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LOGARI THM | NVERSE- LOGARI THM CONVERTER UTI LI ZI NG SECOND- ORDER
TERVAND VETHOD OF USITNG SAMVE Related Inventions
5 The present invention is related to the foll ow ng

i nventions WP8H24894 assigned to the sane assignee as the PCIPYSEUAT

I nventi on: (1) "Logarithnm I nverse-Logarithm Converter and Met hod
10 of Using Sane", having Serial No. 08/381, 368, filed on 31 January
1995. (2) "Logarithm |Inverse-Logarithm Converter Utilizing a
Truncated Tayl or Series and Method of Use Thereof", havi ng Serial No.

08/ 381, 167, filed on 31 January 1995. 3
"Logarit hnf | nver se- Lod¢IGARITHMS WIGF\ABF?WQC NVERIERe ¥TILAEEY B0l at i on

and Met hod of Using Sane$ECONDHORQER TERrAND MBTHODSOBIUSBED,SAME ed on 22

February 1995. (4) "Neural Network Uilizing a Logarithmc
Functi on and Met hod of Using Sane", having Serial No. 08/176, 601, 20
filed on 03 January 1994. ReLgtedJny@nEdoPEocessor Uil i zi ng

Logarithmc 5 Conversion and Method of Use Thereof", having Serial No.
08/403, 158, filed on S\ y@&g&égi%‘rffention is reﬁ.m%e%@oeghen?éifgwiqg the

above-identified rel a
inventions which are assigned to the same assignee as the

present invention:

(1) "Logarithm/Inverse~Logarithm Converter and Method

10 of Using Same”, having Serial No. 08/381,368, filed on 31
January 1995.

(2) "Logarithm/Inverse-Logarithm Converter Utilizing a
Truncated Taylor Series and Method of Use Thereof", having
Serial No. 08/381,167, filed on 31 January 1995.

15 (3) “"Logarithm/Inverse-Logarithm Converter Utilizing
Linear Interpolation and Method of Using Same”, having
Serial No. 08/391,880, filed on 22 February 1995.

(4) "Neural Network Utilizing a Logarithmic Function
and Method of Using Same®, having Serial No. 08/176,601,

20 filed on 03 January 1994.

(5) "Computer Processor Utilizing Logarithmic
Conversion and Method of Use Thereof", having Serial No.
08/403,158, filed on 13 March 1995.

The subiject matter of the above-identified related

25 inventions is hereby incorporated by reference into the
disclosure of this invention.

Technical Field

30 The present invention relates generally to computing
circuits and, in particular, to a computing circuit which
may be used to perform either a logarithmic or inverse-
logarithmic conversion on an input value.



25 inventions is hereby incorporated by reference into the di scl osure

of -this invention. B Technical Field 30

The present invention relates generally to conputing circuits and, in
particular, to onputing circuit which may be used to per%ef ﬁhﬁ r
a Fogarithmc o?wlg’r?ggf“gé- | ogarithm c conversion on an inpu v’g% ue.ﬂ?
WO 96/ 24094 PCT/ US96/ 00147

2 _ Background of the Invention

Logarithm c converters are devices used to inplenent | ogarithmc
functions and are nost commonly found in itenms 5 such as hand-hel d

cal cul ators and spread sheet software rogr . Logarithmc functions,
or log functions, belong to a CPQ§§95?€m%fH§g§Fikﬁ e i ons cal | ed

transcendent al functions which are inportant in wi de variety
applications such as (A 1eRARTENEGN Aehs @28 5OYiSyS AR tehemblétent
logarithmic functions and are most commonly found in items
5 such as hand~held calculators and spread sheet software
programs. Logarithmic functions, or log functions, belong
to a class of mathematical functions called transcendental
functions which are important in wide variety applications
such as data communications, control systems, chemical
10 processes, and computer simulation. A log function is
' abbreviated with the following mathematical equation: y =
logp(x). 1In this equation, x represents an input value
which may be any number greater than or equal to zero; b
represents a base number system; and y represents a
15 logarithm value, or log value, which corresponds to the
input wvalue x.

Inverse-log converters are devices used to implement
inverse-logarithmic, or inverse-log, functions.
Essentially, an inverse-log function is the reverse of a

20 log function. What is meant by "reverse" is explained in
the following discussion. A log function converts an input
value, 2, which is in a domain of input value into a
definite log value which is in a range of log values.
Basically, the log function establishes a one-to-one

25 correspondence between input values in the domain and log
values in the range. This correspondence is represented
symbolically by x ~> y. An inverse-log function
establishes a reverse correspondence between log values and
input values which is represented by y =-> Xx. An

30 inverse-log function is abbreviated with the following
mathematical equation: y = logy l(x). 1In this equation, x
represents an input value; b represents a base number
system; and y represents an inverse-log value which
corresponds to the input value x and may be any number



10 processes, and conputer simulation. A log function is abbr evi at ed

wi t-h the foll owi ng mat hematical equation: y = loglerr](xX). In.this  _.__
equarton, x represents an i nput val ue whi ch may be any nunber greater
than or equal to zero; b represents a base nunber syste and
represents VN@86240%garithm val ue, or |og val ue, which corrégb&ﬁﬂMQ%Pthe

I nput val ue Xx. I nverse-l og converters are devices used to

I mpl ement inverse-logarithmc, or inverge-log, functions.

Essentially, an inverse-log function is the reverse of a 20 |og function.
VWhat is neant by "reverse" is explained in the foll owi ng discussion. A

| og function converts an input value, x, which is in a domain of input

value into a greatenithan 6F egrad tMizerqs ks red Emationg. ipgesse
Basically, the lheg fﬂmﬂim agkabhpsheintd e widenearfet @ppddpandense

bet ween i nput values é%guggﬁggn ng +§ﬁkﬁﬁ%,%§§ Hﬁé iﬁbéggéJl Saldbss

correspondence is rep res An inverse-Iog
function es@xsl comranly N@Fér§@d%brré%ﬁﬁh&@ﬁb@lﬁ%?ﬁwﬁﬁ?IQﬂ?ngpﬁééyand

i nput val uesswhivglBdi o redipRteneethéy log dor -inverseAboglralueser shukpgfor
function is abb Eﬁ% Q;;?éi 3’59 tbr}ekrgg}\zf Oiﬂ@%&%owzng”ﬁ&?@@?&i&?'mﬁﬁ“%EQQ o ~

| ogb[err] (x). hi | nput va

represents a baS‘élﬂ'anHE? te°hn§9§9§rﬁ° eﬁR!“RPtPe&P@sgﬂ%%e%m Yithetde | og val ue

whi ch COr r egpasgst drvuilnde thaputhe alerthnichied fay be wsed imbedike VO
96/ 24094 manner to compute inverse-log valuEgT/U596/00147
10 The first technique involves storing a corresponding

log value in a look-up table for every possible input
value. This approach allows a log value to be computed
relatively quickly and is practical for applications
requiring limited precision and having input values within
15 a small domain. However, in many applications this
technique is impractical because it requires too great a
memory space to store the look-up table. For example, in a
digital system using an IEEE standard 32-bit floating point
number, which has a 23-bit mantissa, such a look-up table
20 would be required to store 223 log values -- one for every
possible mantissa value. A computer memory for storing
this number of log values would be prohibitively expensive,
if not impossible, to build.
The second téchnique of computing log values involves
25 computing a power series to approximate a log function. An
example of a power series which approximates a log function
is given as:

vy = Log(l + x) = x - x2/2 + x3/3 - x%/4 + ... (1)
30
In this example, the log function is a specific type of log
function known as a natural logarithm, which is widely used
in science and engineering applications. The variables in
Equation 1 are defined as follows: y represents a log
35 wvalue, and x represents an input value in the domain -1 < x



3 greater than or equal to zero. Like log functions, inverse

| og functions are inportant in a wide variety applications. Two
t echni ques of computing log and inverse-1log val ues are comonly used
today. Both tec re anal ogously 5 used to conmpute eithe

I nverse-1| og valngéggﬁﬁﬂg for the sake of brevity, the foll Jﬁ§ﬁﬁu7

di scussion will focus on using the techniques to conpute |og val ues,
with the under standi ng that the techni ques gay be used in a |ike

manner to conpute inverse-log values. 10 The first techni que invol ves
storing a corresponding | og val ue in a Iook up table for every possi bl e
I nput val ue. This_approach be co

rel atively quickly Znd-i sAbq'l%ﬁHq%cﬁ'Bef B?C "Tecaﬁ Bﬁgng a R tsleﬁdeﬁl Wt ed
preci sion and havi ngrpnpyimatsd wedogi funotildn aldews| adbogivaludowsvbe, in
many applications tEbﬁ utedtuﬁcew'aqneghsdégwcaf EcDEEé’ﬁJSG.Ld tre'iﬁ‘i%éeé too

great a menory space o store g) . exanpl e
digital system usi ngahfe| BEPen ofdSPEPYLeY); PeY Pﬁg QHNQRereforﬁuﬁﬁgpires
whi ch has a 23-b$t aanelstsfawemalmna peonkedpofl alime £6 ewedutebe Iagothed to

store 223 | og val uegorgs ONgh éjrte‘?:gxﬁﬁ. is F&&@ﬁ'l@ B S&f ‘S@gﬂg:elvély

conputer nenory for orin nunbe values o]
prohi bitively expen?%%ﬁ"ts th‘? fthHBPgPﬁﬁﬁs‘é 4 é:°mPgtﬁﬁrl d. The
second techni que of conplti symiaxy,véhere is\v@inessl Z5rcanponvenyex which can

series to approxi mb@rfohﬁgeiféﬂé‘it 10og Br an i%'fﬂleel&} furlkt¥eh &ﬁibﬁ%}r .

whi ch appr oxi mat es function IV
X) = x - x[err]ﬁé +t§?§r?}*Q?lnngeFPTPﬂtﬁg t° operate &) qﬁyater In this

exanpl e, the | og fubbtooghps .a Spehlélcomwﬁmtqﬁ shogld also reduce the amount
of memory space required to perform the conversions, and it
should produce log or inverse-log values which have a high

degree of precision.
15
Brief Description of the Drawings

The invention is pointed out with particularity in the
appended claims. However, other features of the invention
20 will become more apparent and the invention will be best
understood by referring to the following detailed
description in conjunction with the accompanying drawings
in which:
FIG. 1 illustrates a logarithm/inverse-logarithm
25 converter in accordance with a preferred embodiment of the
present invention.
FIG. 2 shows a graph of a logarithmic function.
FIG. 3 shows a graph of an inverse-logarithmic

function.

30 FIG. 4 illustrates a flow chart diagram of a method of
using the logarithm/inverse-logarithm converter shown in
FIG. 1.

FIG. 5 illustrates a flow chart diagram of a method of
computing and storing parameters and second-order terms
35 used in conjunction with the converter of FIG. 1



function known as a natural logarithm which is wdely used i n science
and engi neering applications. The variables in Equation 1 are defined
as fortows: y represents a Tog 35 value, and x represents an input value
in the domain -1 [err] X WO 96/ 24094
PCF/ US96/ 00 WOF96/24094 4 PCIUSY6N14T, ough
the techni que of using a power series to approximate a | og function
allows a | og value to be conputed with s high degree of precision, it
requires a | ar ge nunber of conputer operations and therefore requires
S arelatively long period of time to execute. In other words, this
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a high  degrggrdiftidmeci sion. 15 Brief Description of
t he Draw ngs

Detailed Description of a Preferred Embodiment

It is an advantage of the pfesent invention to provide

10 a converter which can be used to perform either a
logarithmic or inverse-logarithmic conversion, in a
computer, processor or circuit, without altering the design
of the converter. A further advantage of the present
invention is that it provides a converter which computes

15 1log and inverse-log values with a high degree of precision.
In fact, a specific advantage of the present invention is
that it provides a converter which can compute log and
inverse-log values of an IEEE standard 32-bit floating
point number, wherein the IEEE 32-bit floating point

20 representations of the log and inverse-log values have less
than one LSB (least significant bit) of error in the
mantissa. Yet another advantage of the present invention
is that it provides a converter which requires a
significantly reduced amount of memory space and may be

25 efficiently implemented in an integrated circuit which
consumes little power. An additional advantage of the
present invention is to provide a method of using the
converter to produce either log or inverse-log values.

Generally, the present invention provides a converter

30 for computing either a log or an inverse-log functions.
The converter comprises a memory and an arithmetic means.
The memory stores a plurality of parameters and second-
order terms, wherein the parameters and terms are
calculated using a least squares method to estimate either

35 a log or an inverse- log function over a domain of input



The invention is pointed out with particularity in the appended cl ai ns.
However, other features of the invention 20 w | _ becone nore apparent and
the invention will be best under st ood by referring to the foll ow ng

det ai |l ed description in conjunction with the acconpanyi ng draw ngs

i n-whi ch: W°9%" 1 illustrates a logarithniinverse-| ogar"lqrmﬁ‘g!’“’
converter in accordance with a preferred enbodi nent of the pr esent

i nventi on. FIG 2 shows a graph of a Iggarithm c function.

FIG 3 shows a graph of an inverse-logarithmc function. 30 FI G
4 illustrates a flow chart diagram of a method of using t he
Iogarithniinverse-logarlthn1converter shown in 5

illustrates a flow ¥ALPeS 4 ﬁFéFh@FFﬁﬁIﬂﬁinéfgenerﬁﬁﬁﬁnﬁl¥%§ Sﬁda§tor|ng
paranmeters and secobhnverskerldgevaiudp depmdiing oonthecgtaxametielris ahd terms

§8¥78g5250824§|6' lstored in MeSResdfP? by perform%ng arithmetic Eygfa%éons

i | lustrates one ver SRoRP FPPPtc ¥APUR| FRF RRASCOL the BREIMQLATS AHAaFRSORMT
enbodi nent of th® poedenttemmsenti on. FIG 7 illustrates another

version of a conputing wgne converter may be easily re-configured to perform
either log or inverse-log functions, or functions having a
different base number system or domain of input values, by
loading the memory with a different set of parameter pairs

10 and second-order terms.

FIG. 1 illustrates a logarithm/inverse-logarithm
converter in accordance with a preferred embodiment of the
present invention. The converter comprises a memory 20, a
multiplier 22, a first adder 24, and a second adder 26.

15 The memory 20 stores a plurality of second-order terms in a
second-order loock-up table 32 and a plurality of parameter
pairs. The parameter pairs and second-order terms are
calculated using a least squares method to estimate either
a log or an inverse-log function over an interval of input

20 wvalues. Each parameter pair has a zero-order parameter,
which is stored in a zero-order loock-up table 28, and a
first-order parameter which is stored in a first-order
look-up table 30.

The converter operates as follows. An input value 34

25 provides an address 36 which is used to retrieve a
corresponding parameter pair from the zero~order and first-
order look-up tables 28,30. In a preferred embodiment, the
input value 34 is a binary value having a length of 23-
bits, denoted by [22:0), wherein the most significant nine

30 bits, [22:14]), of the input value 24 are provided to the
memory 20 as the address 36. Additionally, the zero-order
and first-order parameters 42, 44 are located in the memory
20 at a common address which corresponds to the input value
34.



devi ce which incorporates an enbodi mrent of the present 5 invention.
Detail ed Description of a Preferred Enbodi nent [t is an
advantage of the present Invention to provide 10 a converter which can be

used to performeither a | ogarithm c or inverse-|logari tﬁ?"’& Y& si on,
in-a conY96R40%, ocessor or circuit, without altering t ?sél@n of

the converter. A further advantage of the present i nvention is that it
provi des a converter which conputes 15 log and inverse-log values with a
hi gh degree of precision. - In fact, a specific advantage of the present
I nvention is that it provides a converter which can conpute | og and

I nverse-1og values of an | EEE standard 32-bit fl oat.i ?? ¢ $OJ nt nymber,
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converter to pr . er, log. qr i nle/ers - | og,val ues. . Cenerally,

the present inveédt MSAREr_VFHEE RiLoRbEre et T% URBRP R ¥t ther a | og or

an inverse-|og foonchtensted withha senvedtlit cdiwei Sesmathmeniverand an

arithnmetic mean The nenory stores a plurality of paraneters and
Zsortion. :

second- order terns, wherein_the paraneters and terﬂ%?are

calcul ated d9ing a | BXefekaR¥e SR ARBYTt BaL28 I BScPt AERIHE oF 12}y or an
i nverse- | og fumdtispndeneted kdorf@2r00f where the upper portion includes

the most significant nine bits, [22:14), and the lower
portion includes the remaining 14 bits, [13:0]. The term
address 38 is a nine~bit wvalue, which comprises the most
15 significant four bits of the upper portion concatenated
with the most significant five bits of the lower portion
,i.e., bits [22:19][13:9] of input value 34.
The memory 20 provides as output the zero-order
parameter 42, the first-order parameter 44, and the second-
20 order term 26 which correspond to the input value 34. In a
preferred embodiment, the zero-order parameter 42 is a 24-
bit binary value, the first-order parameter 44 is a 15-bit
value, and the second-order term 46 is a 9-bit value. A
total of 512 parameter pairs and 512 second-order terms are
25 stored in the memory 20.

The multiplier 22 multiplies the first-order
parameter 44 by the bit slice 40 to produce a proportional
term. Although the bit slice 40 may include the entire
input value 34, in a preferred embodiment it includes the

30 fourteen least significant bits, [13:0], of the input value
34. The first adder 24 sums the proportional term and the
second-order term 46 to produce a first sum. In turn, the
second adder 26 sums the first sum and the zero-order
parameter 42 to produce an output value 48. The output

35 +value 48 is preferably 23 bits in length.
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6 - val ues. The arithnetic neans generates a | og or an I nverse-1| og
vaI?e, erendin% on the paraneters and terns stored in the nenory, by
perform ng arithnetic operations on an input val ue and ones

paraneters and s¥OMB4M5 order terns. P The converterrﬁ%ﬁgg 07y
re-configured to perform either log or inverse-log functions, or
functions having a di fferent base nunber sygtem or donain of i nput

val ues, by | oading the nenory with a different set of paraneter pairs
10 and second-order ternmns. FIG 1l illustrates a

| ogarithm inverse-|ogarithm converter in accordance,with a preferred
enbodi nent of the pr é8cfhe | YRRAGIMSAt h R RASSERF &Bﬁfﬁ?%ﬁﬂ; gkﬁbnnry
20, a mul tipli ercodRertefiistimpldmentdd witth &ansdodadratritciz@uits The

menory 20 stores a go%@ bl y?ﬁé GBI LFFedi 18 KB 11N rdcogni AL &R @r der
| ook-up table 32 and a pluraljty of paraneter he_par.anet er

_ irs.
pairs and second- or EPIFERRRLLE Jogic AnFRYy ﬁﬁﬁ}ﬁ?ﬁgﬁﬁnas?%%ﬂs“tl%dﬁ'ﬁgﬁ'“ed
met hod to estinafe eitrbeit (ASIC),ogproother idighitsd- logitudeviam @scwedh as

interval of input ZgofXQLHSSr%rd§ﬂ§hoHaéaﬁf%égs§5¥ lsudRSad Zeﬁibfaﬁi%bgssor

par anet er, which 1s stored 1n"a zero-order |l ook-up table 28, and a
first-order paranmet &CURAi akse beusedyteimpienent. %eg°nverq%k- up table
30. The convert PIGop2rstiosss asgtaphook.a Avgarpbhnial fun@dion 50 over

a domain of input values. The input values are given along

10 the x-axis and the log values are given along the y-axis.
The domain of the input values is 1 to 2, and the range of
the log values is 0 to 1. Several intervals within the
domain are indicated with vertical dotted lines at input
values 1.1, 1.2, 1.3. 1.4, and 1.5. Each interval

15 contains data points between the dotted lines. The log
function 50 uses a base number system of two.

FIG. 3 shows a graph of an inverse-logarithmic
function 52 over a domain of input values. The input
values are given along the x-axis and the inverse-log

20 wvalues are given along the y-axis. The domain of the input
values is 0 to 1, and the range of the inverse-log values
is 1 to 2. Intervals within the domain are indicated with
vertical dotted lines at input values 0.1, 0.2, 0.3, and
0.4. 1In the example shown, each interval contains data

25 points between the dotted lines. The inverse-log function
52 also uses a base two number system.

One of ordinary skill in the art will realize that the
convertee used for computing any log or inverse-log
function; however, in a preferred embodiment of the present

30 invention, the converter computes the log function depicted
in PIG. 2 and the inverse-log function depicted in FIG. 3.

An IEEE standard 32—bit_floatipg point number may be
easily converted to either a log or an inverse-log value
using the converter of FIG. 1. Values represented by IEEE

35 floating point numbers have one sign bit, a 23-bit

»



25 provides an address 36 which is used to retrieve a correspondi ng

parsaneter pair fromthe zero-order and first- order look-up tables
28,30 Tn a preferred enbodi nent, the i nput value 34 is a binary val ue
having a length of 23- bits, denoted by [22:0], wherein_the

significant Wo9624084 bits, [22:14], of the input val ue 24 a?g'ﬂﬁ?r}&%iﬂd to
the menory 20 as the address'36 Addi tionally, the zero-order and
first-order paraneters 42, 44 are |ocated i@ the nmenory 20 at a comon
address which corresponds to the input val ue 34. WO 96/ 24094
PCT/ US96/ 00147 7 Aterm
address 38 is also derived fromthe input val ue termaddress is

used to retrievanantdssagcopadopRich-bit exRpPREAL- erfh]mY[ ﬁ@esgﬁﬁﬁﬂs%?d’e?f | ook- up
table 32. In Onﬁprovid%&bﬁdl fRétcotiveriterpagseid inpuantiadne Bée iBghh thal ue

34 is 5 a binary, vaI %e |ﬂ$§%eﬁg§&ggggt£ {u &}Q&te@"’ﬁﬁdpﬂé'ﬁher and

the second-order romthe neno using a
first bit slice ¢Q@hﬂeﬁewé§be¢h®cﬂ¢mﬁ valugoffat @rﬁ?@é‘éiﬁl}%ﬁ' LR&cond bit
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I ncl udes J '? he%}ﬁfﬁ FI ﬁ???%ﬂ?mt%%ng& B%ﬁe Qiﬁ'ﬁ%fd Qgpyﬁggﬁtpogﬁé on
mantissa. The exponent of the floating point number is a
base~-two value, 2©, where e represents the exponent. A log
or an inverse-log value corresponding to the floating point
10 number is generated by summing of the output value 48 and
the exponent following conversion of the mantissa. This
summation results in a value which is represented in a
fixed point number format having a j-bit fractional portion
and a k-bit integer portion. The integers j and k can
15 vary, depending on the desired precision of the converter.

FIG. 4 illustrates a flow chart diagram of a method of
using the logarithm/inverse-logarithm converter shown in
FIG. 1. The method may be used for generating either a log
value or an inverse-log value. In box 60, a plurality of

20 parameters and a plurality of second-order terms are stored
in the memory 20. The parameters are calculated using a
least squares method to estimate either a log or an
inverse-log function. 1In box 62, an input value 34 is
received. Next, in box 64, parameters and a second-order

25 term 46 which correspond to the input value 34 are retrieve
from the memory 20.

In box 66, arithmetic operations are performed on the
retrieved parameters, second-order term 46, and the input
value 34 to produce the output value 48. The retrieved

30 parameters include the zero-order parameter 42 and the
first-order parameter 44, and the arithmetic operations are
performed as follows. First, the first-order parameter 44
is multiplied by the input value 34 to produce a
proportional term. In a prefer embodiment of the present

35 invention, the first-order parameter 44 is multiplied by a
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ternland t he Second- oFI®! SEﬂmnu&ﬁrhuearmdtmum'ahhrtsdiagwamlaf humathb@eof

;?ggﬂgeagge{)ufgufu\gl heﬁa%iﬂﬁ_tanﬁj@t@?gnggﬁ‘aﬁege%dﬁﬁd Se erabl yre‘§3 él ts I n
| engt h. VO ggpggogq_conjunction with the convert r o
PCT/ US96/ 00147 method may be used for either a 8og or inverse-log
function. In box 68, a domain of input values is selected
10 for the function. In box 70, the domain is partitioned
into a plurality of intervals. In box 71, the function is
approximated, over the domain of input values, with a
second-order polynomial which has a plurality of parameters
and a second-order term. Next, in box 72, the parameters
15 for an interval are computed using a least squares method.
In box 74, a second-order term for each possible input
value within the interval is computed, whereby producing
one or more second-order terms for the interval. Next, in
box 76, the parameters and second-order term for the
20 interval are stored in the memory 20. In decision box 76 a
check is made to determine whether parameters and second-
order terms are to be calculated for any additional
intervals. If so, the procedure returns to box 72, If
not, the procedure terminates.
25 In a preferred embodiment of the present invention,
log and inverse-log functions are approximated with a
second order polynomial having the form:

y = bp + bix + bx2 (2)
30
where y represents the log or inverse-log value, bg
represents the zero-order parameter, b1 represents the
first-order parameter, b2 represents a second-order
parameter, x represents an input value, and b2x2 represents

35 the second-order term.



I n one enbodi nent of the present invention, the converter is
I npl emented with an integrated circuit. However, one of ordinary skil

wi | [ Tecognl ze that a programuabl e | ogic array, application specific
integrated 5 circuit (ASIC), or other digital |ogic device_ as well

sof tware runWP962¥ a processor such as a m croprocessor PCLUSIPIT S5 be
used to i nplenent the converter. FIG 2 shows a graph of a

| ogarithm c function 50 over a domain gff i nput val ues. The input val ues
are given along 10 the x-axis and the |og values are given along the
y-axis. The domain of the input values is 1 to 2 and the range of

the log values is 0 to 1. Several ,intervals wi,thin d q‘jaf’l%l re
i ndi cated with verti ¢p¢ KRRy of; Flégu%tt"ﬂ'ﬂftﬁ is Pasﬁtﬁt%“‘i 1:';n ) 2441, 3.
1.4, and 1.5. ingebvals amizh #5chcomtairs 2 dapai posnte: waar ©aghdot t ed

[ ines. The 100 ineerbliflcdhRl padaliSEsrd B by ERA! bpYaEE R odldted

FIG 3 shows a grap an |nverse-logar|t m c I on, 52 ov
domai n of i nput UpAPged seqand AEder regdiRiSian SPethf ‘gﬁtﬁl%‘?ﬂ'ttsne g""&@?’é and
the inverse-5ogtian yedrirsy ahe gevendodxdur iparapeter salofhavitdinghe of the

| nput val ueg i3 {}ﬁé gaﬁdagirkéﬁ ofddY é(}taﬂelﬂ‘ér' “éleééf‘é:’:t% \fﬁlinkb%% of i5

1to 2. Intervals omal n are i'ndi cat ed ver dotted
lines at input \$&F9§§‘@F%r Germspage ghpred ingtgad rn %@&ﬁﬂﬂ[
each interval ceekfbnehiltd arddstpoedt Srdaiman caldy ddétexnined by The

i nverse-1| og funcg}r%lg%‘;}um%I t?}?]e Q;&?a}{g%so@ tgf?ze t dDH roveS 8B domain

One of ordi nary converteg used
for computi A arf LBBubrvalyes:seTheg elimingtes Ghe ﬂ%?\%v%?r 3t agditien, [ eg
enbodi ment of t kQ1PLESEEE aMd ai ByaaLing médres tonpeotece cunp Herrdhortiey

I 0P gy, Tl sl LN SRneR F e it o
easily converte@amg Eﬂ\h%ratadli(%e%méni‘i’%r‘?éupgg 9a¥%t%1de aty & FTrAR
converter of Fl @ddtesyainane amemegent ed by | EEE
15 FIG. 6 illustrates one version of a computing device
which incorporates an embodiment of the present invention.
The computing device comprises a processing unit 102 for
executing a computer operation which utilizes a
log/inverse~-log value 106; a computer memory 100 for
20 storing a computer program which includes the computer
operation; a bus 101 connecting the processing unit 102 and
the computer memory 100; and a converter 108 which receives

an input value 104.
The converter 108 may include the converter shown in

25 FIG. 1. 1In the example shown, the converter 108 includes a

memory 112 and an arithmetic means 110 which is operatively

coupled to the memory 112. The arithmetic means receives

the input value 104 from the processing unit 102 and, in

turn, generates either a log value or an inverse-log value
30 depending on the parameters stored in the memory 112.

FIG. 7 illustrates another version of a computing
device which incorporates an embodiment of the present
invention. The computing device comprises a processing
unit 102 for executing a computer operation which utilizes

35 a log/inverse-log value 106; a computer memory 100 for



35 floating point nunbers have one sign bit, a 23-bit WD 96/ 24094
PCT/ US96/ 00147 9 manti ssa, and an
8-bit exponent. Only the nmantissa is provided to the converter as the

i nput value 34. Both the sign bit and exponent bypass the conyerter and
are | ater coMR ¥24%%i t h t he out put val ue 48. Essentially, tw’g'smolﬁ
converter conputes either y = log[err](1.M or log2[err](l. M, where y
represents the output value and Mrepresents thg manti ssa. The exponent
of the floating point nunber is a base-two val ue, 2[err], where e
represents the exponent. A |og or an inverse-log val ue corresponding to

the floating point 10 nunber is generated by supm ng Qf .the_output value 48
and t he exponents?9#¥Q5NPn§° Rﬁﬁwﬁﬁﬁqrﬁ¥ thggnéﬁéigg S %R Sébmpﬁéer
sunmmat i on resul ts i rrrenzglige;whaikws il eoneechirgl the processingdupidi 02 and

nunber format havi NG jcorphtét arémdAl1009" Bh@Na convditdez K20iwnidH g¥Rkeives
portion. The integers |j ang 5a ggli%% vary, depending on the desired

preci sion of the corfife . ‘FIG 4 illustrates a flow chart
di agram of a netldod of Theuspnyerter |I&famayhinchvds $die cgaverher cshomar tar

shown in FIG 1.prghe 1met RRock@Ye 2ednb@h, GaRe'RhvBgt 8Lt 1ES hd1Qdes a
araneters ,an

LS PR A et AR T SR NG RN O T JEL 8
paraneters are cal cudoapdgduspongha memory 124. The arithmetic means 122
receives the input value 104 and, in turn, generates either

10 a log value or an inverse-log value depending on the
parameters stored in the memory 124.

Thus there has been described herein a concept, as
well as a preferred embodiment, of a converter which may be
used to compute either log or inverse-log function.

15 Because the embodiment of the converter as herein-described
utilizes a second-order polynomial to approximate a
function it can perform either a log or inverse-log
conversion using two adders, a single multiplier, and a
look-up table which allows a significant reduction in

20 memory size. Such a converter allows both improved data
throughput and computation precision with a vast reduction
in the cost and complexity ¢f implementation, whether on a
semiconductor chip or in a computer program.

While the various embodiments of the present invention

25 have been described in terms of the processing of an input
value into an output value, the present invention should be
construed to include circuits and methods implemented by
these circuits for processing an input signal
representative of the input value into an output signal

30 representative of the output value.

While specific embodiments of the present invention
have been shown and described, it will be apparent to those
skilled in the art that the disclosed invention may be
modified in numerous ways and may assume many embodiments



| east squares nethod to estimate either a log or an i nverse-1|og
function. In box 62, an input value 34 is received. Next., in box 64

par amet ers and a second-order 25 term 46 which correspond to the i nput
value 34 are retrieve fromthe nmenory 20. I n box

arithmetic OP@PHMPMs are performed on the retrieved pm
second-order term 46, and the input val ue 34 to produce the out put

val ue 48. The retrieved 30 paraneters inclugse the zero-order paraneter 42
and the first-order paranmeter 44, and the arithnetic operations are
performed as follows. First, the first- order par anmeter 44 is mul tiplied

by the input value 34 to pr oduce a ortiona g 44
enbodi ment of t REhR%SBAR Bhe|PRASAITSH, fP ???%%f‘(ﬁag ¥ Bﬁ?a?f’étteﬁn 4 s
mul tiplied by adescribed\ab&¢d 24094

PCT/ US96/ 00147 tended b 1:1{% endeé' s1#ing @ oOf
the i nput val ue 34. &gcord?.ﬂgl roltorisl éﬂalen € ty p

econd-or.der
term 46 are sumRR¥eXoadtoRaedst ati°“§| Pgttg%mjrmf—?%f'lqnyw %‘ 2 ??Jr]stqézg’r*f‘and
the zero-ord@r the Rat@NBpLritirsnd seope dbf phediroeertiencut put val ue 48. 5
FIG 5 illustrates a flow chart diagram of a nethod of conputing and
storing paraneters and second-order terns used in conjunction with the
converter of FIG 1. Whigtsis cladmathdSiny be used for either a | og or

i nverse-1og




function. In box 68, a domain of input values is selected 10 for the
function. In box 70, the domain is partitioned into a plurality of
intervals. In box 71, the function is appr oxi mat ed, over the donain of

i nput values, wth a second-order pol ynom al which has a plural

paramet er s aN@ %242 ond- order term Next, in box 72, the pa?%’é%

for an interval are conputed using a | east squares nethod I n box 74, a
second-order term for each possible input vggue within the interval is
conput ed, whereby produci ng one or nore second-order terns for the
interval. Next, in box 76, the paraneters and second-order termfor the
20 interval are stored in the nmenory 20. In decision box 76 a check is
made to detern ne whether paraneters and second- order terns are to be
cal cul ated for any additional intervals. CHARMS, t he procedure returns
.to box 72. If not, the procedure term nates. 25 In a preferred
enbodi nent of the present invention, | og and i nverse-log functions are
approxinated with a second order polynom al having the form

y bo + b[err] x5+ b[errx[ erR]logarithm converter, which comprises: (2) 30
V"here y represents the 'QQmQﬁoH‘VﬁﬁS%tbQﬂn a%%@lué%h Er{g] of paf&ﬁ’é@e%@'%%dtﬁe

zero-order paraneter, bl represents t rst-or par anet er
represents a second PdPFaLItY °§x§%§ﬁ§?e?r Qx %ﬁﬁ@ﬁseﬁp§r§hnl?ﬁﬁuPQRﬁmﬁé?rﬁnﬂre
b2x2 represents 35 icadcakaved-uyider at teast squares method to estimate a

logarithmic function over a domain of input values, the
10 memory providing as output ones of the parameters and a
second-order term which correspond to an input value; and
arithmetic means, operatively coupled to the memory,
for generating a log value by performing arithmetic
operations on the input value, the ones of the parameters,
15 and the second-order term.

* [ L M S *
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11 . The domain of input values is partitioned into 512

i nterval's which each contain 214 data points. For each i nterval, the
parameters blerr b[err], and b2 are cal cul ated usi ng a_second order
regressi on onof ta points. Rather 5 than storing the sePEHUS

paraneter along with the zero-order and first-order paraneter, a

sel ect ed nunber of second-order terns gge stored instead. The

second- orders terms which are stored are enpirically determ ned by
observing the variance of the second-term over the domain 10 of i nput
values. This elimnates the need for an addition multiplier and a
squaring nmeans to produce the second-order term In addition, this
al | ows second- order 2er nsTHe\lioggrathm cemrerteal o€ alaih f¥.endmreinptheval ues
toreside at a g ggffhhmic §9g55§§n'{bté%}ﬂm%ggayw1éﬁia seconBlGrdfr
illustrates one veérsion a conputi1 ng device whi ch incorporates an
enbodi nent of tREIYRIAK- i nventi on. The conputing device conprises a
processing Wit 102 for executing a conputer operation which utilizes a

| og/inverse-log val ug 106, A 4 %g.gpg{:% g&w%e;ogff Qia%Q ftQJPe% id ERgputer

program whi ch inclu es the co operati on; connecting the
processi ng unit °A®® ehdhe PlPﬁélkﬁﬁhﬂﬁ(Rarﬁ@ﬁ6F§3JIﬂFIQQ@daazGBHVEF@%F 108
whi ch receives paramstdrmpnt daftiestbrder parametdiie arathe! akifRfetiy

I nclude the co rs Ln 25 FIG 1. In the exanple shown, the
converter 108 Pﬁ%%%%ggﬁﬁ%ﬁ@s nmory 112 and an arithnetic neans 110 which

is operativily c"bd‘ﬁ-l]éd-l’@ée!? h€°ﬁe‘h‘i)]rt)ipﬂ‘112n9Tﬁ’ée i R Shrerce TnRaRameR R ves
t he i nput val uebsgOdhd riutheapte cos Progiucel b podoartdonal termfurn,

generat es el ther 2| 2% NagaAL: 3ol WRkAS 0e VAL oiSor3d ASRERALAGaRE the

paraneters stored int
the second-order term to produce a first sum; and

a second adder for summing the first sum and the zero-
15 order parameter to produce the log value.

4, The logarithm converter of claim 2, wherein the
ones of the plurality of parameters include a zero-order
parameter and a first-order parameter, and the arithmetic

20 means includes:

2 multiplier for multiplying the first-order parameter
by a bit slice of the input value to produce a proportional
term;

a first adder for summing the proportional term and

25 the second-order term to produce a first sum; and
' a second adder for summing the first sum and the zero-
" order parameter to produce the log value.

S. The logarithm converter of claim 1, wherein the
30 input value is a binary value having a plurality of bits
used to retrieve from the memory the ones of the plurality
of parameters and the second-order term.

* c L M S *



FIG 7 illustrates another version of a conputing devi ce whi ch

i ncor porates an enbodi nent of the present i nvention. The conputing

devi ce conprises a processing unit 102 for executing a conputer
operation which utilizes 35 a log/inverse-log value 106; a conputer nenory
100 for 262401094 PCTIUS96R0147
PCT/ US96/ 00147 12 storing a
conput er program whi ch includes the conputer 16 operation; a bus 101
connecting the processing unit 102 and the conputer nmenory 100; and a
converter 120 which receives an input value 104. 5 The converter
120 may include the converter shown in FIG 1. In the exanple shown,
the converter 120 includes a menory 124 and an arithnmetic neans 122

which is operatively 6couplrbe lagadichmegonyedtel cthelaimt hirevheraipanhe

122 receives thgnpiRUlayad Uss H041a8dy +5mélmviaansﬁa£§§e@'§&% ohVadd a
| og val ue or an inv §58; lgﬁﬁ% Iue depe net ers, stored in

d
“the nmenory 124. Tower rheraé‘dﬁﬁg %?Prbdesocﬁdieﬁeaeg‘érﬁ FeFEsHaREE, as
wel | as a pref er fed fawmothesmenonyf uamgnaefimt WHitclsldgg Brom theispgero
conpute either |og gortmsﬁré&séé&r{a%@atwfh d BRpRUBEL { BEi TR dnTRRE Qéwer
the converter as hereip-describ utilizes a second-order polynomal to
approxi mate a f@ﬁEEFBﬂ it can performeither a log or inverse-log
conversion using two adders, a single multiplier, and a

[
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| ook-up table which allows a significant reduction in 20 nenory size. Such
a converter allows both inproved data t hr oughput and conput ati on
preCTston wth a vast reduction in the cost and conplexity of

i npl ement ati on, whether on a sem conductor chip or in a c ut er

progr am WO 96/2409%i | ¢ t he various enbodi nents of the pr esEﬁf’r‘T’gmm’l on 25
have been described in terns of the processing of an input value into
an out put value, the present invention shoulig be construed to include
circuits and nethods inplenented by these circuits for processing an

i nput si gnal representative of the input value into an output signal 30
representative of the output value. Wi | e specific enbodi nents of
the present invention have been shown and described, it will be
apparent to those 7 ski |A embthodt Ber agéndretinghe dbgcvaksy whieht methody

be nodi fied j PR, ggﬂwn@é sunme many enbodi ments WO
96/ 24094 &6k <'the"#¥h1 P33 PCT/ US96/ 00147

13 ot her than ¥9ReIHOGeAPIRYT HadMeeifical |y set out and
descri bed abave. retrie%mngr troml & menoriys ai plandbtkthoft parappteadsdand

claims to Coy e d-@ﬁ%}' Eé{-rh %ﬁéﬁf cw%esﬁxﬁaywtm' ¢Aphe! batlid hin 5
the true spirit an SCO e_ | nven
wherein the plurality of parameters are calculated using a
least squares method to estimate a logarithmic function;
and
10 performing arithmetic operations on the plurality of
parameters, the second-order term, and the input wvalue to

produce the log value.

R
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VWhat is clained is: WO 96/ 24094

PCT/ US96/ 00147 N 14 _

CLAI M5 5 1 A logarithm converter, which conprises: a
menory for storing a plurality of paraneters and a plurality of

second- or der terﬂg’, ein the paraneters are cal cul at ed ' 909180 s ¢
squares nethod to estimate a | ogarithm c function over a donai n of

i nput val ues, the 10 nmenory providi ng as out putignes of the paraneters and
a second-order term which correspond to an input val ue; and

arithmetic means, operatively coupled to the nenory, for generating a

| og value by performng arithnetic operations on the input value, the

ones of the paraneters, 15 and the second-order term
8. A logarithm converter for generating a log value

corresponding to an input value, the logarithm converter
comprising:

5 a memory for storing a plurality of second-order terms
and a plurality of parameter pairs, wherein each of the
parameter pairs is calculated using a least sgquares method
to estimate a logarithmic function over an interval of
input values, the memory providing as output a parameter

10 pair and a second-order term which correspond to the input
value, wherein the parameter pair has a zero-order
parameter and a first-order parameter;

a multiplier for multiplying the first-order parameter
by a bit slice of the input value to produce a proportional

15 term;

a first adder for summing the proportional term and
the second-order term to produce a first sum; and

a second adder for summing the first sum and the zero-
order parameter to produce the log value.

I
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W 96/ 24094 PCT/ US96/ 00147
15, 2. The | ogarithm converter of claiml, wherein the

|l ogarithmc function is estimated with a second- order pol ynom al .
3. The logarithm converter of claim2, wherein the on

plurality of WBF2 ers include a zero-order par anet er gégﬂéukaﬁ7
first-order paraneter, and the arithnetic means i ncl udes: 10 a
multiplier for multiplying the first-order yaraneter by the input val ue
to produce a proportional term a first adder for summ ng the
proportional term and the second-order termto produce a first sum and
a second adder for summng the first sumand the zero- 15 order paraneter
to produce the |og val ue. 4, The |l ogarithm converter of claim
2, wherein the ofes oA compylincaidevicei whkehnoBPEiBRsFude a zero-order

parameter and a firsh- grgess PRIAMYL! olNekddift idig bNEBhbGLEH opsition

I ncl udes: ﬁ nul tJjplier. for |tiplying the first-order paraneter
by a bit slice 8PiFRUFHA®S A 489 ¥Rt uce a proporti onal term
5 a computer memory for storing a computer program which

includes the computer operation;

a bus for connecting the processing unit and the

computer memory; and

a logarithm converter which receives an input value

10 and includes:

a memory for storing a plurality of parameters and a
plurality of second-order terms, wherein the
parameters are calculated using a least squares
method to estimate a logarithmic function over a

15 domain of input values, the memory providing as
output ones of the parameters and a second-order
term which correspond to the input wvalue; and

arithmetic means, operatively coupled to the memory,
for generating the log value by performing

20 arithmetic operations on the input value, the
ones of the parameters, and the second-order
term.

I
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a first adder for summ ng the proportional termand 25 the second-order

termto produce a first sum and . a second adder for summ ng the
first sumand the zero- order paraneter to produce the |og val ue.

5. The | ogari t rter of claiml1, wherein the 30 input vy '

bi mrary val ue havﬁﬂ%ﬁéa%furality of bits used to retrieve fr%ﬁ#@ﬁghﬁ‘?
menory the ones of the plurality of paraneters and the second-order
term WO 96/ 24094 20

PCT/ US96/ 00147 16 6. The
| ogarithm converter of claim1, wherein the I nput value is a binary

val ue having an upper portion and a | ower portion, and the second-order

termis retrievable 5 fromthe nemory using a first bit slice fromthe
upper portion concat eAftedAni iaversardegarbrhmseonvertesnfonegénaxating an

portion. inverse-log value corresponding to an input value, the
inverse-logarithm converter comprising:

5 a memory for storing a plurality of second-order terms
and a plurality of parameter pairs, wherein each of the
parameter pairs is calculated using a least squares method
to estimate an inverse-logarithmic function over an
interval of input values, the memory providing as output a

10 parameter pair and a second-order term which correspond to
the input value, wherein the parameter pair has a zero-
order parameter and a first-order parameter;

a multiplier for multiplying the first-order parameter
by a bit slice of the input value to produce a proportional
15 term;
a first adder for summing the proportional term and
the second-order term to produce a first sum; and
a second adder for summing the first sum and the zero-
order parameter to produce the inverse-log value.
20
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WD 96/ 24094 PCT/ US96/ 00147

17 - 7. A nethod for .generating a |og value. which nethod
conprises the follow ng steps: receiving an input value; 5
retrieving froma nenory a plurality of paraneters and -“prder
t ekm whi ch cHo%%2#8%ds to the input val ue, wherein the prurality of
paraneters are cal cul ated using a | east squares nethod to estimate a
| ogarithm c function; and 10 perform ng arithnetic operations on
the plurality of paraneters, the secopf?or der term and the input val ue
to produce the | og val ue. WO 96/ 24094 F]G' ,
PCT/ US96/ 00147 ' 20\k 18 *
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¥ 26
36 - 42 48
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8. A logarithm converter for generating a | og val ue corresponding to

an input value, the logarithmconverter conprising: 5 a_nmenory
for SToring a plurality of second-order terns and a plurality of
par-aneter pairs, wherein each of the parameter pairs is éﬂﬁ

usi-ng a | easVOSHM4s et hod to estimate a logarithmc ¥ over an
I nterval of | nput val ues, the nenory providing as output a paraneter 10
pair and a second-order term which correspond to the input val ue,

wherein the paraneter pair has a_ zero- or%sy paranmeter and a first-order
par anet er; a mult{plgeem fQ ?ylng the first-order paraneter
by a bit slice of the inpubeaimiaed®o produce a proportional 15 term
a first adder for summ ng the groportional term and t he second- order
termto produce f : gﬁp adder for summ ng the

0

first sumand th duce j_ég val ue.
op/ 4

WO 96/ 24094
conprlses

19
62

RETRIEVE THE PARAMETERS AND SECOND-ORDER
TERM CORRESPONDING TO THE INPUT VALUE.

PERFORM ARITHMETIC OPERATIONS 66

& »
SELECT A DOAIN OF INPUT VALUES r“

PARTITION THE DOWAIN INTO INTERVALS F7°
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a processing unit for executing a conputer operation which utilizes a

| og value; 5 a conputer nenory for storing a conputer program which
i ncl'Udes the conputer operation; a bus for connecting the
processing unit and the conput er menory; and a l [t
converter wWWePSHBMei ves an input val ue 10 and i ncl udes: PCﬁEEkthﬂ;nDry
for storing a plurality of paraneters and a plurality of
second-order terns, wherein the paranmeters are cal cul at ed
using a |l east squares met h?zfgo estimate a logarithmc
function over a 15 domai n of put val ues, the nenory providing
as out put ones of the paraneters and a second- order
term whi ch correspond to the input val ue; and arithmetic nmeans,
operatively coupled to the nenory, for generating the |og
val ue by perform ng 20 arithnmetic operations on the input val ue,
t he ones of the paraneters, and the second- order
term WD 96/ 24094

- PCT/ US96/ 00147 20
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10. An invesse-logarithm converter for generating an 974 ﬁ/@ﬂs_éfq’
correspondi ng to an_input val ue, the I nverse-1 ogarit hiddhv e
COMPT i S ipigpn——t a menory for storing a plurality of secong/

SIMRLL LI Gr anet er pairs, wherein each of the pafs
ek OMg 4 1 east squares net hod to estimte ang
I nverse-logarit 'PCT“ UNCt i ONVERUSINTERIECTUAL PROPERPY SRBNI2dTIoNNPUL vV alERK
menory providing as output a 10 par alfiergimaigusst and a second- or\ys
whi ch cor INFERNAFIONAL APPLICATION PUBLISHED/NDER-THE PATENT CQOPERATIO
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(S7) Abstract

A converter

which may be wused 20\
for implementing
cither logarithmic or
inverse-logarithmic
functions it disclosed.
The conventer includes
a memory (20), a
multiplier (22), and two
adders (24 and 26). The

which are derived using
a8 least squares method
to estimate a logarithmic
or inverse-logarithmic
function over a domain of
input values. A method of
computing the parameters
and second-order terms
is also disclosed.
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