point fragment pipelipeogrammed with Microsoft
DirectX8 and OpenGL. The Radeon 9700, introduced in 20G#ufed a programmable
24-bit floating- point pixel-fragment processor prograndnvath Microsoft Direct X9
(Charles, 2007) and OpenGL (Open Graphics Library) (Col®52. The GeForce FX
added 32-bit floating-point pixel-fragment processorseSehGPUs has has a register-
based instruction set including floating-point, integér,donversion, transcendental, flow
control, memory load/store,and texture operations. Figgboint and integer operations
include add, multiply, multiply-add, minimum, maximum,rapare, set predicate, and
conversions between integer and floating-point numberad(lolm, Nickolls, Oberman,
Montrym, 2008). Recently, Nvidia has introduced CUDA(CartgopUnified Device Ar-
chitecture), which is a general purpose parallel compudnayitecture that leverages the
parallel compute engine in NVIDIA graphics processing sifiePUs) to solve many
complex computational problems in a fraction of the timeuregg on a CPU (Garland,
Le Grand, Nickolls, Anderson, Hardwick, Morton, Phillip&go, Volkov, 2008).

This dissertation presents multi precision and multi fioral floating point units
that can be efficiently used in graphics processing. Thel git@vious work shows
that there is a considerable research effort on increasiagérformance of multime-
dia applications. Leading chip manufacturers introducesewa extension almost ev-
ery year. The presented units also support dot product medash have never been
implemented on any FPMAF(Floating Point Multiply Add Fuyetésign. The quad-
precision FPMAF has two dot product modes: One of these mpelésrms two double-
precision floating-point multiplications and adds theiogucts with another double-
precision floating-point operand; the other mode perforous §ingle-precision floating-
point multiplications and adds their products with an osiagle-precision floating-point
operand. The double-precision FPMAF has only one dot prochaxle that performs
two single-precision floating-point multiplications andds their products with another
single-precision floating-point operand. The proposedgissachieve significant hard-
ware savings by supporting these functions in one unit atst# using a separate circuit
for each mode.

The Dot product is also called scalar product. It takes tb meanber vectors and

generate a real scalar value. It is inner product of orthmabEuclidean space (Arfken,
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1985). From the definition, dot product is very useful in getne and physics calcula-
tion. Two and Three dimension computer graphics deal with lod them. Our design
simplifies and also speed up these type of calculation. Téests instruction making
similar calculation in todays popular processor multinaegitensions. The Intel Pentium
4 has single precision dot product instruction begin from 88E 4 (Intel, 2007). The
AMD processor has an accumulate multiplication in its 3Dnowltimedia extension
which also do similar computation. (Amd, 2007)

A multi-precision floating-point adder design that overesnthe performance degra-
dation caused by format conversion operations. The prapossti-precision floating-
point adder design can perform four half-precision (in NVAOJormat)(NVidia, 2007)
floating-point additions or two-single precision floatipgint additions or a single double-
precision floating-point addition. In low-precision opgoa modes, the results are gener-
ated in parallel. A floating-point adder with the proposeqlclionality is not reported in
the literature. Floating point addition is used in many pkbence it is one of the most
common operation. Packed floating point can speed up fijeyperation of images by
accessing multiple data. Both popular general purposeepsars have packed single pre-
cision floating point addition instructions in their muliaia extension instructions sets
(AMD and INTEL, 2007).

The following contributions are made by this dissertations

e A multi-precision floating point adder/subtractor is desd that support half, sin-
gle and double precision floating-point additions (Ozhil@onk, 2008). Compared
to a single-precision floating point adder the proposed impuéicision design can
compute four half precision or two single precision additsimultaneously. There-
fore the performance of a single-precision addition candaghted and half preci-
sion addition can be quadrupled with the proposed desigaddiition to these ad-
vantages, to our best of knowledge, the proposed adder ailienulti-precision

adder that supports half precision addition reported iitegture.

e A floating point multiplier design method that supports $&ngnd double preci-
sion multiplication is designed (Gok and Ozbilen, 2009kgsifle double precision
multiplication, the proposed multiplier can simultandgyserform two single pre-

cision multiplication within the delay of a standard douptecision multiplication.
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One of the main advantage of the proposed design methodas lbe applicable to

all kind of floating point multipliers.

e A multi-precision floating point multiply add fused desigrethod is introduced
and using this method a double precision multiply add andadquple precision
multiply add designs are implemented (Gok and Ozbilen, 2008e proposed dou-
ble precision multiply add fused supports single and dopi®eisions multiply-add
operations and single precision dot-product operatioe. groposed quadruple pre-
cision multiply add fused supports single, double, and qugalé precision multiply
add fused operations and single and double dot product topresa Compared to
the previous state of the art double-precision multiplg-adsed designs presented
in (Huang, Shen, Dai, and Wang, 2007) and (Jessani and 8ufr@®8) and the
proposed double-precision designs have the followingatdges: The dot product
operation mode which may double the performance of a matuitiplication. An-
other novelty of this design is in dot product mode the roogdirror is decreased
since only one rounding operation is performed whereas gumtuct operation

with a multiply add design requires rounding as much as tmebaur of iterations.

e The quadruple precision multiply add fused design is very imacademic research
though there exist recent designs by main chip manufactuférerefore the design
is compared with a quadruple multiplier presented in (Akkashulte, 2006) the
proposed quad-MAF has 3% more area and approximately the datay com-
pared to the reference design however the functionalithefdesign far exceeds

it.

¢ A floating point reciprocal unit design method that is basedh® previous design
methods is presented (Ozbilen, Gok, 2008). The doublegoecieciprocal units
designed with this method supports two single precisioiprecal operation with
nearly same delay. This unit can be also enhanced by couplthgoroposed dou-
ble precision multiply add fused unit to support divisiorecgtion, divide and sum
or divide by subtract. This design is compared with the degigesented in (Ku-
cukkabak, Akkas, 2004). Compared to the reference desmpritposed design

can perform two reciprocal operation in the same criticéhyle
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e In general, all the proposed designs overcomes the addititatay due to the for-
mat conversion. Format conversion adds extra delay to ctatipo if a smaller
precision operation is performed using a larger precisian Un that case smaller
precision operands are converted to the larger precisidratiar the operation the

large precision result is converted back to the small pir@ti®rmat.
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2. PREVIOUS RESEARCH

This section explains floating point number formats, flagapoint addition, subtrac-
tion, multiplication, multiplication-add fused, divisicand reciprocal operations and de-
scribes basic implementation methods for those operatiims section also presents
some of the significant previous work on floating point citswescribed for multimedia

operations based on patents and/or research papers.

2.1 Floating Point Description

The floating point format is used to represent very big or \@nall real numbers
in computers or calculators. A floating point number comssistthree parts: A sign bit
that shows whether the number is positive or negative, anrexqt which represents the
position of the radix point, and a mantissa which represtm@digits of the number’s
magnitude. The sign, exponent and mantissa are placed as shd-igure 2.1 where

sign is the most significant bit. This placement makes corspaiof the numbers easier.

| Sign | Exponent Mantissa

Figure 2.1 Floating Point Number Parts.

Since the acceptance of the IEEE standard in late 80s, ftpatimt hardware in
modern processors abide the rules dictated by IEEE-754latdr(IEEE, 1985). This
has increased the portability of the floating-point appiamas. Due to general demand
the standard is undergoing modifications (Microprocessandards Committee, 2006).
The current draft of the standard can be accessed from AMS#(kan National Stan-
dards Institute) -IEEE Standard 754. The main differenetwéen the current draft and
the IEEE-754 standard are the inclusion of decimal floatiomtpnumber formats and
guadruple precision format and exclusion of extended pi@tiformats. The single and
double precision formats are kept unchanged. The advaofadés notation is that the
point can be placed so that long strings of leading or trgiliaros can be avoided. The
specific place for the point is typically just after the leftsh nonzero digit. Because of

this the leftmost digit of the significant can’t be zero. Thisallednormalization So,
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there is no need to express the point explicitly which is BrddPopular general purpose
processors such as, the Intel Pentium and the Motorola 68€0€s provide 80 bit ex-
tended precision format, which has 15 bit exponent and 6#aiitissa, with no hidden
bit.

The IEEE-754 standard has two different precision types:sihgle, which has 32
bits data width, with 8 bit exponent and 23 bit mantissa aeditbuble, which has 64 bits
data width, with 11 bit exponent and 52 bit mantissa. Thelsiagd double formats are

shown in Figure 2.2.

31 |30 23 | 22 0

S e m

(a) Single Precision

63 |62 52 | 51 0

S e m

(b) Double Precision

Figure 2.2 Single and Double Precision Formats

The exponent is biased bf2 — 1 = 127, so that exponent’s range is -126 to +127.

For the normalized numbers, the number has value
V=sx2°x1m (2.1)

where
s= +1 for positive numbers when the sign bitis 0
s= —1 for negative numbers when the sign bitis 1
e = exponent- 127 exponent is stored with 127 added to it, also called Hiastn 127.

m = the mantissa with leading one, wherell.m < 2

Since both formats have finite area for representing reabeus)the numbers have to be
approximated while they are converted to floating-pointespntation. Through out the
text IEEE-754 format floating point numbers are referred @tithg-point.

The single-precision format representation of 0.1562%h@wvn in Figure 2.3.
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S | Exponents (8 Bits) Mantissa (23 Bits)
0/011111000100000000000000000000O0
31 30 23 22 00

Figure 2.3 Single Precision Floating Point RepresentatiidReal Number 0.15625

2.2 Floating Point Rounding

Floating point numbers is used to represent the real numbatssometimes these
numbers can not be represented exactly. In this case thefgadint number is rounded.
For example the real number 0.1 can not be represented exadiEEE-754 format
(IEEE, 1985).

0.1=00011001100110011001100 (2.2)

When it is rounded to single precision format it is represdras

s=1001100110011001100110@ = 01111011(-4) s=0 (2.3)
The exact decimal value after conversion is
s=0.09999994 (2.4)

The difference between two consecutive floating-point nemrslvhich have same expo-
nent is called unit in last placailp). For numbers which has exponent of O, @p is
exactly 2-23 or about 10 in single precision, and about 1# in double precision.The
IEEE-754 standard has four rounding modes: Round to neavest round up or round
toward positive infinity, round down or round to negativenit§y and round toward zero.
The IEEE-754 standard accepts round-to-nearest even asltkefunding for all funda-
mental algebraic operations (IEEE, 1985). Consider a figatumberx is between to

real numberf; andRy, that meanf; < x < Ry, has to be rounded.

2.2.1 Round to Nearest Mode

In this mode, the inexact result is rounded to the nearerefilo adajent values. If

the resultis in the middle, then the even alternative iseho$his rounding is also known



2. PREVIOUS RESEARCH Metin Met®ZBILEN

asround to evenlt can be formulated as

R1 if Xx—Ry| < |x—Rg|
Rnd(x) ={ R, if |x—Ry| > [x— Ry (2.5)
EvenR1,Ry) if [X—Ry|=|X—Ry|
For example, 0.016 is rounded to 0.02 because the next @igag 6 or more; 0.013 is
rounded to 0.01 because the next digit '3’ is 4 or less; 0.8I®unded to 0.02 because
the next digit is 5, and the hundredths digit '1’ is odd; 0.@gt50unded to 0.04 because
the next digit is 5, and the hundredths digit '4’ is even; 0% is rounded 3.05 because

the next digitis 5, but it is followed by non-zero digits.

2.2.2 Round to Positive-Infinity

This mode rounds inexact results to the possible value rctosgositive infinity. It
can be formulated as
Rnd(x) = Ry (2.6)

For example, 0.016 rounded to hundredths is 0.02; 0.013Jexlito hundredths is 0.02.

2.2.3 Round to Negative-Infinity

This mode rounds inexact results to the possible value cctoseegative infinity. It
can be formulated as
Rnd(x) = Ry (2.7)

For example, 0.016 rounded to hundredths is 0.01; 0.013Jexlito hundredths is 0.01.

2.2.4 Round to zero

This mode rounds inexact results to the possible value ictosgro. In other way the

result is truncated. It can be formulated as

Ri ifx>0
Rnd(x) = (2.8)
Ry ifx<O0

For example, 0.016 rounded to hundredths is 0.0;

10
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Examples for rounding modes are summarized in the Table Phk real number
1.0016 is digitized to 40 bits and its rounded to single preci€3 bits versions are given

in binary and decimal.

Table 2.1 Rounding Modes Examples

No Round 100000000011010001101101110001011101D11 1.0016
Round-to-Nearest 100000000011010001101110 1.0016
Round-to-Positive Infinity 100000000011010001101110 1.0016
Round-to-Negative Infinity 100000000011010001101101 1.0015999
Round-to-Zero 100000000011010001101101 1.0015999

2.3 Floating Point Special Cases

Following special are cases usually indicated by flags fatithg-point operations:
Overflow when the exponent is incremented during normalizationrandding step. If
exponentE > 255, the overflow flag is set and result is settt®. Underflow when the
exponent is decremented during normalization and if expoee= 0, the underflow flag
is set and fraction is left unnormalizedero, when the mantissa is zefé,= 0 andF =0
then zero flag is setnexact when the guard bits are all one than inexact flag is set. Not

a number NAN), when one of the operand or both is a NAN, then result is SEXN.
2.4 Floating Point Operations
2.4.1 Floating Point Addition and Subtraction

The most popular floating point operation is floating poirdiidn. The addition of
two floating point numberX = S,- 25« My andY = S, - 2% - M, can be formulated as

(—1)5 - My+ ((—1)Sy My x 2(EV*EX)> if x> Ey

M, =
((_1)& My % z(Ey—Ex)> +(—1)¥-My if Ex<Ey

(2.9)
E; = max(Ex, Ey) (2.10)

11
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whereZ = S,- 282. M, is the result.

The floating point addition operation begins with equalaatof the exponents of
operands. The number with small exponent is equalized by ghifting the mantissa
while increasing the exponent by one with each shift. Thisrafion is known aslign-
ment After alignment of the mantissas the effective operatakes place. The effective

operation base on the signs is shown in Table 2.2. The expohéme result is chosen

Table 2.2 Effective Operation

Floating-Point Operation | Signs of Operation | Effective Operation(EOP)
Add equal add
Add different subtract
Subtract equal subtract
Subtract different add

from one of the equalized exponents. The sign of the resualeisrmined by selecting
largest operand. After the operation the result might megonbrmalization operation.

There results might be in one of these three forms:

1. The resultis already normalized.
2. When the effective operation is addition, there mightieeerflow in the mantissa.
3. When the effective operation is subtraction, there miighieading zeros.

For the second and third forms of result has to be normalipeldaacording to the nor-
malization shift amount the exponent has to be updated. ihgadne Dedector (LOD)
determines the position of the leading one in the result.

After normalization and exponent update, rounding takesepffor the result. The
alignment of mantissa may increase the operand size of $hé.rdo obtain correct result
only three additional fractional bits are sufficient. Thegs are calledyuard bits They
are guard@), round R), and sticky T), which are shown in Figure 2.4, whdfedenotes
the fractional part of mantissa. Round to nearest evanode result is rounded up if
G =1 andRandT are not both 0 and round to everGf= 1 andR=T = 0. In Round

towards zeranode result is truncated. IRRound toward positive infinitgnode result is

12
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LGRT
1.@<xxxxxxxxxx§xxx
hvd

F

Figure 2.4 Additional Bits Used for Rounding

rounded up ifG,R, andT are not all zero. IrRound toward positive infinitnode result
is rounded up iG,R, andT are all zero.

The basic floating point adder is shown as a block diagramguargi 2.5. The function
of each block is explained as follows. TR&ponent Differencanit computes difference
of the exponents. The sign bit of the difference is used tecs¢he greatest exponent
which realizes Equation 2.10. This sign bit is also used kyStvapunit to decide which
number has to be aligned. TEP unit performs the effective operation given in Table
2.2. TheAlignmentunit right shifts byd digits. TheAdd/Sulunit performs the effective
operation. TheéNormalizationunit performs normalization based on the value generated
by LZAunit. TheLZAunit anticipates the number of leading zeros. The normaliesult
is rounded by th&®oundunit and the mantissa of the result is generated. Based amvthe
signalExponent Updatenit increments the exponent value and the exponent of fudtre
is generated. Th8ignunit determines the sign of operation depending on inpuissesnd

result of effective operation.

2.4.2 Floating Point Multiplication

Floating point multiplication is another popular operatigsed in floating point oper-
ations. The floating point multiplication is performed favdting point numberg andy

and productk as

M, = 1.My x 1.My (2.11)
E;=Ex+Ey (2.12)
S =S®S (2.13)

whereMy, My, andM; are mantissagy, Ey, andE; are exponents ang,, S, andS; are

signs of the operands, Y, and the resulZ, respectively.

13
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The computation of Equations 2.11-2.13 can be performedialigl. The addition
of the exponents in biased representation is performed dygdhe exponents and sub-

tracting the extra bias that comes from second operand. pé&&tion is expressed as
Es:=Esx+Egy—B (2.14)

whereB is the bias value. Exponent addition can be performed byguast carry propa-
gate adder (CPA) (Koren, 2002).

The sign of the result is evaluated with ZDRgate. The mantissa multiplication is
usually performed by a fast parallel multiplier. Some of gogular multipliers used in
mantissa multiplication are unsigned-radix-2, signedddaWooley (Baugh and Wooley,
1973) and signed Booth (Booth, 1951). These methods arefasggnerating multi-
plication matrix. Then these values are reduced to cawg-sactors using reduction
methods like Wallace (Wallace, 1964) or Dadda (Dadda, 18&@)ction. The final re-
sult is obtained by using a final CPA. The multiplicationrebit mantissas generates a
2n-bit product,P. But, only then-bits are needed in results, others are used in generation
of guard bits. The sticky-bit is computed in parallel witketmultiplication. Then—2
least significant bits oP are not returned as a part of the roundRedbut for rounding it
is important to know if any of the discarded bits is a one. Tiekg-bit represents this
situation (Gok ve Ozbilen, 2008). The trivial method for geating sticky simply ORs
all then— 2 least significant bits oP. The sticky-bit can also be determined from the
second half of the carry-save representation of the praq@estick, 1994; Yu and Zyner,
1995). In Bewicks design a 1 is added into the partial protheet, and later is corrected
during the addition of sum and carry vectors by setting threyea input of the CPA to
one (Bewick, 1994). Yu and Zyner presented a method thatrdetes whether the sum
of sum and carry vectors is a zero, without performing a cgsrgpagate addition (Yu
and Zyner, 1995).

After the multiplication step, normalization of the mastasstep is performed. When
My > 1 andMy < 2,the result is in the rangé, 4) so a normalization by shifting right one
position might be needed. There is no left shift normal@ais needed in floating point
multiplication. Mantissa is rounded as in the floating paiddlition.

The block diagram of a simple floating point multiplier cand®en in Figure 2.6.

In the figure, theExponent Additiorunit computes the Equation 2.14. TMultiplier

15
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Ex Ey My M,y Sy Sy
Exponent Parallel Tree Sign
Addition Multiplier

C-S Output

S Lc
CPA Sticky
¢ T
Y

Exponent ~~— Normalize

Update |==— Round
rnd | *
l l Y
E VA IVIZ SZ

Figure 2.6 Floating Point Multiplier.

generates the product of the mantissas in carry-save forifa¢ sign of the multipli-
cation is computed by an XOR gate in tBggnunit. (Gurkayna, Leblebicit, Chaouati,
McGuinness, 2000; Beaumont-Smith and Lim, 2001), Carrglatnead Adders (Yu-Ting
and Yu-Kumg, 2004; Fu-Chiung, Unger and Theobald, 2000;gVaallien, Miller and
Wang, 1993) or Carry Skip Adder (Min and Swartzlander, 2@@@iyca, Schulte, Gloss-
ner, Horan, Mamidi, Balzola, Vassiliadis, 2004). At the saiime these vectors are used
by the Stickyunit for sticky bit computation. After the unnormalized uéts are normal-
ized in theNormalizationunit, theRoundunit performs rounding. ThExponent update
unit updates the exponent depending on the normalizationaamding operations (Even,
Mueller and Seidel, 1997; Gok, 2007; Even and Seidel, 200@c, Takagi and Flynn,
2004).

16
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2.4.3 Floating-Point Multiply-Add Fused (FPMAF)

The FPMAF unit calculates
Z— (X xY)+W (2.15)

whereX,Y, W and Z are the operands represented wilih,Ex),(My,Ey) and Mw,Ew)
respectively and resul is represented withMz,E;). All the mantissas are signed and
normalized. This reduces the number of interconnectiomwd®n units and provides
accuracy more than separate multiply and add units. Theracgwomes from single
normalization and rounding step instead of two. The FPMAflmaalso used to perform
addition and multiplication by setting = 1.0 orW = 0.0, respectively (Ercegovac and

Lang, 2004).Floating-Point multiplication add fused @irm is defined as
M, = (—1)(5PS) 1 My x LMy + (—1)S - My, - 2(ExEy-B-Ew) (2.16)

where the operands = S.- 25 My, Y = S,- 25 .My andW = S, - 25v. M,,. B is bias
value.

Mantissa multiplication oMy andMy is performed by a fast parallel multiplier similar
to Floating-Point multiplication. Addition of exponeris andEy and determination of

alignment shift for operaniil,, for biased exponents can be expressed in Equation 2.18

whered is distanceB is bias valuemis 1+length of fractional part, 3 is for extra guard
bits.

The main part of FPMAF is the mantissa multiplier. After thengration of mul-
tiplication matrix and reducing them to carry and sum vextofrhe final adder can be
modified to add a third floating point numbeéf{. This addition can be realized with a
Carry-Save-Adder (CSA) and a Carry-Propagate-Adder (GQPR)ris and Sutherland,
2003).

The alignment of th&V can be performed in parallel with the multiplication of man-
tissas. The size of the shifter isn3+ 2 bits. 2n comes from the result of multiplication

and In from the third floating point number. There are 2 more bitg t@en be used as

17
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guard-bits. To avoid bidirectional shift operation. Theledd is positioned ah+ 3 bit
left to the product in the shifter. So, only right shiftingasrformed when necessary.

The 3n+ 2-bit 3-2 Carry-Save-Adder (CSA) is used for addition ofBit Carry and
Save vectors produced by multiplier with alignkkl,. The unnormalized resultant man-
tissa is obtained after 2-1 carry propagate adder (CPALeSime leftmostn+ 2 bits of
adder input are always 0, the adder can be divided into arr ashdiean incrementer. The
normalization of FPMAF is performed as in Floating- Pointditen. The leading one
detector locates the position of one. The left shifter caft ap to 2m position. Addi-
tionalmpositions comes form initial position of adder operandse &kponent is updated
based on the shift amount. Rounding of mantissa is perfoafted normalization. The
rounding is performed as in Floating-Point Addition witht@ny change. The determi-
nation of special values of Floating-Point Addition witht@ny change is applicable to
FPMAF design.The FPMAFs are usually pipelined to increbsdhroughput. A typical
pipelined FPMAF design, which has 3 stages is shown in Figure

The description of the functional blocks is explained asofes: Themultiplication
matrix unit generates the products in parallel with the alignmént/o Distanceunit
computes the right shift amoudt Also the exponent with greater value is selected be-
tween sum of exponents, andEy, andEy, in this unit. Then, the aligned additive and
vectors carry and sum are added in the @#A The resultant sum is obtained after the
CPAunit, during this operation also sticky bit and leading zaioe generated by the units
LZA(Leading Zero Anticipator) an8tickyrespectively. The resultant sum is normalized
with the value taken from thieZA unit, then rounded iRoundunit to its final value. The
exponent is also adjusted with the value frb@A andRoundunit to final value. The sign

bit is determined irSignunit from the sum generated by tR&Aunit

2.4.4 Floating-Point Division

Though, floating point division is not popular as much as ff@apoint multiplica-
tion or floating point addition, this operation is also sugipd in hardware in modern

processors. The operation is expressed with

Q=X/D (2.19)
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My My  Stage 1

Ex Ey Ew Sy Sy S
Exponent | 5 — Right EOP Multiplicaiton
Addition | Z| | Shifter Matrix
Maximum § C-S Output
S C
Y Y Y
CSA
S
Stage 2
Y Y ; Y \
LZA CPA Sticky
¢ Y T
Y Y Stage 3
Normalize -
Y ¥
Exponent Y Y
Upolate < md Roimd Sigfn
E, M, S,

Figure 2.7 Floating-Point Multiply Add Fused.

19



2. PREVIOUS RESEARCH Metin Met®ZBILEN

where the operand¥ = S, - 25<. My is dividend,D = S - 2F¢ - My is divider andQ =
S - 254 - Mq is quotient. All the mantissas are signed and normalizece ditision of

mantissas and exponent subtraction is performed with tl@tms
Mg = 1.My/1.Mq4 (2.20)

Eq=Ex—Eq (2.21)

The division of the mantissas is realized with either Ra2liar 4 Digit Recurrence
method or reciprocal of the divisaris multiplied by the dividend. In the Digit Recur-
rence method increase of radix makes quotient-digit Seleatore complicated. Beside,
it reduces the number of iteration need for exact-quotieot.simplicity Radix-2 division

algorithm is demonstrated below.(Ercegovac and Lang, 004

1. Initialize
W S0| « x/2; WC[0] — 0; Q[—1] =0; g0 =0;

2. Recurrence
for j=0---n4+1; (n+ 2 iterations because of initialization and guard bit)
Qj+1 < SEL(Y);
(WC[j+1],W§j+1]) — CSA2WC]j],2W §j], ~0j+1d);
Qlj] — CONVERTQ[j — 1], q);
end for;

3. Terminate
If win+2] <0theng=2(CONVERTQ[n+1],0n:2—1))
else
d=2(CONVERTQ[n+1].Gns2));

where W 9 and WC) represent sum and carry vectors in the residual redundant f
i.e.w[j] = (WCJj],WS[j]) wherew is residual of partial remainden,is the precision in
bits,qj € {—1,0,1} is the j'" quotient digit,SE Lis the quotient-digit selection function
given in Equation 2.22 witly the value of truncated carry-save shifted residual|{2)
with four bits. (three integer and one fractional bit). Besathe range of 2w([j] requires

also three integer bits and, therefovéj] has two integer bitsCSAis carry- save adder,
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—(Qj+1d is in two’s complement formCONV ERTis the on-the-fly conversion function

producing the accumulated quotient in conventional repridion.

1 if0<y<3/2
0js1=SEL(Y) ={ 0 ifg=1/2 (2.22)
-1 if =5/2<y<-1
In the later method, Newton-Raphson iteration is used fanpatation of divisor re-

ciprocal. The main idea of this method is to find a zero poirfuattion. The derivation

can be carried out by Taylor series. It is shown in Figure Z:Be Newton-Raphson

f(x)

(%) (%)

X
X Xipg
Figure 2.8 Newton-Raphson Iteration.

formulais
f (1) = f (%) + ' 06) (Xir1 — %) (2.23)

if f(xi;+1)is approximate to 0, then
X1 =x— () /" (%) (2.24)

wherex; is the value ofth iteration, f (x;) is the value of function at; and f'(x) is the
derivative of function ax;.

A lookup is used to approximate the initial value of the itema and fast multipliers
are used for getting closer to the result (Chen, Wang, Zhidng, 2006). The division

operation is formulated with this method as

g=x/d=xx(1/d) (2.25)
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The reciprocal value of A is formulated in Newton-Raphson method as

f(q)=1/q-d (2.26)
Oi+1=Gi x (2—¢qi xd) (2.27)
do=1/do (2.28)

The subtraction of the exponents in biased representatiparformed by subtracting

the exponents and adding the missed bias. The operatiopriessed as
Epq=Epx—Epa+B (2.29)

whereB is bias value.

The second step is normalization Mf; and update of exponents. After division the
guotient is in a range o(f%,z), for theIEEE754 standard the range [i5, 2), a normal-
ization might be required when the result is less than 1. Baleft shift and decrement
of exponent. In the third step rounding of Quotient is doner. digit recurrence method
the rounding take place with on-the-fly-conversion (Ereegoand Lang, 1987). The last
step is determination of special values. The same situafiéioating-Point multiplica-
tion with out any change is applicable to floating point dens The floating point divider

can be seen in Figure 2.9.
2.5 Floating-Point Packed Data

Floating-point operation that applied to the multimedigadare in a form of SIMD
type. This type of instructions uses multiple data in padkech. For example, two single
precision floating numbers can be packed as shown in Figdi@ I this figureR1 holds
A andC, R2 holdsB andD, andR3 holdskE andF.

The multimedia applications perform the same operation ahtiphe data for exam-
ple, while processing a 3D scene of a movie, the same lightamgformation is applied
to the every pixel of the image or while processing a voice sdime filtering is a applied
to the every sample of voice. Generally multimedia data asked in low precision for-
mat that means two or more of them can be stored in one higlkeerspn data. Using

this advantage number of loops used for processing multardata might be reduced by
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Figure 2.9 Floating-Point Divider.
63 62 52 51 0
R1— X[ 5] Ex \ M |
Re— Y [ & gy | My |
R3— 7[5, E, \ Mz |
(a) Double Precision Floating—Point Number
63 62 55 54 32 3130 2322 0
ri—AlSa| Ea Ma [sd Ec | Mo o
S o 5] Es | PR
R3— E|Se| Ee Me B M ¢ |F

(b) Single Precision Floating—Point Number
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using vector structures. Using these vectors multipletamgisubtraction, multiplication

or division can be performed in once.

Sa Ea Ma Sc E Mc

Rl—A’ 0 \10000000 \11000000000000000000000 \ 0 \01111111 \owoooooooooooooooooooo \ c
Sb Ep Mp Sq Eqg Mg

R2—B | 010000000 [00000000000000000000000 | 0 |10000001 [00000000000000000000000 | P
Se Ee Me St Ef Mg

R3—E| | \ | | \ F
63 62 55 54 323130 2322 0

Figure 2.11 SIMD Type Data Alignment Example.

2.5.1 Packed Floating Point Addition and Subtraction

63 62 55 54 32 3130 2322 0

Ri—A[Sd  Ea | Ma [sd  Ec | Mec c
R+2— B[sy Ep | M p |sd  Eq | Mg P
R3I— xSy Ex | M x [syy By | My ¥

Figure 2.12 SIMD Addition Alignment Example.

Figure 2.12 demonstrates the operation of packed floatimg addition operation on
single precision operands. The additiongadb B andC to D ontoE andF respectively.

Formulated as

if Ea > E if Ep > E
S — S | a C S/: S | b d (2.30)
S IfFEa<Ec S if Ep <Eqg
Ex = max(Ea, Ec), Ey = max(Ep, Eq) (2.31)
My =1.Ma+1.M¢ My = 1.Mp+ 1.My (2.32)

Each addition member of the packed is added using standatthfigpoint addition algo-
rithm as shown in Equations (2.9) and (2.10). The mantistaach addition is aligned
in pairs simultaneously. Then the effective operation iggrened on aligned mantissas

in once. The exponents are also handled in pairs. The gregbenent is selected from
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each pair. Both additions are normalized, rounded and egubnent is updated simul-
taneously. Then each additions are packed with order sigonent and mantissa of first
addition than second addition like in the Figure 2.10 (Gié@zbilen, 2008). The com-
puted results and their layout in the resultant registerbmaseen in Figure 2.13, where

the value in park is 5.5 and in parF is 4.25

S Ea M, S E M
R1>A\ 0 \10000000 \nooooooooooooooooooooo \ 0 \01111111 \omoooooooooooooooooooo \ C
S = M, S = My

R2>B | 010000000 |00000000000000000000000 | 0 [10000001 [00000000000000000000000 | D

S E Me St E¢ M
R3=E| 0]10000000 [01100000000000000000000 | 0]10000001 [00010000000000000000000 |F
63 62 55 54 323130 2322 0

Figure 2.13 SIMD Addition Numerical Example.

2.5.2 Packed Floating Point Multiplication

63 62 55 54 32 3130 2322 0
rRi—A[Sd  Ea | Ma [Sd  Ec | Mc c
R2 — B’Sb‘ Ep ‘ M p |Sd‘ Eq ‘ Mg ‘D
X
Ra— x| S{ Ex | M x sy Ey | My A

Figure 2.14 SIMD Multiplication Alignment Example.

Figure 2.14 demonstrates the operation of packed floatimg paltiplication on data
packets that contain two single-precision floating pointnbers. Each corresponding

member of the packets are multiplied independently as

S=SD&, §S=%0% (2.33)
Ex=Ea+Ec—B, E,=Ep+E4—B (2.34)
My =1Max LMc My = 1.Mp x 1.Mg (2.35)

Packed multiplication uses double precision multiplieatmatrix for multiplication

of both mantissas. The reduction of multiplication matsxdone by double precision
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matrix. The sum of exponents also handled in the extendednexy adder of double
precision multiplier in the same way subword integer additiSigns are simultaneously.
The path-a-way of packed multiplication is same in origfit@ting point multiplication.
That is normalization and rounding is done simultaneouBhen the results are packed
into one double-precision area as in the floating point &ditThe results of the multi-
plication and their alignment in 64 bit can be seen in FigurEs2where the value of part

E is 7.0 and the value of paR is 5.0.

S E. M, S E M
R1>A‘ 0 \10000000 \1looooooooooooooooooooo \ 0 \01111111 \owoooooooooooooooooooo \ c
S = My S E My

R2=B | 010000000 |00000000000000000000000 | 010000001 [00000000000000000000000 | D
X

S E My S E M
R3>X| 010000001 [01100000000000000000000 | 010000001 [01000000000000000000000 |Y
63 62 55 54 323130 2322 0

Figure 2.15 SIMD Multiplication Numerical Example.

2.5.3 Packed Floating Point Division and Reciprocal

In modern processors the packed division operation is padd using multiplicative
division method. In this method, the reciprocal of packedsdirs is multiplied with the
packed dividend using packed multiplication operatiorpdicked reciprocal, the recipro-
cal of floating point number in locatidd is computed using Newton Rapson method that

explained before then result is duplicatedtdocation.

63 62 55 54 32 3130 2322 0
Rl—A’Sa‘ Ea ‘ Ma |SC‘ Ec ‘ Mc ‘C
- oS ] T T TR
Ra— X[Sy  Ex | M x [sy By | My Y

Figure 2.16 SIMD Division Alignment Example.

Figure 2.16 demonstrates the operation of packed floating dvision on packets

that contains two single-precision floating point numbdfach corresponding member
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of packets are multiplied with reciprocal of divisor indeplently as

S=SC&, S=S%0% (2.36)
Ex=Ea—Ec+B, E,—Ep—E4+B (2.37)
My = 1.Max (1/1.Mc) My = 1.Mp x (1/1.Mp) (2.38)

For example, in Figure 2.18, if the floating numbers in lomasiA andC on R1 are
divided to 20. The floating point number.@ is put inB on R2 then packed reciprocal
operation is executed iR2 register. The results of reciprocal operation can be seen i

Figure 2.17.

S B My Sy & My
R2=B| 001111110 ]00000000000000000000000 | 0]01111110 [00000000000000000000000 | D
63 62 55 54 323130 2322 0

Figure 2.17 SIMD Reciprocal Numerical Example.

Then, the packed multiplication operation is executed betvirl andR2 for com-
pleting division operation. The results of divisions ardéocationsX andY on R3, which

have values respectively7b and 0675 can be seen in Figure 2.18.

S, E. M, S E M
R1>A\o\looooooo\11000000000000000000000 \0\01111111\01000000000000000000000 \c

S E My S E My
R2~B[ 001111110 |00000000000000000000000 | 001111110 |00000000000000000000000 | D

S E M, S E M
R3>X|0[01111111 [11000000000000000000000 | 001111111 [01000000000000000000000 |Y
63 62 55 54 323130 2322 0

Figure 2.18 SIMD Division Numerical Example.

2.5.4 Packed Floating Point Multiply Add Fused(MAF)

As mentioned before, multiplication and addition openagican be joined and re-
placed by a MAF circuit. A double precision FPMAF can be madifto work on two

packed single precision number. The packed form of FPMARE tls& main functions of
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the standard FPMAF. The exponent units are slightly modtieedandle both multipli-
cations’ exponent addition and update operations. Thediogrand normalization units
are modified for both single/double precision and multip¢adoperations. The Multi-
plication matrix used to multiply two multiplication of pleed data. The packed form of
MAF can have an additional functiadot product With dot productoperation, two pairs
of single precision multiplication can be executed and seahmith a third single preci-
sion number, which might be previously computed multiglma. Multiplication matrix
and adders must be modified to handle this operation. A sugnaier packed MAF can

perform is listed in Table 2.3 using the inputs in Figure 2.1As in packed multipli-

Table 2.3 Operations of Packed MAF

Operation| Description
AxB+Cx«D+F | Dot product
AxB+Cx«D | Sum of product by setting = 0.0
A+C+F | Triple adder by settin@ andB to 1.0
AxBJ||C«D | Dual multiplication by settingc = 0.0
AxB+F | Single MAF by settind or Bto 0.0
AxB | Single multiplication by settin® or B andF to 0.0
A+ F | Single addition by settin® or B to 0.0 andC to 1.0

cation, all other parts of standard MAF is shared. As an eXanpe single precision
dot product operation and its result is demonstrated inreig2t19. Here, the content of
single precision floating point numbers in locatandC, andB andD are multiplied in
pairs and added to floating point number locatiofriwvith value 375. The result of dot

product operation is locatida with value 1575.

S Ea M, S E M

R1=A | 0[10000000 [11000000000000000000000 [0[01111111[01000000000000000000000 | C
S E M, S E My

R2=B | 010000000 |00000000000000000000000 | 010000001 [00000000000000000000000 | D
S E Me St E¢ M

R3=E| 010000010 [11111000000000000000000 | 0]10000000 |11100000000000000000000 |F
63 62 55 54 323130 2322 0

Figure 2.19 Packed Single Precision Floating Point Dot Btb&esults.
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2.6 Floating Point Packed Instruction Extensions

Today, many general purpose processors have multimedtaggns which includes
SIMD type instructions. AMD has 3DNow! extension. 3DNowkiology is a set of
new instructions providing single-precision floating4ptigpacked data to x86 programs.
3DNow! architecture is an innovative extension of the x86 Ki&fchitecture. It uses the
same registers and the same basic instruction formats gugpcegister-to-register and
memory-to-register instructions. 3DNow! technologyauuces single-precision floating
point format to existing MMX register set, which is compéilvith IEEE-754 single-
precision format shown in Figure 2.20. 3DNow! instructisagport two-packed single-

precision floating point operations addition, subtractionltiplication and reciprocal.

63 3231 0
D1 DO

Figure 2.20 3DNow! technology floating-point data type: Tpacked IEEE single-
precision floating-point doublewords (32 bit®)(AMD, 2000).

The Intel Corporation introduce SSE extensions with Pemtilk processor family.
The SSE instructions operate on packed single-precisiatirigp-point values contained
in the XMM registers and on packed integers contained in thXMegisters. The SSE
SIMD integer instructions are an extension of the MMX tedbgg instruction set. Sev-
eral additional SSE instructions provide state manageneache control, and memory
ordering operations. The SSE instructions are targete@ications that architecture
operate on arrays of single-precision floating-point dé¢anents, including 3-D geom-
etry, 3-D rendering, and video encoding and decoding agiphios.The packed floating
point operations that SSE support are addition, subtmactiaultiplication, division and
reciprocal with two packed operand. The SSE2 extensions iwgnduced in the Pentium
4 processors. The SSE2 instructions operate on packededptdtision floating-point
values contained in the XMM registers and on packed integensained in the MMX
and the XMM registers. Figure 2.21 shows a summary of theuarSIMD extensions,
the data types they operated on, and how the data types &®edpato MMX and XMM
registers(Intel, 2007). With the core architecture, Imi&loduces the SSE4 and SSE4.1,
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the SSE4.1 has also give support to packed floating pointrdoiugt in both double and

single precision data type.

SSE

4 Packed Single—Precisior
Floating—Point Values

XMM Registers

SSE2

2 Packed Double—-Precisior
Floating—Point Values

XMM Registers

Figure 2.21 SIMD Extensions, Register Layouts, and Data&3)(ntel, 2007)

The PowerPC processor from Motorola instruction set isreded by Altivec technol-
ogy. Altivec is based on SIMD style parallel execution utiitst operate on 128-bit vec-
tors. The Altivec technology supports 16-way parallelign8-bit signed and unsigned
integers, 8-way parallelism for 16-bit signed and unsignésjers and 4 way parallelism
for 32-bit signed and unsigned integer and IEEE-754 flogtimigt numbers. The Altivec
data element can be seen in Figure 2.22. The Altivec ISAr(ingbn set architecture)
includes floating-point arithmetic, rounding and convemnsicompare and estimate opera-
tion. In this set, it supports packed single precision fl@apoint operations addition, sub-
traction, multiply-add, multiply-subtract and reciprboa 4 way packed single-precision
floating point numbers. The target application for the AditMtechnology are IP(Internet
Protocol) telephony gateways, multi-channel modems,dppeocessing systems, echo
cancelers, image and video processing systems, scientifig processing systems, as
well as network infrastructure such as Internet routersvamaal private network servers.
(Freescale, 2006)

Quad Word

Word 0 Word 1 Word 2 Word 3
Haft-Word 0 | Haft-Word 1 | Haft-Word 2 | Haft-Word 3 | Haft-Word 4 | Haft-Word 5 | Haft-Word 6 | Haft-Word 7

Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte | Byte
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 2.22 Motorola Altivec Vector Register (Motorola,Czx).
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2.7 Benchmarking SIMD

A benchmark is a test designed to measure the performancegfarticular part of a
computer. For example, one benchmark might test your CPutf@ld’rocessing Unit) is
at floating point calculations by performing billions of thmetic operations and timing
how long it takes to complete them all.

There are very few benchmarking software especially fatwseSIMD architecture
some of them are: DARPA, ALPBench, Multibench 1 and 2. DARP&€nse Advanced
Research Projects Agency) is an image understanding bemkhand widely-accepted
platform for evaluation of parallel systems (Weems, Risentdanson and Rosenfeld,
1991). MediaBench is a benchmark suite, that introduce®8v 1 provides set of full
application-level benchmarks for studying video proaegsharacteristics (Lee, Potkon-
jak and Mangione-Smith, 1997). ALPBench(All Levels of Rialesm for Multimedia) is
a suit that includes five complex media applications froniowes sources: speech recogni-
tion, face recognition complex media applications, ragitrg, MPEG-2(Moving Pictures
Experts Group) encode/decode.

Below there are some benchmarking suit results taken frerivigdiabench suit tools:

JPEG(Joint Photographic Experts Group): This packageagmC software to im-

plement JPEG image compression and decompression. Shalgiezearoutput:

#instruction count: 13905129
#alu op’s: 8171845

%l u op’s: 0.59

#imed op’s: 5219031

% mred op’s: 0.64

Stores

“'—r;t_;l st 08 st 16 st 32 st xx

s e s suea 1
0.20 0.08 0.73 0.00
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Alu op’s
Tot al op08 opl6 op32 OpXX
2208348 490216 255747 1462385 1

0.22 0.12 0. 66 0.00

#op’s used for output: 2208348
%p’' s used for output: 0. 27

Anal yzer: /ulgs3/|eec/|eec/Projects/Mdi aBench/ SPI X/ SHADE/ src/ al u
Version: 1.0 (10/Mar/97)

(shade version: 5.25 V8 SPARC ELF32 (14/Feb/95))

Uname: pant her sun4u SunCS 5.5.1 CGeneric_103640-08

Start: Mn Jun 16 19:31:32 1997

Appl i cation:

./cjpeg -dct int -progressive -opt -outfile testout.jpg testing. ppm
Application Instructions: 13905129

Stop: Mn Jun 16 19:32:07 1997

I nstructions: 13905129

Time: 14.580 usr 0.010 sys 35.169 real 41.485%

Speed: 953. 059 KIPS

MPEG: mpegZ2play is a player for MPEG-1 and MPEG-2 video l@tsns. It is based
on mpeg2decode by the MPEG Software Simulation Group. Stwaalgzer output:

#instruction count: 175505114
#alu op’s: 78655559

%l u op’s: 0.45

#imed op’s: 59915131

% mred op’s: 0.76

Stores
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11126484 1544167 1057402 7003691 1521224
0.14 0.10 0.63 0.14

16247622 1998403 362264 13886546 1521224
0.12 0.02 0.85 0.00

#op’s used for output: 16247622
%p’' s used for output: 0.21

Anal yzer: /ulgs3/|eec/leec/Projects/Mdi aBench/ SPI X/ SHADE/ src/ al u
Version: 1.0 (10/ Mar/97)

(shade version: 5.25 V8 SPARC ELF32 (14/Feb/ 95))

Uname: cheetah sun4u SunCOS 5.5.1 Generic_103640-08

Start: Tue Jun 17 02:21:22 1997

Appl i cati on:

.. 1 src/ npeg2dec/ npeg2decode -b nei 16v2.n2v -r -f -00 tnmp%
Application Instructions: 175505114

Stop: Tue Jun 17 02:24:15 1997

Instructions: 175505114

Tinme: 122.930 usr 0.120 sys 173.355 real 70.982%

Speed: 1426.291 KIPS

Testing the performance effects of SIMD instructions oncpecal, needs special
benchmarking suits. To learn the how efficient SIMD instiats work, a program which
is suitable for SIMD operations must be written. An idealgraom to show SIMD per-

formance must be repetitive in its method. An image or videx@ssing application is a
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good candidate, which benchmark suits simulates. An iiyegsdn of SIMD instruction
set form University of Ballarat, uses a program to compuéeapproximate value of pi.

They use series give in Equation 2.39 for calculating pi.

1

- .~
~

11

1—

Nl

+ (2.39)

ol =

_|_

Wik
I

Ol =

This is an inefficient algorithm however, large number ofatens make it ideal candi-
date. To show the effectiveness of SIMD, the main loop of tlegmam makes 128,000
iteration 1000 times, which gives an accurate pi value witgle precision floating num-

bers. The algorithm is executed five times on :
1. Aversion that uses the CPU alone in a SISD manner.
2. A version optimized for Altivec on the PowerPC chip.
3. A version optimized for SSE2 on Intel (x86) chip.

In this study, 8 different configurations were used:Penttumith SSE3 at 2.80Ghz on
Ubuntu Linux, Pentium 4 with SSE3 at 2.80Ghz on OSX(Dev),tlRem4 with SSE3 at
1.40Ghz on Ubuntu Linux, Pentium 4 with SSE3 at 1.40Ghz on @&X), Pentium 4
with SSE2 at 2.00Ghz on Ubuntu Linux, Quad Xeon with SSE3 HdGhz on Gentoo
Linux, Dual PowerPC G5 with Altivec at 2.7Ghz on OSX Versidh4.3 and PowerPC
G5 with Altivec at 1.4Ghz on OSX Version 10.4.

The Figure 2.23 shows the score have while CPU’s working aéte instructions,
though in Figure 2.23 the CPU’s working with SIMD type ingttions. These figures
shows SIMD type instruction has great impact on performahtieey are usable. It is

also seen that clock speed hight effective on overall perémice.

2.8 Previous Packed Floating Point Designs

2.8.1 Packed Floating Point Multiplication Designs

A recent work in (Akkas and Schulte, 2006) presents a quaelpnecision floating
point multiplier that supports two dual-precision floatipgint multiplications in parallel.

The design is shown in Figure 2.24.
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Power PC G4 @1.4GHz

Pentium 4 @ 1.4GHz (Linux)
Pentium 4 @ 1.4GHz (OsX)
PowerPC Dual G5 @ 2.7 GHz (OsX)
Quad Xeon @ 3.1GHz (Linux)
Pentium 4 @ 2.0GHz (Linux)
Pentium 4 @ 2.8GHz (Linux)

Pentium 4 @ 2.8GHz (OsX)

Power PC G4 @1.4GHz

Pentium 4 @ 1.4GHz (Linux)
Pentium 4 @ 1.4GHz (OsX)
PowerPC Dual G5 @ 2.7 GHz (OsX)
Quad Xeon @ 3.1GHz (Linux)
Pentium 4 @ 2.0GHz (Linux)
Pentium 4 @ 2.8GHz (Linux)

Pentium 4 @ 2.8GHz (OsX)

Figure 2.23 benchmark Result of with out SIMD and with SIMD.

Time in seconds

| 7.404

| 4.338

| 4.245

| 3.748

| 3.2

| 2.898

. To2075
- 11.108

Time in seconds

- Jos2
- J1714
- J1.438
- J1asn

- 11.002

- Jo.ssm

. losss
 10.693
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63 51 4817 063 565 551 0 63 51 4847 063 5655 551 0
Ri[ || ] Rz R3[| | ] |Ra

T Ul i "0

uad v
00031 oy 7 00001 NyM10Z- Quad ~SOM3 L

cycle \L

NO0ma 1Z- Quad %@

Tree Multiplier Tree Multiplier
(57 x 57) (57 x 57)+2 rows
Carry | Carry
Sum ! Sum
0 Q/
¢ 4-to—2 Compressor
I Quad ¢
\O M6 1< Quad second—=0 M7 I/
cycle
P2 P1

Figure 2.24 Dual Mode Quadruple Precision Multiplier (Akkand Schulte, 2006).
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The same technique is also used for dual-mode double pyadisiating point mul-
tiplier that performs two single precision multiplicat®im parallel. The divide-and-
conquer technique (Beuchat, Tisserand, 2002) is used tiphyuhantissas of high pre-
cision floating point numbers. This technique uses smalldtiptications and additions
to compute high precision multiplication. If twobits numbersX andY can be divided

into two parts, such as

X = X1-k+X0 (2.40)
Y =Y1-k+YO (2.41)

wherek = 2"2. The product o - Y is computed as
(X1-k+X0)- (Y1-k+Y0)=X1-Y1-k>+(X1-YO+X0-Y1)-k+X0-YO (2.42)

Figure 2.25 shows technique given with Equation 2.42.

n bits
vie © @) e @ @)vo
X xx1 (@ ®© @) e @ @)X
® ®© 6 ® @ ® X0
e 6 6 06 0 O X0*Y 1%k
e 6 6 06 0 O X1*YO*k
+ 0 & © 6 0 © X1*Y 1+krk
O 6 6 06 06 6 0 0 0 0 0 O

Figure 2.25 The Divide-and-Conquer Technique(Akkas arulibe, 2006).

2.8.2 Packed Floating Point Multiplier Add Fused Designs

One of the few multi functional MAF design is presented in ii¢¢e and Colon-
Boneti, 1996). That study describes two floating-point mpiytadd units capable of
performing IEEE-754 compliant single and double precidioating-point operations.
Of course, it is possible to use a larger precision floatiagMpunit to operate on smaller

precision operands, however, this requires the converdi@maller precision operands
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to the larger precision format and then conversion of theltésck to smaller precision
format. The conversion operations might significantly i@the performance.

Another MAF design is presented in (Huang, Shen, Dai, andg\2007). That study
proposes a new architecture for the MAF unit that supportgtiphel IEEE precisions
multiply-add operation with Single Instruction Multipleaa (SIMD) feature. The pro-
posed MAF unit can perform either one double- precision arparallel single-precision
operations using about 18% more hardware and with 9% ineieagelay than a conven-
tional double-precision MAF unit. The simultaneous conapion of two single-precision
MAF operations is adapted by redesigning several basic tasdaf double-precision
MAF unit. The adaptation are either segmentation by precisnode dependent mul-
tiplexers or duplication of hardware. The proposed MAF gait be fully pipelined and
the experimental results show that it is suitable for preces with floating point unit
(FPU).

Figure 2.26.a shows the 64-bit double-precision regissexduo store two single-
precision number and Figure 2.26.b shows the generatettseghen performing two

single-precision MAF operations.

63 62 55 54 32 31 30 2322 0
| 2| B | F2 | s &8 | F1 |

(a) Two single packed in one double register

63 32 31 0
Al A2 | Al |
B | B2 | B1 |
c| C2 | C1 |
R | Rp=AXB 2 C 7 | RI=AxBC 1 \

(b) Two single MAF operation result

Figure 2.26 Two Single-Precision Numbers Packed in One [ReRbecision Register
(Huang, Shen, Dai, and Wang, 2007).

The MAF unitis considered as an exponent and a mantissaiunin the Table 2.4, it
is seen that for exponent processing, the word-length dfit@euble-precision exponent

should be extended to 20-bits for two single-precision catimg. But for speed, two
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separated single precision exponent is used in this desBglow, the algorithm shows

Table 2.4 Word-lengths in Single/Double Precision MAF

modules single double
Multiply Array 24 53
3-2 CSA 48 106
Alignment-Adder-Normalization 74 161
Exponent Processing 10 13

mantissa datapath of the simplified multiple-precision Mékt. In the algorithmgs,,
€,, fa denote sign, exponent and mantissa of the operand A regplgctThe same rule
is applied for operands B and C. The control sigihalibleis used for double- precision
operation. The signat{m: n|] denotes the portion of x from n to ms.sub s.sub and
s.sulp in Step 3 denotes the signs of the effective mantissa addijperations for one
double and two single-precision operations respectividdg proposed MAF unit derived

from algorithm is shown in Figure 2.27.

2.9 Previous Patented Packed Floating Point Designs

2.9.1 Multiple-Precision MAF Algorithm

The algorithm requires, B, C to be normalized numbers (Huang, Shen, Dai, Wang,

2007).

Step 1:Exponent Differenced[19 : 10
if double= 1 then
0[12:0 =e4[12: 0+ ey[12: (0 —e[12: 0 — 967
else
0[9:0 =e[9:0/+e[9:0 —e[9:0—100
0[19:10 = e4[19: 10 +€[19:10 — e[19: 10 — 100
end if
Step 2:Mantissa Productf prod[105: (
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C|63 32|31 0 A|63 32|31 0 B|63 32|31 0
N N N
100 10d 100
\1_M1 0 “—double N\1_M2 0 “—double N1 _M3 0 “—double
e Alignment shift
Sticky Sghifter ~<—amount 53-bit subword
multiplier
sub \L supporting
ub ;
’ Negation ‘ one 53x53
4‘ two 24x24
0 0 (0] 0]

X X

1 M40 ~<double 1 M50 <—qouble

’ 3-2CSA ‘
|55-bitAligned ¢ | 106-bitCary | | 106-bit Sum |
I
Leading-Zero / ;\ 106-bit Adder
Anticipator @m carry
sign

’ Complementer ‘

{2-bit Shift Amount | | 161-bit Significant |

! ¢

X exponent
Round bit ’ Constant shifter (step 1) }edifference
Guard bit
Sticky bit (<] 108-bit variable shifter (step 2) |

!
%{ Rounder ‘
round ¢

] 53-bit Significand \

Figure 2.27 General structure of multipleprecision MARHuang, Shen, Dai, and Wang,
2007).

40



2. PREVIOUS RESEARCH

Metin Met®ZBILEN

if double= 1 then
fprod[105: 0 = f3/52:0 x fp[52: 0
else
fprod47:0 = f4[23: 0+ fp[23: 0
fprod[96 : 49 = f,[48: 25 + f,[47: 24
end if
Step 3:Alignment and negationfca/160 :
if double= 1 then
fca[160: 0 = (—1)35UWx f¢[52: ( x 2791120
else
fea[73:( = (—1)SSUa x f[23:( x 27990
fca[148: 75 = (—1)5SU x f[47 : 24 x 279190
end if
Step 4:Mantissa Addition:facd160 : 4
facd160:Q = fprod[105:J + fca160: (0
Step 5:Complementationfaccab$160 : §
if double= 1 then
faccabs$160 : Q = |faccab$160 : Q|
else
faccab$73:( = |faccab$73: (]
faccab$l148: 79 = |faccab$148: 75|
end if
Step 6:Normalization: faccr{160: Q
if double= 1 then
faccr{160 : § = normshif{ faccab$160: Q)
else
faccr73: 0 = normshif{ faccab$73: ()
faccr148 : 785 = normshif{ faccab$148 : 75)
end if
Step 7:Rounding:fres51:Q
if double= 1 then
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freg51: 0 = round(faccr{160:0Q)
else

fre§22: 0 = round(faccri73:0)

freg§45:23 =round(faccri148: 79)

end if

2.9.2 Shared Floating Point and SIMD 3D Multiplier

This is a multiplier that can perform multiplications of frafloating point values
(X xY) and packed floating points value$; (x Y1 andX; x Y2). The multiplier also can
be configured to compute x Y —Z. The multiplier can be configured to compute two
versions of result: With Overflow or With out Overflow excepti The main functional
units of design is shown in Figure 2.28.

In Figure 2.28, the multiplexers at the input selects mlidrpand multiplicand ac-
cording to state machine control signal. The selected saré routed to booth encoder
and adder. The outputs of booth encoders are routed to badtiplaxers for generat-
ing partial products. The selected partial products areaed to carry and save vectors
in the adder tree. The pre-rounded results are generatedrgtsave adders by adding
rounding constant and carry-save vectors. The paralleletwalculation of addition for
with or with out overflow condition is for reducing procesgithme. The outputs of carry-
save adders are passed to carry-propagate adders andwstitkyr rounding operation.
The normalization units performs corrections and then thumded result selection unit
decides which result will be used.

The multiplier can operate on a maximum of 76-bit operandsarn be configured to
perform all AMD 3DNOW! (AMD, 2007) SIMD floating point multiication. The adder
tree can multiply 76 by 76 bit operands or 24-32 bit packedifiggooint operands. It is
implemented as pipelined to increase the instruction tnput.

In the first stage, adder generates the 3X multiple of mudtpld. Booth encoders
generate signals to control booth multiplexers for gemsgatigned multiples of multipli-
cand. In the second stage, partial products are reducedtading adder tree. The first

portion of the multiplier’s rounding, which involves addih of rounding constants with
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Local Source A Local Source B
By passing By paésmg
A .
MUX State Machine MUX
Control
Stage 1
Booth 3
3X Adder Encoders
26 Booth
uxes
Rounding Rounding Stage 2
Constant Binary Constant
With No Tree With
Overflow Overflow
S,C
v ]
CSA(w/o Owerflow) CSA(w/ Owerflow)
Stage 3
CPA Sticky CPA CPA

Stage 4

Normalize Normalize

l

Round Mul Ri

v

Rounded Result
Selection

Figure 2.28 Shared Floating Point and SIMD 3D Multiplier@iman, 2002).
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CSAs, is done in this stage. Because, the result is unknoevadidition is performed
twice for overflow condition. The carry-save adders are aetsdigured to perform back-
multiply and subtract operation which can be used as cortipataf remainder required
for division and square root operation. In the third stagpipéline, three versions of the
carry-assimilated results are computed. The sticky bitse generated in parallel from
carry and save vectors. In the fourth stage, the normadizas done and rounding is
completed. The most significant bit of unrounded resultrdeiteed which rounded result
will be used. For division and square root iterations, altdgus also computedR; is the

one’s complement of the unrounded multiplication result.

2.10 Method and Apparatus For Performing Multiply-Add Oper ation on Packed
Data

This is a design from Intel Corporation, which performs ity multiply-add op-
erations on packed data. This design in a part of processteray The design performs
various operations on first and second packed data to gereethird packed data. The
main functional blocks of design can be seen from Figure .2:P9e design can per-
form operations given in Table 2.5, Table 2.6 and Table 2.Wie packed data can
be in three form: packed byte, packed word and packed doutid.wPacked byte is a
storage 64-bit or 128-bit long and contains 8 or 16 elemeRtsked word is a storage
64-bit or 128-bit long and contains 4 or 8 elements, whicthegdement is 16-bit long.
Packed doubleword can be 64-bit or 128-bit long and contéios 8 elements. Each
doubleword element is 32-bit long. The design also suppratked single and packed
double formats, which can contain floating point elemenéskBd single can be 64-bit or
128-bit long and contains 2 or 4 single data element. Eadjlesthata element contains
32-bit. Packed Double also can be 64-bit or 128-bit long ardains 1 or 2 double data
elements. Each double data element contains 64-bit.  Thigphyedhdd and multiply-

subtract instructions can be executed on multiple data esésnat the same time by a

single multiplication operation on unpacked data. Pdrsitemay be used to process
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Figure 2.29 Multiply-Add Design for Packed Data (Debes, Wakyler, Peleg, Mittal,
Mennemeier, Eitan, Dulong, Kowashi, Witt, 2008).
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Table 2.5 Multiply-Accumulate

Multiply-Accumulate Source 1, Source 2
Aq Source 1
B1 Source 2

A1 - Bi+accumulated Value Result 1

Table 2.6 Packed Multiply-Add

Packed Multiply-Add Source 1, Source 2
Aq Ao Az Aq Source 1
B, B, B3 Ba Source 2

A1-B1+A2-By A3-Bs3+A4-Bs Resultl

Table 2.7 Packed Multiply-Subtract

Packed Multiply-Subtract Source 1, Source 2
Al Ao Az Aq Source 1
B1 B> B3 By Source 2

A1-Bi—Axy-By A3-Bz3—A4-By Result 1

data at the same time. Figure 2.29 shows the details of panké#égly-add/subtract op-

eration. The operation control unit enables the circuite packed multiply-add/subtract
circuit contains 16 by 16 multiplier circuits and 32-bit &dsl. The first 16 by 16 multiplier
contains a booth encoder, which has inputs Sourcel[638Saurce2[63:48]. Booth
encoder selects partial products depending on its inpute Second 16 by 16 multi-
plier also contains a booth encoder, which has inputs Sa[#¢e32] and Source2[47:32].
This booth encoder also selects partial products deperatints inputs. The booth en-
coders are used to select a partial products. For exampigalpgaroduct of zero, if

Sourcel[47:45] are 000 or 111; Source2[47:32], if SourteH>5] are 001 or 010; 2
times Source2[47:32], if Sourcel[47:45] are 011; nega®ivemes Source2[47:32], if
Sourcel[47:45] are 100; or negative 1 times Source2[47iB3purcel[47:45] are 101
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or 110. Like this, Sourcel[45:43], Sourcel[43:41], Solifé&:39], etc can be used to
select respective partial products.

Partial products are routed to compression array. Hergéaparbducts are aligned
in according to Sourcel. The compression array may be imgleed as a Wallace tree
structure of carry-save adders or a sign-digit adder straciThe results are then routed to
adder. Depending on operation, compression array andsddexddition or subtraction.

The results routed to result register for formating output.

2.11 Multiplier Structure Supporting Different Precision Multiplication

Operations

This is a multiplier design that can perform operation onhbioteger and floating
point operands. The multiplier is design as sub-tree fomit, &an be configure as single-
tree structure for non-SIMD or partitioned into 2 or 4 for IMbperation. The design
can be seen from Figure 2.30. The figure also shows various efayultiplier partition
structure.

When multiplier is configured for 4 partitions, 4 multiplicans executed simultane-
ously on independent data. When multiplier is configuredZguartitions, two 32-bit
similar structures Tree AB in Figure 2.30 is multiplied. Wheaultiplier is not parti-
tioned then combined 64-bit structure TreeABCD in Figur80ds multiplied. Various
partitioning tree structures can be formed in order to supgifferent multiplier struc-
tures.

The data flow can be summarized as: First, partial produetgemerated by Wallace
tree structure for each bit in the multiplier, then partiedgucts are summed with carry-
save adders (CSA). In binary number system, the multipiertae either one or zero, that
means the product is eitherkimultiplicant or 0 x multiplicant. The number of partial
product that is going to be added is related with non-zere ibithe multiplier. Booth
encoding is used to reduce the number of partial productsttBencoding uses two side
by side bits as well as MSB(Most Significant Bit) of the prawsdwo bits to determine

the partial product.
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Figure 2.30 Multiplier Structure Supporting Different Bisgton Multiplication Opera-
tions(Jagodik, Brooks, Olson, 2008).
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2.12 Method and Apparatus for Calculating:Reciprocals andReciprocal Square

Roots

The design is a part of microprocessor design from AMD Ince @ksign gives pro-
cessor capability of evaluating reciprocal and reciprazplare root of operand. The
processor has a multiplier that can be used to perform iberaiperations needed. The
design uses two path one, assumes that overflow has occotheat,assumes that no-
overflow has occurred. The intermediate results are stareokit iteration. The general
form of design is shown in Figure 2.31.

The design utilities division operation over reciprocatlanultiplication operation.
The operation is formulated @sx B~ whereA is dividend andB is divisor. The recipro-
cal of divisor is realized using a version of Newton and Raphigeration. The iteration

Equation used for calculation of reciprocal of B is
X1 =Xo x (2—Xp x B) (2.43)

The iteration needs an initial estimati®p, which can be determined from a ROM(Read
Only Memory). OnceXg is determined, it is multiplied b. After multiplication, the
term (2— Xp x B) is formed, by inverting the terrXy x B). One’s complement is used
to speedup the calculation. The corresponding sign andnexyidits are also computed
along the mantissa computation. The approximationg2er Xo x B) are performed in
parallel by each path. Using double path may be save timernma@ation by without
needing normalization bits. After this step, the result @asged back to multiplier to
complete the iteration by multiplying witiXp. If the desired accuracy is reached, the
results are output. If desired accuracy is not reachediehation is repeated. The results
of the multiplication are once passed down the paths in lghrdlhe accuracy is depended

on initial guessXp.
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3. THE PROPOSED FLOATING POINT UNITS

This section presents the floating point designs for mulfi@merocessing. The
following designs are discussed in detail: Multi-Preaisiéloating Point Adder, Dou-
ble/Single Floating Point Multiplier, Multi-Functional @ble Precision Floating Point
MAF, Multi-Functional Quad Precision Floating Point MAF@&Multi-Precision Float-

ing Point Reciprocal Unit.

3.1 The Multi-Precision Floating-Point Adder

The proposed multi-precision adder can operate on doublglesand half precision
numbers. In single precision addition mode two simultessdtmating point additions are
performed. In half-precision addition mode four simultasdloating point additions are
performed.

The input operands for the multi-precision adder are patieestd on the operation
mode. Figure 3.1 presents the alignments of double, siragld,and half precision
floating-point numbers and their sums in three 64-bit regefR1, R2, R3. The regis-
ters are used for demonstration purpose they are not a ptme aictual implementation.
In Figure 3.1.a, three double precision floating-point nersiX, Y and their sums are
shown. In Figure 3.1.b, four single-precision floatingfaeiumberdA, B, C, D and their
sums,E, andF are shown. In Figure 3.1.c, eight half-precision floatiragap numbers
K,L,M,N,P,R ST, and their sums, O, Q, andV are shown in NVIDIA half-precision
format (Nvidia, 2007). The half-precision format descdb®/ NVIDIA is not included

in the IEEE-754 standard, however, it is widely used in grepprocessing applications.

Figure 3.2 presents the block diagram for the proposed prétision floating point
adder. The design of this adder is based on a modified vers§ithwe gingle-path floating
point adder presented in (Ercegovac and Lang, 2004). Themobdperation is selected
by using a control signaM. WhenM = 01 (Mode 1), a double-precision floating-point
addition is performed. Whehl = 10 (Mode 2), two parallel single-precision floating-
point additions are performed. Whévi = 11 (Mode 3), four parallel half-precision

floating-point additions are performed. EOP representstfieetive operation. To reduce
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Figure 3.1: The Alignments of Double, Single, and Half Pser Floating-Point Numbers.
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the complexity of the figure, the inputs of the units in FiguBe are plainly designated
asR1 andR2. In the actual implementation only the parts of the vectioas are used in
the unit are connected. The location of these parts can aasfrom Figure 3.1. The
functionality of the main units and data flow are explainetbfisws:

The exponent subtractarnit computes the differences of the operands’ exponents in
all modes. These differences are used to align the operadhassigns of the differences
are used in th&wapunit for decision of small operand. Tisvapunit changes the places
of the mantissa if the sign of the difference is negative. By way only the mantissa with
the smaller exponent is right-shifted. Based on the opmratiode, theswapunit oper-
ates on different operands. TR®mpareunit compares the magnitudes of the operands
when the difference or differences between the exponestzenos. Then informs the
swapunit for smaller operand. THgit Invertunit inverts the mantissa (or mantissas) with
the smallest exponent so that the result (or results) isyswasitive. The addition of
1 ulp required for twos complement conversion is perfornmethe mantissa adder. The
Mantissa Generatounit prepares the mantissa bits for operation in all modés. man-
tissas are converted into two’s complement format and treeplao shifted for alignment.
Themantissa addeis a two’s complement adder that can perform an addition ehi63
operands or two parallel additions on 24-bit operands, ar parallel additions on 10-bit
operands. The signs of the results are generated iMémtissa AdderThelLeading One
Detector (LOD)units compute the number of right-shifts to normalize theulewhen
the EOPIs a subtraction. LOD 1 operates in all modes, LOD 2 operat®dsddes 2 and
3, and LOD 3 operates only in Mode 3. LOD 3 operates on two jatision operands
in Mode 3. TheNormalizeunits are normalizing shifters. The mantissas are eitHer le
shifted with the amount determined in LOD units or right sdfby one digit when ad-
dition overflow occurs. Thé&lag units determine the rounding flags with respect to the
rounding mode that is selected. Since all IEEE-754 roundinges are supported a flag
for each rounding mode is generated. Raundingunits perform the addition of 1 ulp
when itis necessary to perform rounding. These cases aoatad by the flags generated
by theFlag Units The overflow due to the addition in rounding units is alsookleel here
and adjustment shift is performed when necessary.EXp®nent Updatenits update the

exponent strings which are prepared in exponent generatbrithe Signunit generates
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Figure 3.2 The Block Diagram of Multi-Precision Floatingift Adder.

54




3. THE PROPOSED FLOATING POINT UNITS Metin Met@ZBILEN

the sign of the result or results based on the signs of theaodsrwith greater magni-
tude. The sign, exponent and mantissa of the result (ortedsarke represented &E,

M, respectively.

3.2 The Single/Double Precision Floating-Point Multiplie Design

This section presents a new floating-point multiplier whazin perform a double-
precision floating-point multiplication or two simultaneosingle precision floating-point
multiplications. Since in single precision floating-pomuiltiplication two results are
generated in parallel, the multiplier's performance is@tdoubled compared to a con-
ventional floating-point multiplier. Figure 3.3.a showe thlignments of two double
precision floating point numbeps, Y and their produck that are placed in three 64-bit
registers. Figure 3.3.b shows the alignments of four sipggeision floating-point num-
bersA,B,C andD and the product oA andB, E, and the product of andD, F that are
placed in three 64-bit registers.

The multiplication of X and Y is performed as

E;=Ex+Ey (3.2)
M, = My x My (3.2)
S=%®S (3.3)

The multiplication of A and B, and the multiplication of C abdare performed as

Ee: Ea+ Eb7 (34)
Ef = Ec+ Eq4 (3.5)
Me = Ma x Mp, (3.6)
Mt = M¢ x My (3.7)
S=S0S, (3.8)
S=S0% (3.9)

The proposed design performs these two floating-point plidétions in parallel. In
(Gok, Krithivasan and Schulte, 2004) a design method fomtié&iplication of two un-
signed integer operands is presented. Figure 3.4 presendsiaptation of that technique
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to implement the proposed method. In this figure, the margenerated for the two
single precision floating-point multiplications are pldda the matrix generated for a
double precision floating-point multiplication. All thetbiare generated in double pre-
cision mode, the shaded argas not generated when single precision multiplication is

performed, the non-shaded regions designate the genditted

Figure 3.4 The Multiplication Matrix for Single and DoublegRision Mantissas.

The partial products within the regio@sare generated using the following equations
Bj =s-bjandpjj =g 'Bj (3.10)
and the rest of the partial products are generated with
Pij = & - bj (3.11)

sis used as control signal. When= 0, only the bits in no shaded regions are generated
otherwise all bits are generated. Tirend | are respective matrix indexes.

High-speed multipliers reduce the partial product mawi®to vectors using a reduc-
tion method. Then, these two vectors are added to producesh# with carry-propagate
adder. The reduction method and the type of the carry-pratpaagdder are not important

for the proposed design, since it only modifies the generatiohe partial products. This
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also means that the reduction algorithm and the carry-gateaadder is not modified for
the implementation of the proposed method.

The standard floating-point multiplier, which is mentionedection 2.3 implements
Equation 3.1 to Equation 3.3. Figure 3.5 presents the peapsisigle/dual floating-point
multiplier which is designed by slightly modifying the stiard floating-point multiplier.

The modifications can be used on every type of double preciating-point multiplier.

The data flow and the functionality of each unit in the proplodesign are explained
as follows: TheControl Signaldetermines the mode of execution; whes 0 double
precision floating-point multiplication is performed, etiwise two single precision mul-
tiplications are performed. A 11-bit adder is used for deyirecision exponent addition
and two 8-bit adders are used for single precision expordttians. TheExponent Up-
datersremove extra bias values form the exponent sums. Maetissa Modifierselects
the appropriate mantissas to be send to the mantissa nerltibheMantissa Multiplier
generates carry-save vectors. Tuad Normalizeand Roundunit generates normalized

and rounded result or results. The signs of the productskaeened byX ORgates.

3.3 The Multi-Functional Double-Precision FPMAF Design

The Multi-functional double-precisioR PMAF design supports three modes named
as double-precision multiplicatioDPM), single-precision multiplicatiorS§PM) and dot-

product DOP).

1. In DPM mode, the design works as a double-precist®tMAF unit. It computes
XD-Y D+ ZD,wherexXD, Y DandZD are double-precision floating-point operands.

2. In SPMmode, the design works as a single-precision floating-puintiplier and
computesAS:- BSandCS: DS in parallel, whereAS BS CSand DS are single-
precision floating-point operands. This mode has two adges: first, the latency
for performing two single-precision multiplications is@pximately the same as
the latency for performing one double-precision multigtion. The second advan-
tage is that there is no need to convert operands from singlewble-precisions

back and forth.
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Figure 3.5: The Block Diagram for the Proposed Floating Pwiultiplier.
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3. In DOP mode, the design works as a dot-product unit, and perforrossingle-
precision floating-point multiplications in parallel anldeth adds the products of
these multiplications with a single-precision operand.isTdperation can be ex-
pressed a&\S- BS+CS- DS+ US. By setting appropriate operands to 0 and 1,a
two-operand or a three-operand single-precision flogbimigt addition, or a single-

precision floating-point multiply-add can be performed.

3.3.1 The Mantissas Preparation step

Figure 3.6 shows the alignments of the three double-prtisind five single-
precision IEEE-754 floating-point operands in 64-bit regis, R1, R2, and R3. These
registers are used for demonstration purpose, they arepast af the actual design. The
double-precision format is used PPM mode, and the single-precision format is used in
SPMandDOP modes. Based on the execution mode, the initial mantisgasadified
before they are input to the mantissa multiplier. The modifreantissas (named &1
andM?2) are differently generated for each mode.

In DPM mode, the inputs for mantissa multipliers are prodiuze

DPM(M1) = 1 & Rlsy. (3.12)
DPM(M2) = 1 & R251.

where
'1’s are the concatenated hidden bits described by IEEEsT@@dard(IEEE, 1985).
‘&' represents the concatenation operator
Rls1:.0= Mx
Rls:.0= My

Figure 3.7 shows the 53 by 53 mantissa multiplication majererated foDPM
mode. All the partial product bits in this matrix contribuke generation of the product.

In SPM mode, two versions df11 and one version df12 are produced. The first
version ofM1 is designated agl1lyy. The least-significant 26 bits &2 andM1yy are
used to generate the upper half of the 53 by 53 multiplicatiatrix. These vectors are
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produced as

SPMM1s2.0un = {0}2°& 1 & Rl22,0 (3.13)
SPM(M225;0) =001 &R2559

where
{0}?° represents 29 instances of 0,
R122.0= Mg,
R222.0= Mgy.

The second version dfl1 is designated agl1; 4. The most significant 27 bits &fi2
andM1, 4 are used to generate the lower half of the 53 by 53 matrix. & kestors are

produced as

SPMM1s20)Lt = 1 &Rlsa:32{0} (3.14)
SPMM255:26) = 1 & R254:32 & 000

where
Rls4:32= Ma
R254:30 = M.

Figure 3.7.b shows the multiplication matrix generated $M mode. In this
figure, the partial product bits located inside the regioesighated byZ are set to
zeros. The unshaded regions contain the matrices gendmatede multiplications;
(1& Ma) - (1 & Mp), and(1 & M¢) - (1 & Mg).

The main idea foDOP implementation is performing the addition of the products

by only using the adders in the partial product reductioe.tr&he application of this
idea requires a little more complex modifications than thelifications for the previous

modes. INDOP mode, the upper half of the matrix is generated using
DOP(Mlsp:oun = {Rlz1®R231}9&1& Rlypo& {0}29°¢ (3.15)
DOP(M225.0) = 001 & R22:0
where
d :‘ Eab— Ecd ‘
Eup = Ea+ Ep— 127
Ecqd = Ec+Eq—127.
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Figure 3.7 The Partial Product Matrices Generated@&?NI) and SPM).
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Figure 3.8 The Matrix Generated fdbQOP) Mode.

Without loss of generality, in Equation 3.16, it is assunmet Eqq < Eap. The lower half

of the multiplication matrix is generated using

DOP(M1sz0)H = {0}°&1& Rlsszo (3.16)
DOP(M2532¢) = 01 & R254:32& 00

Figure 3.8 presents the multiplication matrix generatedX@P mode. In addition
to the mantissa modifications described by Equation 3.16Eandtion 3.17 following
adjustments are made.

The operands are extended by one bit and converted into teaplement format
when their sign bits are different. By this way, the additadrthe partial products can
be performed without considering the signs of the operands (0 need to consider
the effective operation). To prevent a performance deeréa® to two's complement
conversion, the mantissa with the negative sign is selexdeitie multiplicand, then it's

bits are inverted and a copy of the positive mantissa (theiphel) is inserted into the
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multiplication matrix. These operations can be expressed a

(MN+1)-MP = (MN-MP) +MP (3.17)

whereMN andMP represent the negative and positive mantissas, resplgclind-igure
3.8, MP1 andMP2 vectors are injected into the matrix to perform the addiid the
positive mantissasviP1 and the upper 25 by 25 matrix are shifted together.

The two’s complement multiplication algorithm presentaed(Baugh and Wooley,
1973) is used to prevent the sign extension of the partiadyots. This algorithm re-
quires 21— 2 bits to be complemented. The complemented bits are locasede the
dark gray shaded areds] andN2 in Figure 3.8. The bits ilN1 andN2 regions are not
shifted.

The 25 by 25 matrix with the smaller exponent is moved in thegenalf, and right
shifted byd columns. The regiois filled by zeros, if the sign of the operands are the
same, otherwise, it is filled by ones. So, the addition of titeibh S does not effect the

result.

3.3.2 The Implementation Details for Multi-Functional Double-PrecisionFPMAF

Design

The proposed design is implemented by mainly using the hamelwf the standard
double-precision floating-point multiplier. Naturallypree extra hardware is used to sup-
port additional operation modes, however, this extra hardws significantly less than
the hardware required to design a different unit for eachendtie block diagram for the
proposed multi-functiond@PMAF design is shown in Figure 3.10. Although some of the
units in the design can be combined, this approach is noeesf for double-precision
implementation to keep the organization simple. The deisighvided into four pipeline
stages. Except the first stage, the stages are similar tatie touble-precisioRPMAF
design. The function of each block and the data flow betweagestare explained as
follows:

The mantissa bits are modified in the first stage. The conigolés T; and Ty are
used to select the operation mode which is given in Table Bag. function of the each

unit in this stage is explained as follows:
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Figure 3.10 The Block Diagram for Multi-Functional DoubleeBisionFPMAF Design.
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Table 3.1 The Execution Modes

T1To | Operation
00 DPM
10 SPM
01 DOP
11 NAN

The XOR1and XOR2gates compare the signs of the operandSHM The XOR3
gate compares the signs of the operandd®M mode, the output of this gate is sent to
2's Comp. & Negation Unit There is no need to compare the signs of the operands in
DOP mode, since the operands are in two’s complement formaismibde.

The 11-bit adderADD1) computesEyxy = Ex + Ey — 1023 whereRlg):50 = Ex and
R262:50 = Ey. The first 8-bit adder ADD2) computesEap = Ea + Ey — 127, where
Rlgo:55 = Eq and R2g2.55 = E. The second 8-bit addelADD3) computesEqy =
Ec + Eg — 127, whereR130.203 = E; andR230.03= Eg.

The Difference and Maximum Generator Ungdomputesd =| Egp — Ecq | @and
max Eap, Ecq). d is sent to theMantissa Modifier Unit.Two 2-input multiplexers select
the correct inputs to thBistance and Maximum Generator Urflbcated in the second
stage.)

The Mantissa Modifier Unitshown in Figure 3.9 generates the modified mantissas
using Equations (3.14)-(3.17) for all modes. This unit ¢stissof a 32-bit right-shifter
(that can shift up to 29 digits) and several multiplexers glug logic. The inputs to the
Mantissa Modifier Unitare Rlgs, Rls4.0, R2s3, andR254.0. Based on the multiplication
mode, these vectors contain the mantissas and sign bitsl@as<pMy = Rls1.0, My =
R251.0, OF Mg = Rl54:32, Mp = R254:32, M = Rl22.0, andMy = R222.0, and the sign bits
S = Rles, Sy = R23, or Sy = Rlg3, S = R263, & = Rlgy, andSy = R23;.

The2’'s Comp. & Negation Unihegates the addemd, or M based on the multipli-
cation mode and the sign comparison of the operand®RN mode, ifS; is different
thanS,® S, M is negated. In this case, the correct sign of the result sraeted later
by comparing the signs of the operands and the sign of thaubofgheCPA In DOP
mode,M, is converted into two’s complement format.

The functions of the units located in this stage are expthasefollows:

68



3. THE PROPOSED FLOATING POINT UNITS Metin Met@ZBILEN

The modified mantissas are multiplied by thkantissa Multiplier The generation
of partial products in the multiplier is slightly modified tmplement the insertion of
MP1 andMP2 vectors and to perform the inversion of the bits in regibidsandN2 in
DOP mode. The rest of the multiplier hardware is not modified. Mamtissa Multiplier
generates sum and carry vectors.

TheDistance Computation and Maximum Generation Woitnputeg E;, — Exy+ 56 |
or | Ey, — maxEap, Ecg+ 28) |. Since the biases are subtracted during the computation of
Exy andmax Ean, Ecq), the constants used to calculate sizeare 56 and 28. The selected
difference sa is the shift-amount sent to thRight-Shifter Unitwhen the multiplier oper-
ates inDPM or DOP mode. This unit also comput@sax E,, Exy) or maxEy, Eap, Ecq)
based on the multiplication mode.

The Right-Shifter Unitcan perform up to 161 digit right-shift. This unit right disif
either(’&M) by (sa+ 55) digits inDPM mode or(’1'& M) by (sa+ 85) digits inDOP
mode.

The functions of the units located in the third stage arearpd as follows:

The aligned mantissav; or M) is split into two parts, low and high, the low part
consists of least-significant 106 bits and the high partistsief most-significant 55 bits.
The low part is added with sum and carry vectors in the 10&8iadder and the high-
part is incremented by the&C unit. The incremented value of the high-part is selected,
if the 106-bitCPAgenerates a carry-out.

The CPA generates a sum or two sums based on the multiplication modePM
mode, a 106-bit sum is generated SRMmode two 48-bit sums are generatedDOP
mode a 50-bit sum is generated.

The last stage performs the normalization, exponent updaterounding as follows:

The Complement Unigenerates the complement of a negative result and updates th
sign of the result%) in DPM and DOP modes. Thd.ZA computes the shift-amount
required to normalize the sum generated byGRA ThelLZA unit is designed by using
the method presented by (Schmookler and Mikan, 1996). Nhatiethis unit determines
the shift-amount exactly because there is no carry inplteé@€PA The Stickyl Unitis
designed by adapting the method presented in (Yu and Zy888)1 This unit computes

preliminary sticky-bit using the carry and save vectors.
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The Normalize 1and Normalize 2units generate the normalized productsSBEM
mode. These units can perform a 1-digit right-shift. M@malize 3unit performs the
normalization forDPM andDOP modes. This unit is capable of performing up to 108
digit left-shift. TheSticky2 Unitgenerates the sticky-bits based on the preliminary sticky-
bits and shifted-out bits. Thexp Upd landExp Upd 2increments their inputs by one if
a normalization right-shift is performe&xp Upd 3decrement the exponent down to 53,
this unit is only used ilDPM andDOP modes.The signalS,, E;, andM;, represent the

sign, exponent and mantissa of the resuDPM andDOP modes, respectively.

3.4 Multi-Functional Quadruple-Precision FPMAF

This section presents a multi-functional quadruple-mieaFPMAF designed by ex-
tending the techniques presented in the previous sectidres Quadruple-PrecisiofP-
MAF design execute parallel double-precision and singleigicet multiplications, and
dot product operations. (Gok and Ozbilen, 2008) Also, thealoer of single-precision
operands that can be operated on is increased from two toBoef descriptions for the

supported modes of operations are given as follows:

1. InQPM mode, the design works as a quadruple-preciBiBMAF unit. It computes

X-Y +Z, whereX,Y andZ are quadruple-precision floating-point numbers.

2. InDPM mode, the design works as a double-precision floating-poiritiplier and
computeK -L andR- T, whereK, L, R, andT are double-precision floating-point

numbers.

3. InSPMmode, the design works as a single-precision floating-puintiplier and
computesA-B, C-D, E-F, andG-H in parallel, where all operands are single-

precision floating-point numbers.

4. In DDOP mode, the design works as a double-precision dot-produttamd per-
forms two double-precision floating-point multiplicat®im parallel and then adds
the products of these multiplications with a double-priecioperandUD. This

operation can be expressed as

K-L+R-T+U (3.18)
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5. In SDOPmode, the design works as a single-precision dot-produtt amd per-
forms four double-precision floating-point multiplicati®in parallel and then adds
the products of these multiplications with a single-priecisoperand NS This

operation can be expressed as

A-B+C-D+E-F+G-H+N (3.19)

3.4.1 The Preparation of Mantissas

Figure 3.11 shows the alignments of the three quadrupleisio|, five double-
precision, and nine single-precision floating-point opesain 128-bit registerf1, R2,
andR3 register. The proposed design method modifies the opelms#si on the execu-
tion mode.

Table 3.2 shows the logic Equations used to generate modifedissas for all modes
in quadruple-precisioRPMAF. Without loss of generality, the Equations in this table are

derived based on the following assumptions for the exp@nent

Ert < Ew,Eap < Ecq,

Eer < Egh, Eca < Egh
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Table 3.2 The Logic Equations for The Generation of The Mediflantissas for All Modes.

QPM | M1=1&Rlji10 M2=1& R2111,0
DPM | Mlyy = {0}®°& 1 & Rlsy M2 = 0001 &R251.0 &
M1y =1&Rlj1564& 0% 1 & R2;15:64& 000
DDOP | M1y = {R1e3® R263}9* & 1 & Rls510& {0}°9-94 M2 = 0001 & R251.0 &
MlLH = {0}60 &1& R1115;64 1& R2115:64& 000
SPM | M1;={01%&1& Rl M2 =001 & R22.0&
M1; = {0}%U & 1 & Rlsz32& {0}%° {0}" & 1& R254:32&
M1z = {0}29 &1 & Rlggea& {0}60 {0}6 &1 & R2g6.64&
M1;=1& Rlji1g.96& {0}%° 1 & R2118:96& 00
SDOP | M1; = {R131 & R231 19179 & 1 & Rlppo& {0}8%-(01+d3) [ M2 = 001 & R255:0&

M1, = {0}?° & {Rlg3 R23}" & 1 & Rlsg32& {0}°0 F

M1z = {0}°Y & {Rlgs® R295}"* &1 & Rlggea& {0}°7 %

M1, = {0}*°& 1 & Rljig.06

{0}7 &1 & R254:3&
{0}6& 1 & R2g564&
1 & R2118:96& 00
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The modifications of the mantissasi#M, DPM andDDOP modes in the quadruple-
precisionFPMAF are similar to the the modifications of the mantissd3fiM, SPM and
DOP modes in the proposed double-precisid?MAF. In QPM mode, one version d¥l 1
andM2 are produced. IDPM andDDOP modes, two versions &fl1 and one version of
M2 are produced. Two versions BfL (M1yy andM1, ) are used for the generation of
upper and lower half of the 113 by 113 matrix similar to thevpras implementation. In
SPMandSDOPmModes four version d1 and one version d#12 are generated. In these
modes, 113 by 113 matrix is divided into four regions. Theggans are generated by the
multiplications;M1; - M2, M1, - M2, M13- M2, andM14 - M2. The implementations for
SPMandSDOPmModes will be explained in detail, since they are slightlyedent than
the implementations described before.

Figure 3.12 shows the 113 by 113 multiplication matrix gatest forSPMmode in
the quadruple-precision implementation. In this figure,shaded regions,that are labeled
with 'Z’, are set to zeros and the four unshaded regions o4 by 24 sub-matrices

generated for the following multiplications:

(1&Ma)-(1& Mp), (1 & M) - (1 & Mg) (3.20)
(1& Me)-(1& M¢), (1 & Mg) - (1 & Mp) (3.21)

Figure 3.13 presents the 113 by 113 matrix multiplicatiotrmmgenerated foSDOP
mode. In this figure, four 25 by 25 matrices are placed intdltt@by 113 matrix based
on the assumptions for the exponents given aboveSIMOP mode, the matrices are
aligned according to the difference between their expanent do that, four 25 by 25
matrices are grouped in two pairs. One of the pairs consisteeanatrices generated by

the multiplications:

(1& Mg)- (1 & Mp) and(1 & M¢) - (1 & M) (3.22)
and the other pair consists of the matrices generated by titétications:

(1&Mg)- (1 & M¢) and(1 & Mg) - (1 & Mp) (3.23)

The distances used for the alignment of matrices are com@stéollows:

| Eab—Eca | , if maxEap, Ecq) < maxEet, Egh)

dl= (3.24)

| Egh—Eef | , Otherwise
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| Eet — Egh |, if maxEap, Ecq) < maxEer, Egh)

d2 = (3.25)

| Eab—Ecq| , Otherwise

d3 =| maxEap, Ecq) — maxEet, Egp) | (3.26)

The pair that contains the matrix with the maximum exponsmilaced into the lower
half of the 113 by 113 matrix, in which the matrix with the mxim exponent is located
at the bottom and the other one is placed above it and rigfiedhiy d2 columns. The
other pair is moved into the upper half of the 113 by 113 mainixvhich the matrix that
has the minimum exponent is located at the top and righteshliy (d1+ d3) columns.
The second matrix in this pair is located under the top matnd right shifted byd3
digits. Similar to double-precision implementation, tled@ional adjustments such as
conversion of the operands in two’s complement format whendgigns are different,
and the application of two’s complement word correctioroalipm are also used in this
implementation. The vectoMP1 to MP4 represents the positive multiplicands inserted

into the multiplication matrix.

3.4.2 The Implementation Details for The Multi-Functional Quadruple-Precision

FPMAF Design

The block diagram for the proposed quadruple-preciS§iBMAF design is shown in
Figure 3.14. This design is quite similar to the proposedotprecisionFPMAF de-
sign, except the sizes of the components are increased areafdhe units are modified
to be used in different precisions. The design is divided four pipeline stages. The
function of each block and the data flow between stages ataiegd as follows:

The first stage is mainly dedicated to the preparation of ies@vectors. The control

signalsT,.g are used to select the operation mode given in Table 3.3

The function of the each unit in this stage is explained devid: TheSign Generator

Unit consists of XOR gates that compares the signs of the opefand modes. This
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Table 3.3 Quadruple Precision Execution Modes

T1To | Operation
00 DPM
10 SPM
01 DOP
11 QPM

unit generates the following signals

Si=%®S,.$t=S2S (3.27)
Sh=SPHSIH=SES (3.28)
Str=S0S,G=50 (3.29)

S =S656S (3.30)

There is no need to compare the signs of the operarBB®PandDDOP modes because
the operands are in two’s complement format in those mode@PM mode,2’'s Comp.

& NegateUnit computes the negative of its input, whgnsignal is set to one, and in the
other modes, it generates the two’s complement represamtstthe addend based on its
sign.

The Exponent Adder Unitonsists of two 17-bit adders. For space reasons, in Figure

3.14, 15-bit, 11-bit, and 8-bit exponents are grouped apcesented aEq, Ep, andEs,
respectively. The 17-bit adders operates on three diffeige exponents as follows: In

QPM mode, one 17-bit adder computes
Exy = Ex+Ey— 16383 (3.31)
In DPM mode, two 17-bit adders in parallel compute

Ex = Ex+E — 1023 (3.32)
Eq = E +E — 1023 (3.33)

In SPMmode, one 17-bit adder computes

Eap = Ea+ Ep— 127 (3.34)

Ecg = Ec+Eq—127 (3.35)
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and the other one computes

Eet = Ee+Ef — 127 (3.36)
Egh = Eg+En— 127 (3.37)

The Difference and Maximum Generator Umibnsists of one 11-bit subtracter, three

8-bit subtracters and several multiplexersDIARM mode, this unit computes
d4=| Ex —Ex | andmaxEq, Ey) (3.38)

In SDOPmode, the unit computesl, d2, andd3. These values and the signs of the
differences before the absolute value conversiea&,(sd2, sd3) are sent to thdlan-
tissa Modifier UnitlThe Mantissa Modifier Unitis split into two parts to balance the
delay between Stage 1 and Stage 2. Mantissa Modifier Unitland Mantissa Modi-
fier Unit2 generate the modified mantissas using Equations presentedbie 3.2 for all
modes. Thélantissa Modifier Unitlunit consists of multiplexers aridantissa Modifier
Unit2(located in Stage 2) consists of three 113-bit right shsfteat can shift up to 89, 60
and 29 digits, respectively.The functions of the units e $lecond stage are explained as
follows:

The modified mantissas are multiplied by tantissa Multiplier The generation of
partial products in the multiplier is slightly modified to plement the insertion d1P1
to MP4 in SDOPmode orMP1 andMP2 in DDOP mode MP1 andMP2 are generated
differently inSDOPandDDOP modes) and to perform the inversion of the bits in regions,
N1, N2, N3, andN4 (N1 andN2 regions are different itsDOP and DDOP modes).
The rest of the hardware that handles the partial producictexh is not modified. The
Mantissa Multipliergenerates sum and carry vectors.

TheDistance and Maximum Generation Usibmputes

E,— Exy+116 (3.39)
or Ey —maxEy, Eq ) + 57 (3.40)
or En —maxEap, Ecd, Eet, Egn) +28 (3.41)

This difference’sd, is sent to th&ight-Shifter Unitvhen the multiplier operates @PM,

79



3. THE PROPOSED FLOATING POINT UNITS Metin Met@ZBILEN

DDOP, andSDOPmodes. Based on the multiplication mode, this unit also geas

maxEz, Exy) (3.42)
or max Ey, Ex, Ert) (3.43)
or max En, Eap, Ecd, Eet, Egn) (3.44)

The Right-Shifter Unitcan perform up to 200 digit right shift. This unit right sisift
(1 & M) by (sa+ 116) digits inQPM mode, or(1 & My) by (sa+ 172) digits inDDOP
mode, or(1 & Mp) by (sa+ 200) digits in SDOPmode. The functions of the units in the
third stage are explained as follows:

The CSAadds the sum and carry output of thentissa Multiplierand the aligned
mantissa i, or My or M) and generates carry and save vectors. The high part of the
aligned mantissa is sent to theC unit, the low part of the aligned addend is sent to the
226-bitCPA The incremented high-part is selected, if the carry-oubbihe CPAIs 1.

The 226-bitCPAgenerates different sums based on the multiplication mod@PM
mode, a 226-bit sum is generated; M mode two 106-bit sums are generated; in
SPMmode four 48-bit sums are generatedDiDOP mode a 108-bit sum is generated,; in
SDOPmMode a 51-bit sum is generated.

The Stickyl Unitis designed by adapting the method presented in (Yu and Zyner
1995). This unit computes preliminary sticky-bit/s for mlbdes. Thé&ZA computes the
shift-amount required to normalize the sum generated bZ##%& This unit is designed
based on the method presented in (Schmookler and Mikan)1996

The last stage performs the normalization, exponent updaterounding as follows:

The Complement Unigenerates the complement of a negative result and updates th
sign of the result%). This unit is used IMQYPM, DDOP, andSDOPmodes. TheNor-
malize 1unit generates the normalized productsDRM and SPM modes. This unit
consists of two 53-bits right shifters. 53-bit right shiieare modified to operate on 24-
bit operands too. Theormalize 2unit performs the normalization f@PM, DDOP, and
SDOPmodes. This unit is capable of performing up to 239 digit-g#fift. The Sticky2
Unit generates the sticky-bit/s based on the preliminary stimkyand shifted-out bits.

All rounding units can increment the normalized productd loyp based on the rounding
mode. TheExp Upd 1unit consists of two 17-bit incrementers. This unit incretsdour

8-bit operands irSPMmode or two 11-bit operands DPM mode. TheExp Upd 2in-
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crements the 15-bit operand up to 113, this unit is only us&€HRM, DDOP, andSDOP
modes.
S, Er, andM; represent the sign, exponent and mantissa of the resQPPM, DDOP

andSDOPmModes, respectively.
3.5 Multi-Precision Floating-Point Reciprocal Unit
3.5.1 Derivation of Initial Values

Let n-bit mantissM is represented as

Lmmpmg---my_1 (M € {0,1},i=1---n) (3.45)

whenM is divided in to two part$l; andMa as

M1 = 1.mympmg - - - My @andMz2 = 0.Mm 1Mt 2Mimg3 -+ - My_1 (3.46)

The first-order Taylor expansion MP of numberM is betweerM, andM; +2""and is

expressed as (Takagi, 1997)
(M1 — 271 P s (Mg 2™ 4 p. (Mg — 27™1)) (3.47)
The Equation 3.47 can be expressed as
CxM (3.48)
where
C=(My—2™1)P (3.49)
andM' =M1 +2 ™14 p. (Mp—2"™ 1)

C can be read from a lookup-table which is addresseibywithout leading one.
The look-up table contains thé"af C values ofM for special values of p, where it is
—29 for reciprocal ofM. The size of the required ROM for the look-up table is about
2™ x 2-m bits.The initial approximation of floating point numblkt—! is computed by
multiplication of termC with modified operand. The modified form ofM by only

complementindV, part bitwise. The last term can be ignorable.
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Figure 3.14 The Block Diagram for the Proposed Quadrupleisioen FPMAF Design.
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3.5.2 Newton-Raphson Iteration

The Newton-Raphson iteration was discussed in Previou& \Ware iteration general
formula is rewritten here (Ercegovac, 2004):

Xi+1 =X — F(x) /(%) (3.50)

An initial look-up table is used to obtain an approximateuseadf the root. The derivation

of algorithm using Newton-Raphson method for computingorecal as follows:

x=1/X (3.51)
f(x)=1/X—x (3.52)
f/(x) = 1/x2 (3.53)

When Equations 3.53 are put into Equation 3.50, the itendfiguation yields to
Xit1 =X — (2—X.X) (3.54)

The Equation 3.54 can be implemented in hardware. The ingiégtion requires two
multiplications and one subtraction operation. The bloelgchm of this implementation
can be seen in Figure 3.15. The circuit can be implementedpatined. Basic multi-
plicative reciprocal unit is show in Figure 3.15. The masdisnodify unit process the
most significant part of th&1 and generates! according to Equation 3.50. Also, the
initial approximationC is obtained from the look-up table.

In the first cycle, the first multiplexer selects modifidd/alue, the second multiplexer
selects the output of the first multiplexer. The third muéiyer selects the output of the
lookup table and the forth selects also the output of thirttiplexer. In the second cycle,
the multiplier generates a result in carrysave format. btthrd cycle the carry-save
vectors are summed by a fast carry-propagate adder. At tthefetine third cycle the
initial value,x; is obtained. In the fourth cycle, the first and second mudiipts select the
initial value generated in the previous cycle, the third Bmdth multiplexer seledul. In
the fifth cycle, these values are multiplied and in the siyttie, the vectors generated by
the multiplication are added. In the seventh cycle, the teaaplement of the result is
selected and the stored initial value in first iteration &f Hewton-Raphson is selected. In

the seventh and eighth cycle, these values are multiplidd@actors are summed for final
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M
¢
Mantissa Look—-up
Modify Table
|
MUX1 MUX3

MUX2 MUX4

Multiplier
Two’s | Register |
Complement
Adder

F

| Register | Register |—

1/M

Figure 3.15 Simple Reciprocal Unit that uses Newton-Rapihdethod.
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result of iteration calculation. In the ninth cycle, the finesult routed to normalization
to suit IEEE mantissa format.

Rounding is not handled here because this circuit can bdedwpth a floating point
multiplier for realizing floating point division operatiofRounding can be handled after
multiplication by multiplication circuitry. This also mimizes the rounding error.

A packed multiplier design which performs the mantissa iplitations for Newton-
Raphson method was discussed in Double/Single Precisidtiplir is rearranged here.
Figure 3.16.a shows the alignment of one double precisiaitifig-point mantissa and
Figure 3.16.b shows the alignments of two single precisiantissas (Gok, Schulte, and

Krithivasan, 2004).

52 0
X[ 1] My

(a) Double—Precision Alignment

52 51 2928 0
Al ] Ma (1] M [00000 |B

(b) Single—Precision Alignment

Figure 3.16 Alignment of Double Precision and Single Pienid$/antissas

Figure 3.17 presents the adaptation of the techniques givé@ok, Schulte, and
Krithivasan, 2004) to implement the proposed design. ls figure, the matrices gener-
ated for two single precision mantissa multiplicationsgleeced in the matrix generated
for a double precision mantissa multiplication. All thesbdire generated in double pre-
cision multiplication; the shaded areas labeled with Z1 aA8 Z3 are not generated in
single precision multiplication. The un-shaded areas areeated for single precision
multiplication. The partial products within the regions,Z12, Z3 are generated using

Equations:

bj = s. b (3.55)
pij = ai.b; (3.56)

The rest of the partial products are produced with

Pij = & . bj (3.57)
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The signakis used as control. Whex= 1 only bits with un-shaded regions are generated.
Whens = 0, all bits are generated. Thand | are indexes for appropriate partial product

in multiplication the matrix (Gok and Ozbilen, 2009).

53

53

Figure 3.17 Multiplication Matrix for Single and Double Rr&ion Mantissas

3.5.3 The Implementation Details for Double/Single Precien Floating Reciprocal
Unit

This unit uses the previous reciprocal computation metlandsyenerates reciprocals
in different precisions as follows:
1. In double precision mode the unit generates a doublaesioeaeciprocal.

2. In first single-precision mode, the reciprocal unit gates a single-precision re-

ciprocal and a copy of generated.

3. In the second single-precision mode, the reciprocal gaiterates two different

reciprocals in parallel.

The input format of modified design is shown in Figure 3.18ufeé 3.18.a shows

the input and output format in double precision mode. Fig@r&8.b shows the same
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input and output in single precision mode. An input, S sigedécts operating mode. The

63 62 52 51 0
R1—X[ 5] Ex \ M x |

(a) Double—-Precision Alignment

63 62 55 54 32 31 30 2322 0
Rl—A’ Sa‘ Ea ‘ Ma | Sc‘ Ec ‘ Mc ‘B

(b) Single—Precision Alignment

Figure 3.18 Alignment of Double and Single Precision FlogiPoint Numbers

block diagram for the proposed design is shown in Figure .3Th@ explanations of the
main units are as follows:

Exponent Unigenerates the exponents of one double precision or twoesimgtision
results. In single precision mode exponents are obtaingdiguation 3.58. Two circuit
compute either exponent in parallel. In double precisiomdeidhe circuits are cascade
connected.

E,="1111111"— E, (3.58)

Mantissa Modifiegenerates modified mantissas based on the operation motkin o
to prepare the inputs ready for the packed multiplier lik&igure 3.16.

Lookup Tablecontains look-up tables needed for initial approximatiequired for
Newton-Raphson method. These @rgalues of Equation 3.49. They are pre-computed
values generated by computer software such Maple, Matltab, e

Operand Modifiermodifies the operands required for initial value calculatidhe
value evaluated here is X of Equation 3.48. It is evaluateohbgrting the digits starting
from 10th digit for this design. The modification of operasiddepends on the selected
operation mode.

State Countedrives the multiplexers to select correct inputs to the pdckulti-
plier during the computation of Newton-Raphson iteratibhe computation of Equation
3.54 requires three multiplications. Depending on setkofgeration mode the inputs of
multiplexers are in double precision or packed single gieniformat as shown in Figure
3.16. In the second cycle of circuit multiplexers are areahfipr multiplication of look-up
value(s) and modified mantissas as in the Equation 3.54.elthihd cycle, multiplexers

are arranged for multiplication of computed initial appro&tion value(s) and the input
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mantissa(s) in the Equation 3.54. And, in the fourth cycleltiplexers are arranged for
multiplication of stored initial value(s) and computedue(s) of inside parenthesis of the
Equation 3.54.

Packed Multiplieris 53 by 53 multiplier slightly modified to handle two singlaca
one double precision number as described. The input forfatudtiplier is shown in
Figure 3.18. Multiplication output depends on selectedaj@n mode.

Packed Product Generat@rocesses the output of packed multiplier and generates
output used in next stages of iteration. The output of thisiarstored in a register. The
format of output is truncated one 53-bit double mantissanvor 24-bit single mantissas
depending on selected mode. The mantissas arranged asine R3dL6.

|.A.Storeunit stores the Initial Approximation value(s) computedhe second cycle
of circuit. These are xi values in Equation 3.48, which aredeel in fourth cycle.

Inverter inverts the stored multiplication result for the third staaf stage controller
to compute the expression in the parenthesis of Equatioh 3The inversion is done
depending of selected mode.

Single Normalizer(shormalize the result in single-precision mod¥ouble Normal-
izer normalizes the result in double precision mode. The nomatdin is one left shift if
required.

Exponent Updatenpdates the exponents depending on the normalizatiorise3ulo
decrementers are separately used to update 8-bit expanesitgjle mode or in double

mode these decrementers are connected cascade to updateXddenent.
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Figure 3.19 The proposed Single/Double Precision Recgbridait
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4. RESULTS

This chapter presents synthesis results for the proposgded@rence designs, that
detailed implementation descriptions given in Chapter 3.

All designs are modeled with VHDL (Very High Speed Integda@rcuit Hardware
Description Language). Syntheses are done using TSMCéha&emiconductor Manu-
facturing Company) 0.18 micron standard ASIC(Applicat®pecific Integrated Circuit
library and Leonardo Spectrum program. The syntheses aeel fior delay optimizations

with maximum effort.

4.1 The Results for Multi-Precision Floating-Point Adder Design

This section presents the syntheses results obtaineddgrtdposed multi-precision
floating-point adder and single-path floating-point addehs addition to the double-
precision floating-point adders, single-precision floguadders are also designed. The
second multi-precision design performs a single-precii@ating-point addition or a two
half-precision floating-point adders in parallel.

The area and delay estimates are presented in Table 4.1s taltke, the unit for area

is the number of gates and the unit for delay is nanosecosis (n

Table 4.1 Area and Delay Estimates for Multi-Precision EtgaPoint Adder

Adder Design | Area(Gates) Delay(ns)
Double-Precision 4868 14.65
Multi-Precision 1 8195 17.33
Single-Precision 2056 9.33
Multi-Precision 2 2854 9.51

According to the given estimates the first multi-precisi@sign has approximately
68% more area and has less than 3 nanoseconds more deldydahmefetence double pre-
cision design and the second multi-precision design haoappately 38 % times more
gates and has less than half nanoseconds more delay thaaférence single precision

floating-point adder. The delay differences between thegsed designs and the refer-
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ence designs are expected to decrease if the designs aliagupé question that can be
raised is why not use one double-precision, two singleipi@t and four half-precision

floating-point adders instead of the multi-precision onatflay-point adder, that capable
of handling all mentioned formats. The proposed unit is eigubto use approximately
20% less gates than the total gates required to design altatepunits (Assuming a half-
precision floating-point adder can be designed by usingaqopately 500 gates). Also,

the dedicated bus requirement for all the units can be ausedesign problem since the
wire delay gets significant as the transistor sizes decseal®e additional components

used to provide single/double precision can be seen in Télde

Table 4.2 Additional Components in Multi-Precision Addezdign

Unit Name Wide | Number
Adder/Subtractor 8-bit 6
Decoder/Encoder 3-bit 3

Left Shifter 24-bit 1

Left Shifter 10-bit 2

The proposed design eliminates the type conversion ragemeand generates multi-
ple results in parallel. The presented design is espe@ajhgcted to increase the perfor-
mance for 2D and 3D applications since these applicatiorenmes intensive floating-

point additions on low-precision floating-point operands.

4.2 The Results for Single/Double Precision Floating-PotrMultiplier Design

In this section we present the synthesis results for theqaeghsingle/double precision
floating point multiplier and the standard dual precisioratilog-point multiplier. Both
circuits are optimized for delay. The values in Table 4.3iamanoseconds for time and

in number of gate for area.

The single/double precision multiplier has approxima®K9% more area and has
about 34% more critical delay. The floating-point multipdieised in modern processors

are usually pipelined designs. If the proposed method ifexbio a pipelined multiplier
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Table 4.3 Area and Delay Estimates for Single/Double-BiaciMultiplier Design

Adder Design | Area(Gates) Delay(ns)
Double-Precision 25175 4.10
Multi-Precision 27566 5.49

the area increase is expected to fall down below 5% and aiscatdelay increase will
be dissolved in pipeline stages.

One of the important aspects of the presented design megtioakiit can be applicable
to all kinds of floating-point multipliers. The presentedsim is compared with a stan-
dard floating point multiplier via synthesis. The synthesisults showed that proposed
design is 10% larger than conventional multiplier and caitpath increment is only one
or two gate delay. Since modern floating-point multipliesidas have significantly larger
area than the standard floating-point multiplier, the petage of the extra hardware will
be less for those units. The additional components useatada single/double precision
can be seen in Table 4.4. The methods presented in this desiged on the design of

floating-point multiplier-adder circuits.

Table 4.4 Additional Components in Single/Double-Precidvultiplier Design

Unit Name Wide | Number
Adder/Subtractor 8-bit 2

Incrementer 8-bit 2

Left Shifter 24-bit 1

4.3 The Results for Multi-functional Double-precision FPMAF design

The major additional components used to convert the basibldeprecision to the
Multi-functional double-precisioRPMAF are placed in the following stages:

The first stage: Two 8-bit adders, one 11-bit adder, and obi¢ 84btracter (in the
Difference and Maximum Genera)or One 53-bit right-shifter that can shift up to 29

digits (in theMantissa Modifiey. The fourth stage: Two 8-bit incrementeisxp Upd 1
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andExp Upd 3, and two 24-bit incrementer®ounding landRounding 2. Two 48-bit
1-digit right-shifters.

The Right-Shifterin Stage 2, theMantissa Multiplier LZA, and Stickylin Stage 3
are also slightly modified to handle multiple-precision guels, but the amount of extra
hardware for these modifications are negligible. The pregatouble precision design
can be optimized by combiningormalize landNormalize 2 Rounding landRounding
2, Exp Upd landExp Upd 2units. However, the hardware gain by this optimization is
not significant.

The proposed multi-function&PMAF design is compared with the standard double-
precisionFPMAF by syntheses. All circuits are modeled using structural \/Hiode.
The adders, subtracters and incrementers in these degsigrimplemented by using
parallel-prefix adders. The correctness of the proposelgmeare verified with exten-
sive simulation. Syntheses are done using TSMC 0.18 midamdard ASIC library
and Leonardo Spectrum program. Both syntheses are tuneelfy optimizations with
maximum effort. Table 4.5 presents area estimates for cioreal and the proposed
designs. In this table, the number of gates for each pipealiage is presented. The
proposed double-precisidfPMAF design have approximately 8% more area than the

standard double-precision design.

Table 4.5 Area Estimates for Double-PrecisflAMAF Design

Pipeline Stage | Basic MAF | Multi-Functional
Mantissa Prepare - 2805
Multiplication 23771 24184
Add 6450 6570
Round 5428 4950
Total Area 35649 38509

Table 4.6 presents delay estimates for conventional anditbposed design in
nanoseconds. The critical delay for the proposed douldeigion FPMAF design is
approximately 2.2% more than the critical delay for the d&ad double precision design.

The delay of the extra pipeline stage is less than the deflahécstage with longest delay.
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Table 4.6 Delay Estimates for Double-PrecisiiRMAF Design

Pipeline Stage | Basic MAF | Multi-Functional
Mantissa Prepare - 3.36
Multiplication 3.42 3.34
Add 3.53 3.61
Round 2.98 2.27

The previous double-precision designs presented in (Jessa Putrino, 1998),
(Huang, Shen, Dai and Wang, 2007) and the proposed doubbtésfmn designs are struc-
turally very similar. The dual- precision design in (Hua&ipen, Dai and Wang, 2007)
and the proposed design in this study are synthesized usi8gi&MC standard library.
The extra hardware required to provide multi-precisioncexien functionality for the
proposed designs is less than 9% where as for Huang, SheanB&i/ang(2007) design
it is 18%. Note that the unit of area estimate for the propasesigns is the number
of gates while for Huangt al.s design it is micrometer squares Huang, Shen, Dai and
Wang(2007). Even though synthesis tools, mantissa mieltigesigns, and adder types
are different the estimated clock delays for the proposedHunget al’s designs are
very close. The delay estimate for Jessani & Putrino’s aesigJessani and Putrino,
1998) could be also very close to those two estimates, if st syathesized with the same
ASIC library. So it can be assumed that the clock delays flodedigns are equal. On
the other hand, the latencies for the designs in (Jessariatnicho, 1998), (Huang, Shen,
Dai and Wang, 2007), and the proposed design are 3, 3, ansipgatevely.

Table 4.7 Additional Components in Multi-Functional Dog#irecisiorFPMAF Design

Unit Name Wide | Number
Adder/Subtractor 8-bit 3
Incrementer 8-bit
Incrementer 24-bit
Left Shifter 48-bit
Right Shifter 53-bit
Right Shifter | 108-bit

PR R NN
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The design is implemented by extending the hardware of cdioveal FPMAF units.

The additional components used to provide multifunctiipaln be seen in Table 4.7.
However, the presented design methods can be tailoredvaprsame functions in other
high-performanc&PMAF designs. The extra hardware used to modify the standard de-
signs is not significant compared to the overall hardwardadt most part of it is fitted

into an additional pipeline stage. The proposed designs)grected to increase perfor-
mance results for the applications that perform lots of pestelent floating-point multi-
plications. However, for the applications that may be dapethdent, the extra pipeline

stage may reduce the performance compared to staRePaW\F designs.

4.4 The Results for Multi-Functional Quadruple-PrecisionFPMAF

The additional components used to convert the basic quedpupcision to the Multi-
functional quadruple-precisidfPMAF are placed in the following stages:

The first stage: Two 17-bit adders, four 8-bit subtractergi{e Exponent Addeand
Difference and Maximum GenerajorThe second stage: Three 103-bit right shifters (in
the Mantissa Modifier 2 The fourth stage: Two 17-bit incrementers (in e Upd )
and, and two 53-bit incrementers (in tReunding ). Two 106-bit 1-digit right-shifters.

The multi-functional FPMAF design is compared with the standard quadruple-
precisionFPMAF by syntheses. All circuits are modeled using structural \/Hiode.
The adders, subtracters and incrementers in these degsigrimplemented by using
parallel-prefix adders. The correctness of the proposelgmeare verified with exten-
sive simulation. Table 4.8 presents area estimates foretional and the proposed
designs. In this table, the number of gates for each pipealiage is presented. The
guadruple-precisioRPMAF design have approximately 12.5% more area than the stan-
dard quadruple-precision design. The percentage inciaam®a is more than the one
for double-precision design, since the number of the supdamodes is increased in
the quadruple-precision design. Table 4.9 presents delamaes for conventional
and the proposed design in nanoseconds. The critical detaié proposed quadruple-
precisionFPMAF design is approximately 5% more than the critical delayHerstandard
guadruple-precision design. The delay of the extra pipedtage is less than the delay for

the stage with longest delay.
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Table 4.8 Area Estimates for Quadruple-Precist®tMAF Design

Pipeline Stage | Basic MAF | Multi-Functional
Mantissa Prepare - 3494
Multiplication 106224 119684
Add 13518 13940
Round 11663 10720
Total Area 131405 147838

Table 4.9 Delay Estimates for Quadruple-Precidt®tMAF Design

Pipeline Stage | Basic MAF | Multi-Functional
Mantissa Prepare - 4.63
Multiplication 4.43 4.71
Add 451 4.74
Round 4.26 4.65

The design is implemented by extending the hardware of cdioveal FPMAF units.
However, the presented design methods can be tailoredvapresame functions in other
high-performanc&PMAF designs. The extra hardware used to modify the standard de-
signs is not significant compared to the overall hardware. additional components used
to provide multifunctionality can be seen in Table 4.10. Bhegle-precision operation
modes supported in all the design can be especially use8bimultimedia applications
which do not require high-precision floating-point opersnd@he proposed design also
support dot product with low-precision operands. The preskdot-product mode re-
duces the rounding error, since only one rounding is peréorim each pass. The proposed
design are expected to increase performance results fappeations that perform lots
of independent floating-point multiplications. Anothewvadtage of the proposed design
over the previous designs is that the proposed design caodupore than two precisions
where as the previous designs can support only two diffggesttisions. The proposed

guadruple-precision multiplier can perform double andj&precision operations.
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Table 4.10 Additional Components in Multi-Functional Qtetule-Precisior-PMAF De-

sign

Unit Name Wide | Number
Adder/Subtractor 17-bit 4
Incrementer 17-bit
Incrementer 53-bit
Left Shifter 106-bit
Right Shifter | 113-bit
Right Shifter | 168-bit

R WEDNDN

4.5 The Multi-Precision Floating-Point Reciprocal Unit

The synthesis results for the proposed single/double gioeciloating point recipro-
cal unit is presented. The design in (Kucukkabak and Akk@842was used as refer-
ence standard double precision floating-point reciprooélwith some estimation. The
estimations include design of unsigned radix-2 multiplearry propagate-adders and a
controlling logic for the multiplexers. The clock delaysdaarea estimates (in terms of
number of gates ) for both designs are given in Table 4.11.vahess in Table 4.11 are

in nanoseconds for time and in number of gate for area.

Table 4.11 The Comparison of the Standard Double PrecisidriPaoposed Floating-Point

Reciprocal Design

Design Numb. of Gateg Latency
Reference Double Precisign 31979 3.86
Single/Double Precision 33997 3.94

The single/double precision reciprocal unit has approxéye% more area and has
about 3% more critical delay. The most critical delay ocaarthe multiplier. Because
of the multiplier we used is slightly modified a negligibléfdrence occurs in delay. The
additional circuits cause also negligible grows in desigie floating-point reciprocal
units used in modern processors are usually pipelined gesithe design performs two

single-precision reciprocal with about same latency wisdtissolved in pipeline stages.
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The presented reciprocal unit is designed for multimed@iegtions and operates on
SIMD type data input. The accuracy of the results are 20 bitsdch iteration. Compared
to the previous reference designs less than 1% area in@rdskelay increase is reported
based on synthesis results. However the functionalityeféciprocal unit is improved to
support three operation modes. The mode that generatesftei@nt reciprocals simul-
taneously is expected to double the performance of singleigion division operations.
The extra hardware used to modify the standard designsngisant compared to the
overall hardware. The additional components used to peawidlti-precision can be seen
in Table 4.12. The proposed unit can be expanded to suppmproeal-square-root op-

eration with additional circuit and modifications.

Table 4.12 Additional Components in Multi-Precision Reogal Design

Unit Name Wide | Number
Adder/Subtractor 8-bit 1
Incrementer 8-bit 1
Left Shifter 24-bit 1
Right Shifter | 168-bit 1
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5. CONCLUSIONS

This dissertation presents novel floating-point hardwassighs for multimedia ap-
plications. The main goal of the dissertation is to add fiomatlity and accelerate the
basic arithmetic operations used in multimedia applicetioThough multimedia appli-
cations require too much computational power, this contputas usually repetitive for
multimedia data. The SIMD extensions are developed to tpéha same operation on
the pieces of a packed data in parallel. SIMD instructioregegnsions are very popular
among major processor manifacturars. For example, SSE, SSE3, SSE4 from In-
tel Corp., 3DNow form AMD are well know examples. instrucisosets. The proposed
designs presented in this thesis offers efficient impleatents of the main SIMD instruc-
tions offered in those popular multimedia instruction seéeasions. More precisiley the
implementation for the following instructions are presehtPacked floating-point add,
packed floating-point multiply, packed floating- point nipily-add, dot product, packed
reciprocal operations.

The proposed multi-precision adder can be used in additiasubtraction of two
single precision or four half precision operands. When arimafta has to be added
or subtracted, the proposed design can decrease the delde foalculation about 70%.
The proposed floating point adder has about 40% more areaneattty same delay with
additional precision capabilities.

The proposed multi-functional MAF design can decrease éteydor the matrix mul-
tiplication with its dot product function. It decreases theday for parallel low precision
floating-point multiplications. The proposed design hasul?% more area and same
delay with basic double or quad precision multiplier withrdanal functions like dot
product and simulteneous multiplication of two or four dengrecision number.

Similar gains are achieved by the multi-precision reciptatesign. The proposed
design has about 6% more area than reference design. It bas3# more delay but
has capability of taking reciprocal of two single precisftwating number beside double
precision. When this design is coupled with a multi-funictial MAF design, the design
can perform division or divide and sum operation or a divide subtract operation.

The major general purpose processor manifactures andigeaphocessing unit man-

ifacturers are adding new futures to their designs to oveecmultimedia load because the
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demand on digital world increases day by day. Every singke faéure requires greater
computational power. The purposed designs give suppolt rvdre computation with
same delay. This designs can be implemented directly intbbapiocessor as an exten-
sion or implemented as separate co-processor on a daugharer. WWhen implemented as
add-on, it can be used by either graphical processing usgmiral processing unit. With
some modification, they can be fit on an FPGA(Field Progranter@hte Array) and used
for extra calculating power for microcontrollers or anatbgital processing units.
Although there exists an abundance of multimedia appboatimost of the operations
required to execute them are uniform. For example some immagepulation operations,
some 3D transformation like rotation, sizing, translatomeration or some audio manip-
ulation like amplification, equalization or echo additicawicellation operations require
similar type of operations. All those applications may Herieom the designs developed

in this dissertation.

100



BIBLIOGRAPHY

Akkas, A., Schulte, M.J., 2006. Dual-mode floating-pointltiplier architectures with
parallel operations. Journal of Systems Architecture ;582.

AltiVec Technology Programming Environments Manual, Mota, Online (2006)
http://ww.freescal e.com files/32bit/doc/ref _manual / ALTI VECPEM
pdf ?WI_TYPE=Ref er enceManual s&M _VENDOR=FREESCALE&WI FI LE_FORMAT=
pdf &AT_ASSET=Docunent at i on

AMD-3DNow!, Technology manual, Online (2000)t t p: / / www. and. com

AMD, 2007. ATI FireGL Technical Specifications. Onlinéhttp://ati.and. com
product s/ wor kst ati on/techspecs2. htn

Ansi/ieee standard 754, 1985. IEEE standard for binaryifiggtoint arithmetic.

Arfken, G., 1985. Mathematical Methods for Physicists, 8dJ Academic Press, Or-
lando, pp.13-18.

Baugh, C.R., Wooley, B.A., 1973. A Two’s Complement Patalgay Multiplication
Algorithm, Computers, IEEE Transactions, C-22(12):10403-.

Baugh, C.R., Wooley, B.A., 1973. A two’s complement patatleay multiplication
algorithm, IEEE Transactions on Computers, C-22(12):10a%7.

Beaumont-Smith, A., Lim, C.C., 2001. Parallel prefix addesign, Computer Arith-
metic, Proceedings. 15th IEEE Symposium on, 218-225.

Beuchat, J.L., Tisserand, A., September 2002. Small nligitipased multiplication and
divison operators for Vertex-Il devices. in Proceeding4d 2th International Con-
ference on Field-Programble Logic and Applications, 522-5

Booth, A., 1951. A Signed Binary Multiplication Techniqu@uarterly J. Mechanics of
Applied Math., 4:236-240.

Buford, J.F.K., 1994. Multimedia Systems, Addison-WesteNp. Co.

Charles, P., 25 Jul 2007, 3D Programming for Windows, MicfoBress, 448p

Chen S., Wang D., Zhang T., Hou C., 2006. Design and Impleatient of a 64/32-
bit Floating-point Division, Reciprocal, Square root, dnderse Square root Unit.
Solid-State and Integrated Circuit Technology, ICSICT'@8h International Con-
ference on, Shanghai, 1976-1979.

Chirca, K., Schulte, M., Glossner, J., Horan W., Mamidi, BaJzola, P., Vassiliadis, S.,
2004. A static low-power, high-performance 32-bit carripsidder. Digital System
Design, DSD Euromicro Symposium on, 615-619.

101



Cole, P., Oct/Nov 2005. OpenGL ES SC - open standard embegidgthics API for
safety critical applications. DASC 2005, 2:8.

Dadda, L., 1965. Some Schemes for Parallel MultipliersaAtequenza, 34:349-356

Debes, E., Macy, W.W., Tyler, J.J., Peleg, A.D., Mittal, Mlennemeier, L.M., Eitan,
B., Dulong, C., Kowashi, E., Witt, W., 2008. Method and Apgitais for Perform-
ing Multiply-Add-Operations on Packed Data. Intel Corpgaa, Patent Number
7.395.298 B2.

Diefendorff, K., Dubey, P.K., Hochsprung, R., Scale, H.,rMa@r 2000. AltiVec exten-
sion to PowerPC accelerates media processing. Micro, IE&R):85-95.

Ercegovac, M.D., Lang, T., 2004. Digital Arithmetic, Morggauffmann.

Ercegovac M.D., Lang, T., 1987. On-the-fly conversion ofurgdnt into conventional

representations. IEEE Transactions on Computers, 895-897

Even, G., Mueller, S., Seidel, P., 1997. A dual mode ieeeipligdt. Proceedings of the
2nd Annual IEEE Int. Conf. on Innovative Systems in Silicwstin, TX, USA,
282-289.

Even, G., Seidel, P.M., 2000. A comparison of three roundlggrithms for ieee floating-
point multiplication. IEEE Transactions Computers, 48630.

Fossum, T., Grundmann, R.W., Hag, M.S., 1991. Pipelineatklg Point Adder For
Digital Computer. Digital Equipment Corporation, Patenirhber 4.994.996.
Fu-Chiung, C., Unger, S.H., Theobald, M., Jul 2000. Setffetil carry-lookahead adders,

Computers, IEEE Transactions on, 49(7):659-672.

Garland, M., Le Grand, S., Nickolls, J., Anderson, J., HactnJ., Morton, S., Phillips,
E., Yao Z., Volkov, V., Jul/Aug 2008. Parallel Computing Exgnces with CUDA.
Micro, IEEE, 28(4):13-27.

Gok, M., Ozbilen, M.M., 2008. Multi-functional floating-pt MAF designs with dot
product support Journal of Microelectonics, 39:30-43

Gok, M., Ozbilen, M.M., 2009a. Evaluation of Sticky-Bit Genation Methods for
Floating-Point Multipliers. Journal of Signal ProcessBystems, 56:51

Gok, M., 2007. A novel IEEE rounding algorithm for high-spd®ating-point multipli-
ers. Integration, the VLSI Journal, 40:549-560.

Gok, M., Schulte, M.J., Krithivasan, S., 2004. Designs idnsord-parallel multiplica-
tions and dot product operations. in: WASP’04, Third WoistOn Application

Specific Processors, Stockholm, Sweden, 27-31.



Gok, M., Ozbilen, M. M., 2009b. A Single or Double Precisidodting-Point Multiplier
Design for Multimedia Applications. Istanbul Universitgurnal Of Electrical and
Electronics Engineering, 9:827-831

Gok, M., Ozbilen, M. M., 2009c. A Single or Double Precisidon&ting-Point Reciprocal
Unit for Multimedia Applications. In Review

Gurkayna, F.K., Leblebicit, Y., Chaouati, L., McGuinneBg., 2000 Higher radix Kogge-
Stone parallel prefix adder architectures, Circuits ande®ys Proceedings. ISCAS
2000 Geneva, 5:609-612.

Harris, D., Sutherland, I., 9-12 Nov 2003. Logical effortaairry propagate adders. Con-
ference Record of the 37th Asilomar Conference on, 1:87%3-87

Heikes, C., Colon-Bonet, G., Feb 1996. A Dual Floating P&oprocessor with an
FMAC Architecture. ISSCC Dig. Tech. Papers, 354-355

Hillman, D., 1997, Multimedia Technology and Applicatiom®Imar Pub., 274p

Hokenek, E., Montoye, R., Cook, P., 1990. Second-generaisc floating point with
multiply-add fused. IEEE Journal of Solid-State Circui$§(10):1207-1203.

Huang, L., Shen, L., Dai, K., Wang, Z., 2007. A new architeetior multiple-precision
floating-point multiply-add fused unit design. Proceediind the 18th IEEE Sym-
posium on Computer Arithmetic, IEEE Computer Society, Wagton, DC, USA,
69-76.

Intel 64 and IA-32 architectures software developer’s naynOnline (2007).http://
www. i nt el . coml desi gn/ processor/ manual s/ 253667. pdf

Intel SSE4 programming reference, Online (2007ht t p: // sof t war ecomuni ty.
intel.com

Jagodik, P.J., Brooks, J.S., Olson, C., 2008. Multiplieu&ure Supporting Differ-
ent Precision Multiplication Operations. Sun Microsysselmc., Patent Number
7.433.912B1

Jessani, R.M., Putrino, M., 1998. Comparison of single arad dass multiply add fused
floating-point units. IEEE Trans. Comput., 47(9):927-937.

Koren, I., 2002, Computer Arithmetic Algorithms. A.K. Peté.td., Canada, 281p

Kucukkabak, U., Akkas, A., 2004. Design and implementatibreciprocal unit using ta-
ble look-up and Newton-Raphson iteration. Digital Systeesign 2004 Euromicro

Symposium on, 249-253



Lee, C., Potkonjak, M., Mangione-Smith, W.H., 1997. MedaBh: a tool for evaluating
and synthesizing multimedia and communicatons systernosePdings of the 30th
annual ACM/IEEE international symposium on Microarchitee, IEEE Computer
Society, 330-335

Lempel, O., Peleg, A., Weiser, U., 23-26 Feb 1997. Intel's KINW technology-a new
instruction set extension. Compcon '97. Proceedings, |EBB-259.

Lindholm, E., Nickolls, J., Oberman, S., Montrym, J., MagotAR008. NVIDIA Tesla: A
Unified Graphics and Computing Architecture. Micro, IEEB(2):39-55.

Macedonia, M., Oct 2003. The GPU enters computing’s maast. Computer, IEEE,
36(10):106-108.

Microprocessor Standards Committee, 2006. DRAFT Stanfdarféloating-Point Arith-
metic P754, IEEE.

Min C., Swartzlander, E.E., 2000. Modified carry skip addar reducing first block
delay. Circuits and Systems, Proceedings of the 43rd IEE@EM&st Symposium
on, 1:346-348.

Nvidia, 2007. GeForce Family. Onlinétt p: // www. nvi di a. com obj ect/ geforce_
famly. htn

Oberman, S., Favor, G., Weber, F., Mar/Apr 1999. AMD 3DNoedhnology: architec-
ture and implementations. Micro, IEEE , 19(2):37-48.

Oberman, S.F., Juffa, N., Weber, F., 2000. Method and Appsifor Calculating Recip-
rocals and Reciprocal Square Roots. Advanced Micro DevieesPatent Number
6.115.773

Oberman, S.F., 2002. Shared FP and SIMD 3D Multiplier. AdearMicro Devices Inc.,
Patent Number 6.490.607 B1.

Singhal, R., Agu 2004. Intel Pentium 4 Processor on 90nmr@olgy. Hot Chips, 16

O’Connell, F.P., White, S.W., 2000. Power3: The next getanaof PowerPC proces-
sors., IBM Journal of Research and Development 44(6):823-8

Ozbilen, M.M, Gok, M., 2008. A Multi-Precision Floating-PdAdder. 4th International
Conference on Ph.D. Research in Electrical and Electrdanggneering, Prime
2008, 117-120

Quach, N., Takagi, N., Flynn, M., 2004. Systematic ieee dingnon high-speed floating-
point multipliers, IEEE Transactions VLSI Systems, 12:519



Takagi, N. 1997. Generating a power of an operand by a tableup and a multiplica-
tion. In Proceedings of 13th Sym. on Computer Arithmetid)@xsar, 126-131

Schmookler, M.S., Mikan, D.G., 1996. Two state leading a®ve anticipator (LZA).
Patent Number 5.493.520

Varghese G., Sanjeev J.,; Chao T., Smits, K., Satish D.s SterVes N.,; Tanveer K., San-
jib S., Puneet S., Nov. 2007. Penryn: 45-nm next generatitat tore 2 processor.
Solid-State Circuits Conference, IEEE Asian, 14-17.

Wallace, C.S., 1964. A Suggestion for a Fast Multiplier, EEEansections on Electronic
Computers, EC-13:14-17

Wang, Z., Jullien, G.A., Miller, W.C., Wang, J., May 1993 Neancepts for the design
of carry lookahead adders, Circuits and Systems, ISCAS39837-1840.

Weems, C., Riseman, E., Hanson, A., Rosenfeld, A., 1991. OARPA image un-
derstanding benchmark for parallel computers. JournabodlRel and Distributed
Computing, 11:1-24.

Yang, X., Lee, R.B., 2004. PLX FP: An efficient floating-poinstruction set for 3D
graphics. in: ICME’04, IEEE International Conference onltfoedia and Expo,
Taipei, 1:137-140.

Yang, C.L., Sano, B., Lebeck, A.R., 2000. Exploiting pakdim in geometry processing
with general purpose processors and floating-point simducisons. IEEE Trans.
Comput., 49(9):934-946.

Yu, R.K., Zyner, G.B., 1995. 167 mhz radix-4 floating pointltiplier. in: ARITH95:
Proceedings of the 12th Symposium on Computer ArithmeiEH Computer So-
ciety, Washington, 149.

Yu-Ting P., Yu-Kumg C., Jan. 2004 The fastest carry lookdreader, Electronic Design,
Test and Applications, DELTA 2004. Second IEEE Internaioworkshop on,
434-436



CURRICULUM VITAE

Metin MeteOzbilen was born in Tarsus in 1974. He completed his elemgntiuca-
tion at Kayseri Ahmet Pasa Primary School in 1984. He wethigh school at Kayseri
Nuh Mehmet Kuigukcalik Anatolia High School. He gradeégafrom Gaziantep University
department of Electrical and Electronics Engineering @6l He worked as electrical and
electronics engineer in a company in Gaziantep from 199®881He worked as an in-
formation technology instructor in Gaziantep VocationaliHSchool from 1999 to 2001.
He taught Database Management, Computer Hardware, Marepsors and Operating
Systems courses. He graduated from Cukurova Univergpadment of Electrical and
Electronics Engineering with degree M.Sc. in 2002. Sindg12be has been working as
aresearch assistant in Mersin University. He is marriedfatier of a son and a daughter.
His interest areas are computer architecture, digitabtesnicroprocessors and operating

systems and system programming.

106



