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CHAPTER 2

Overview of the Wideband
TMS320C3x/4x Optimized
Math Library

2.1 Manua Contents

The Wideband Optimized Math Library isahigh performance scalar math, vector, digi-
tal signal and image processing library for the TM S320C3x and TM S320C4x family of
digital signal processor. The routines contained within the library are organized into 45
functional categories. Chapter 5 contains a detailed description of each function to
includes the name, description, algorithm, call synopsis, domain, accuracy, execution
times, and any applicable notes. The functional categories for the Optimized Math
Library functionsinclude:

» Scalar Power Functions

* Simple Scalar Trigonometric Functions

* Simple Scalar Functions

» Scalar Inverse Trigonometric Functions

» Scalar Hyperbolic Functions

» Scalar Inverse Hyperbolic Functions
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Scalar Fix, Float & Truncation Functions
Simple Functions

Power Functions

Simple Trigonometric Functions

Arc Trigonometric Function

Hyperbolic Function

Inverse Hyperbolic Functions
Averaging and Summing Functions
Comparison Functions

Vector Fix, Float and Truncation Functions
Limiting Functions

Logical Functions

2-Vector & 1-Scalar Functions

2-Vector & 2-Scalar Math Functions
3-Vector Math Functions

3-Vector & 1-Scalar Functions

4-Vector Math Functions

5-Vector Math Functions
Maximum/Minimum Functions
Gather/Scatter Functions

Comparison Functions

Conversion Functions

Other Functions

Complex Functions

Complex Vector Magnitude Functions
Complex Conversion Functions
Complex Vector Simple Functions
Complex Vector Fundamental Functions
Complex Vector Real Vector Functions
Complex Vector Conjugation Functions
Complex Vector Complex Scalar Functions
Convolution Functions

Correlation Functions

Accumulating Spectrum Functions
Filtering Functions (Both FIR & IIR)
Windowing Functions

FFT Functions Functions

Integration Functions

Distribution Generation Functions
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Optimized Math Library

2.3

An optimized library is a collection of assembly language routines which are typically
used in math-intensive applications. The Wideband Optimized Math Library is a collec-
tion of hand-optimized math, signal and image processing routines which are coded
entirely in TMS320C3x or TM S320C4x assembly language. These routines are typi-
cally used in computationally intensive applications where the need for optimal execu-
tion speed is an important concern (in real-time applications, for instance). By carefully
exploiting the TM S320C3x and TM S320C4x register set and utilizing TM S320 parallel
instructions when possible, the Wideband optimized routines achieve execution times
which are typically 50% to 200% faster (depending on the routine chosen) then compa-
rable code written in the standard ANSI C language.

Definition of aVector Library

24

Vectors are often defined as aggregates of data of the same type which typically relate
to a phenomenon or problem you are attempting to analyse. If you compute the mean of
a series of numbers, for example, you are performing a vector operation, as al data
points for adefined array are being summed and divided by the number of total data
points, n, to compute the average. For purposes of the Wideband Optimized Math
Library, vectors are considered to be composed of floating-point elements, integer ele-
ments, or unsigned integer elements. From these elemental types Wideband has con-
structed avariety of efficient routinesto perform most vector functions. For example, an
aggregate of floating-point numbersis used to define complex data type which are
extended to define complex vector operations.

With the exception of the scalar routines, all Optimized Math Library vector routine all
numbers are held in memory as a vector, which we define as an array of numbersheldin
consecutive memory locations. Scalar routines could be considered to be a special form
of avector, where one memory location contains a one real number.

Vector Versus Scalar Operations

Vector operations are designed to perform repetitive tasks on alarge grouping of data.
Thisisopposed to performing a scalar operation where aroutineis called once, supplied
with one argument (typically) and produces one resullt.

For instance, the scalar cosine routine, called cos, accepts one input argument each time
theroutineis called. It will produce one answer for each argument supplied, but the rou-
tine must be repetitively called to compute multiple cosines. Alternately, the vector ver-
sion of the cosine routine, called vcos, also accepts one argument and produces one
answer. The differenceis that the vcos vector routine can accept an array of input argu-
ments which produces one answer each traversal through the code.

The two routines differ in that the vcos vector routine is specifically built to calculate
multiple iterations of the cosine, as the code has an optimized loop built into it’s core.
The scalar routine, cosis built to be called only once, and traversed only once per call.
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All vector routines in the Optimized Math Library are optimized to perform repetitive
operations on large groups of data. However, note that due to the extensive use of paral-
lel instructions within the code, we suggest that you run each routine with at least 2 data
points to avoid problems associated with flushing the TM S320 parallel instruction pipe-
line. The scalar routines, on the other hand, are designed to be called with only one
argument.

Optimization Principles

2.6

The key to the Optimized Math Library speed is based on four principles:

* A gspecial assembly language instruction called RPTB or repeat block isimple-
mented in all vector routines so that no overhead becomes associated with repetitive
traversals of amain loop outside of 4 initial cycles necessary set up the zero over-
head loop.

* Parald instructions are used whenever possible. Current compiler technology has
not yet reached the level of optimization inherent in a careful, hand assembled code.
Part of thisis due to the difficulty of building a compiler which takes full advantage
of the TMS320 native parallel instruction set. Implementing vector operationsin
assembler code demands an implementation that avoids pipeline delays and illegal
use of registers. Hand optimized implementations, as found in the Optimized Math
Library library, resultsin code which contains sophisticated repeat block structures
which even the most intelligent compiler would be hard pressed to match. This
results in a performance increase of up to 20 to 200% over the same code written in
fully optimized C.

* Careful coding techniquesinsure that the processor pipeline is aways loaded with
instructions necessary to perform a computation. Techniques are implemented
which avoid the use of inefficient constructs and unnecessary branching.

* Theinner loops are kept to aminimum size to by careful algorithm design tech-
nigues.

Basic Striding Concepts

Vector operationstypically work on large aggregates of data. Most of thetime, al of the
date will be used. However, sometimes a user may wish to work with only selected por-
tions of data.

In such cases, the user would instruct the computer to skip over, or ignore, a desired
portion of data, and only read every n data points. This skipping of datais called strid-
ing. It isacontrolled way to skip reading memory locations (data) without having to
first process data before discarding it. In this manner, precious CPU cycles are saved as
specific datais designated as not needing processing.

Most arrays (designated a, b, ¢, d, and e, etc.) in the Wideband Optimized Math Library
have strides associated with them. For instance, the routine vadd adds the elements of
array a and array b and places the resultsin array c. The vadd routineis called asfol-
lows:
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vadd (a, 1, b, 1, ¢, 1, 6)

Theinteger following each array representation (a, b, c) represents the stride length
assigned to the preceding array. In the case of the vadd example just shown, the stride
length is 1. The preceding call statesthat the vadd routineisto add every corresponding
element in input vector a to every corresponding input element in vector b and place the
sum in the corresponding memory location defined by the index in array c. Thisis dem-
onstrated as follows:

TABLE 1

Vector Add - Vadd (a, 1, b, 1, ¢, 1, 6) - All Strides Equal

Index Of | Vector a | Stridei Value | Vector b | Stridej Value | Vector C | Stridek Value
Array Vaue Vaue Vaue

0 3 4 7

14

8

10

7

galh|lw|N| R

RPlRrlRr| PRk
RPlRrlRr| PRk
RPlRrlRr| PRk

6
3
7
2
9

N|o|w| o

16

This, however, can be changed. If we wished to skip a portion of input data and only
sample as 1/2 the rate, we would do this by skipping every other data point. In effect, we
would leap-frog the odd samples. We could do this with the following call to vadd:

vadd (a, 2, b, 2, ¢, 2, 6)

The preceding call states that the vadd routine isto add every other element in input
vector a to every other item in input vector b and place the sum in every other position
in output array c. In effect, only half the data points will be sampled. Six represents the
number of data samplesto be considered by the routine. This can be demonstrated as
follows (with the shaded boxes indicating which elements are used as both input and
output values):

TABLE 2

Vector Add - Vadd (a, 2, b, 2, ¢, 2, 6) - All Strides Equal But 1/2 Data Skipped

Index Of | Vectora | Stridei Value | Vectorb | Stridej Value | Vector C | Stridek Value
Array Value Vaue Vaue
0 3 2 4 2 7 2
1 6 2 8 2 0 2
2 3 2 5 2 8 2
3 7 2 3 2 0 2
4 2 2 5 2 7 2
5 9 2 7 2 0 2

We could perform onefinal optimization on this routine by assigning the output vector ¢
astride of 1. Thisavoids filling half the memory of output array c with zeroes for those
memory locations that are not assigned results. The call would be as follows:
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vadd (a, 2, b, 2, c, 1, 16)

This would be demonstrated as follows:

TABLE 3

2.7

Vector Add - Vadd (a, 2, b, 2, ¢, 1, 6) - All StridesNot Equal And1/2 Data Skipped

Index Of | Vectora | Stridei Value | Vectorb | Stridej Value | Vector C | Stridek Vaue
Array Value Vaue Vaue

0 3 4 7

ga|ls|lw|[N| ek
o|N|N|lw|lo
NN NN NN
~N|o|w|o| o
NN NN NN
o|lo|o|~N|
RlRr|Rr|[R|Rr|F

In this case, the output vector ¢ has results shown in array positions 0, 1 and 2 even
though only valuesin positions 0, 2, and 4 of vectors a and b are used as the input argu-
ments. |f effect, every other input value of vector a (shown in shaded area) isadded to a
corresponding input value in vector b (shown in shaded area) and placed in contiguous
output locations in vector ¢ (shown as contiguous values 7, 8, 7).

Y ou may stride through arraysin any stride increment you choose as long as the size of
your stride is not larger than the size of it’'s associated array. For instance, you may not
specify that you expect to process 10 data points by setting n equal to 10 and then spec-
ify 11as any one of the striding arguments. Also, the integer representing the stride
value must be within the valid range of single precision integers acceptable to the
TMS320 processor: 22 exg2® 1.

Register Contention Issues And The Use Of Index Registers

Specia codeisimplemented in the Optimized Math Library Optimized Math Library to
handle a register contention problem associated with implementing optimized striding.
The TM S320 series processor has 2 special registers, called index registers which are
designated as | RO and I R1, which are available as loop counters for integers which are
commonly used to represent strides. The registers are intimately associated with the
repeat block instruction (RPTB), where these registers are used to implement zero over-
head looping. For instance, you can call the vmov routine as follows:

vhov (a, 1, c, 1, 15)

The elements within input vector a will be moved to output vector c. The actual imple-
mentation of the routine in assembly language will utilize index register | RO to update
the stride of input vector a, while the stride of output vector ¢ will be updated by index
register IR1.

Thisworks fine for math operations where only 2 vectors are involved. However, if
more than 2 vectors are involved, then some mechanism must be implemented to
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2.8

account for the strides of the arrays that were not assigned index registers IR0 and IR 1.
For instance, the vadd routine adds the contents of input vector a and input vector b and
stores the results in output vector c. It is called as follows:

vadd (a, 1, b, 1, c, 1, 15)

The actual implementation of this routine in assembly language will utilize index regis-
ter | RO to update the stride of input vector a, index register | R1 to update the stride of
input vector b, while the stride of output vector ¢ will be updated by an extended preci-
sion register, say RO. What this meansis that any routine which has more than two
strides associated with it must have some mechanism to update the third unassigned
stride that remains after index registers |RO and | RO are assigned the task of updating
the first two stride arguments. This can be done by assigning other registers (such as RO
or R1, etc.) thejob of tracking and updating the |eftover stride for vector c as each itera-
tion of the inner-loop unfolds.

Performance Degradation Resulting From Unequal Striding

29

From a programmer’ s point of view, thisis not desirable unless absolutely necessary.
The reasons are as follows:

* You will incur a performance penalty. The inner-loop time is lengthened by 1
instruction (necessary to update the pointer to the next memory location) for each
stride assigned an independent registers such as R0, R1, etc. The mechanism used to
update pointer to next memory location has to be placed in the inner- loop, and
therefore detracts from the execution of the time of the routine each time the loop is
traversed.

* Inefficient code may be developed as register contention issues (too many variables
seeking too few registers) may arise. When strides are assigned to registers such as
RO, R1, etc., in addition to the standard 2 index registers, this limits the number of
remaining registers available to compute other important processes with. Although
thisis not typical in the simpler types of vector operations, the more sophisticated
operations such as the trigonometric functions can quickly become register limited.
One solution isto use the PUSH and POP instructionsto save and restore registersin
the middle of an inner-loop, but this makes for crude and slow code.

Wideband' s Enhanced Striding

Essentially, all of the previously discussed considerations are implemented to handle
cases where the strides of called vector routines are unequal to one another. If all strides
were equal every time aroutine was called, the programmer could assign index registers
IRO or IR1 the stride length, as we could be done with all this complication. However,
there are instances where a user wishes to implement stride arguments that vary for each
array. These issues must be considered when writing an efficient algorithm.

In response to these trade-offs, the Wideband Optimized Math Library has been coded
using enhanced striding. The routines are coded in such away that the user is not inor-
dinately penalized (in terms of routine execution time) for supplying striding arguments
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in the call to aroutine which not equal to one another. The routines analyze the stride
arguments supplied from the calling sequence and determine the equality of number
assigned to the stride sequences. The routine will then branch, depending on the results
of this comparison, to a section of code optimized a particular series of striding argu-
ments. In this manner, the inner-loop of avadd routine called asvadd (a, 1, b, 1, ¢, 1,
15) will execute in the same amount of timeasvadd (a, 1, b, 2, ¢, 1, 15) even though the
strides arguments supplied to the routine are different.

Other Implementations

Other vector libraries offered by competitors also offer a striding mechanism. However,
the typical solution offered is an implementation which checks for total equality of
strides within the argument list. If all strides are equal, the logic will dictate a branch to
an optimized section of code which will implement efficient code using one or two
index registers. If one of the stride arguments is not equal to the others, the code will
branch to aworst case code section where each stride is handled by aregister who's
pointer must be updated at the start or end of the loop to indicate the next memory loca-
tion.

The problem with this approach is that the user is given only two solution: a best cases
scenario where all strides are equal and aworst case which covers a scenario where all
strides are dissimilar. The user will pay a performance penalty for using arguments
which are not equal, as the worst case solution is not optimized for only slightly
degraded (not perfectly symmetrical) cases. For instance, in the vector routine vaam,
two vectors are added together, another two vectors are added together, with the sums
being multiplied by one another to produce the final product, vector e. Since 5 vectors
areinvolved in thisroutine, 2 of them will use index registers IR0 and | R1 to handle
their stride values. The other 3 vectors will have to use aregister such as RO, R1, R2,
etc. to hold each of the remaining stride values provided by the arguments supplied to
the routine. Each of these registers will contain a value which will be added to the cur-
rent memory locations (at the end of the inner- loop of aroutine) in order to point to the
next memory location (value) which will be operated upon. In the case of the vaam rou-
tine, this updating costs 3 instructions per loop for aworst case scenario Thisis the pen-
alty the user pays for supplying any argument stride series where only one valueis
dissimilar to any of the others.

Our solution to this problem differsin that we have implemented code which takes into
account multiple stride scenarios which results in optimized solutions. We have imple-
mented cases where all stride are equal, and case where all strides are unegual (the worst
case in performance terms), and many cases in between. The result is that you may sup-
ply stride arguments to the routines which are unequal (in all kinds of configurations)
and be assured that you are not being penalized for doing so.

The trade-off made in this case is that the code slightly larger than a routine which
would handle only abest and worst case. Also, the user will note that the entry overhead
associated with the execution timing is slightly increased (at most 10 to 15 cyclesin
some of the larger routines) due to the necessity of checking stride values as they are
supplied from the calling routine. Note that thisis done only once at the start, during the
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entire execution of the routine. In both cases thisis a very minor price to pay consider-
ing the flexibility of the software and benefits of improving execution time.

Introduction To The Trigonometric Functions

212

Trigonometric functions are used throughout signal processing, engineering and scien-
tific applications. Indeed, it is often impossible to solve a scientific or engineering prob-
lems without utilizing atrigonometric relationship of some type. However, due to the
need for accuracy and speed, what once began thousands of years ago as the simple cal-
culation of the ratios of the sides of aright triangle has evolved in the modern era of
computing into afine art form.

Trigonometric functions are historically defined as mathematical expressions represent-
ing the ratios of the sides of aright triangle. From the definition of the sides of aright
triangle, the trigonometric functions representing the acute angles were defined: sine,
cosine, tangent, cosecant, secant, and cotangent. With the advent of the concept of the
inverse function, the hyperbolic functions and the power functions (log, power, log2,
log 10, explo, exp2, etc.) the number of functions expressing the periodic functions
quickly expanded.

There are multiple ways to compute these rel ationships. Most lay persons are used to
conceiving of these computations as little more than function buttons on a scientific cal-
culator. The more mathematically sophisticated users, such as an average engineer, has
had enough exposure to calculus to know that the trigonometric functions can be com-
puted using a power series. For instance, in calculus, we learn that the sin function can
be computed as a Maclaurin series expansion as follows:

. x2 x5 x7
SinX= X —= + o7 + Y, where (|X <¥)
For a computer algorithm, this is a poor method to calculate the sine function as the
algorithm will converge slowly on the answer. Also, the accuracy of the function is
dependent on the number of terms in the polynomial, with a greater number of terms
resulting in a more accurate answer.

Introduction To The Approximation Process

Fortunately, the advent of digital computersin the later 1940s stimulated research into
the problem of computing these function using numerical approximations. In the late
1950s and the early 1960s much research was conducted at the Los Almos and Argonne
National Laboratories, and at the National Bureau of Standards into the methodologies
for numerical approximation of these functions. The results of these research studies
was the devel opment of a series of approximations, which are, in reality, simplen
degree polynomial equations with coefficients for each factor which are used to com-
pute, to a given degree of accuracy, an approximation of a particular function.

These approximations are polynomials which mimic, if you will, the mathematical
behavior of the function over a defined input range, called the domain. Each approxi-
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mation has a number of coefficients associated with it. Generally, the greater the degree
of accuracy required by the user, the larger the number of coefficients, and the longer
the algorithm will take to execute. For example, the sine function can be approximated
using the following rational approximation created by Carlson and Goldstein at Los
Almos Laboratories in 1955:

L 2 4 6 8 104 p
sinx= xg?wazx +a4x +a6x +a8x +a10x pe where O£x£§

TABLE 4

213

Sine Function Approximation Coefficients

Sine Approximation Coefficients

& = -0.49999999963

ay = 0.0416666418

ag = -0.0013888397

ag = 0.0000027526

ayo = -0.0000000239

where the answer is accurate to +/- 2x 10 °
Note that the function has alimited domain (e.g., arange of valid arguments you can

supply to the function) and a limited accuracy (+/- 2x 10 '9).

Important Relationships When Computing Trigonometric
Approximations

Although this exact approximation is not utilized in the Wideband library, it is useful
for demonstrating a number of salient point regarding the computation of trigonometric
function:

* Theaccuracy of the final answer produced by an approximation is always dependent
upon the approximation chosen. Since most libraries never disclose the exact poly-
nomial used to compute the function, you should pay special attention to the bench-
mark accuracy claims provided by the developers. In our case, the benchmarks are
conservative. The Wideband library maintains 7.75 decimal digits of precision
throughout its calculations.

* The speed at which the function computes the final answer is a function of the num-
ber of coefficients and the number of degrees of the polynomial used to approximate
the function. Generally speaking, the greater the degree of the polynomial used and
the greater the number of coefficients, the slower the routine will execute, but the
more accurate the answer will be. The converse also holds true: generally speaking,
the smaller the number of coefficientsthe faster the routine will execute and the less
accurate the routine’' s answer will be. Beware of vendors who promise both speed
and accuracy without suggesting that one affects the other. In the case of the Wide-
band routines, when presented with a scenario where speed must be balanced against
accuracy, we have opted for accuracy.

* All trigonometric approximations must be chosen such that the approximation used
to implement the function is fitted to the processor architecture. For instance, in the
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case of the Wideband trigonometric functions, we have chosen approximations
who's coefficient ranges do not exceed the ability of the processor to represent
them.Thisis analogous to saying that we have not chosen approximations which are
designed for 64-bit machines (like those running at National Laboratories) which
might use coefficients who's fine accuracy might not be representable in a 32-bit
machine such as the TM S320 series machines. Further, we have chosen approxima-
tions which return the maximum amount of accuracy for a 32-bit processor and yet
do not waste preciousinner-loop cycles that would be necessary to support 48 or 64-
bit precision. Great research efforts went into choosing an algorithm that matches
the processor’ s precision capabilities.

* Thisconcept was further extended in choosing approximation algorithms that avoid
the weaknesses of a specific class of processors. For example, CISC processors such
as the x86 or 68000 series may easily implement microcoded algorithms which
implement a division, square root, or reciprocal process.

The TMS320, however, is a RISC processor which lacks a native microcoded
instruction to compute areciprocal. Instead, the TM S320 uses either alookup table
to approximate areciprocal or a square root to 8-bit precision and later process it
through a Newton-Raphson algorithm to gain full 32-bit accuracy (the
TMS320C4x); or in the case of the TM S320C3x family, depend on the programmer
to provide the initial 8-bit approximation.

Thistrandates into expensive processor timing that should be avoided if possible.
The Wideband library attempts to avoid this trough the judicious use of approxima-
tions that avoid the division process (when possible) and instead substitutes multi-
plication by reciprocal values. Further, when cases utilizing the reciprocal
operation have to be implemented within code, special techniques are used to
implement ensure maximum speed and accuracy. In effect, the library is coded in
such amanner asto play into the strong suit of the TM S320 processor, which is
multiplication, addition and accumulation.

2.14 Reduction of Arguments Supplied To Trigonometric

Functions

The largest single source of error typically encountered when implementing a trigono-
metric function in code is the reduction process used to reduce the original argument
supplied to the routine. For instance, the sine routine mentioned earlier uses a reduction
process to make sure that an argument supplied to the core portion of the inner-loop of a
routine first has its argument reduced to fall between 0 and pi/2. Thisis because the
approximation processis valid only within a certain domain. All incoming argument
supplied to the routine must be reduced to a period within the unit circle (2 x pi =
6.283185307...), after which the argument must be reduced so that it lies between 0 and
pi/2 (0 to 1.570796326...).

This reduction process can become quite complicated within the coded implementation.
In many cases, if the reduction logic is dightly flawed, the results returned from the rou-
tine will be inaccurate. Thisis especialy true if arguments supplied to a function are
close to the boundaries of the domain of the function. For instance, if the argument
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0.000001 were suppled to the sine routine, a poorly implemented function would return
an incorrect answer.

The Wideband library uses very careful reduction techniques which result in functions

which produce accurate answers to 7.75 digits until the domain boundary is encoun-
tered.

Complex Number Representation

Complex numbers are used throughout the scientific and engineering community. A
complex number ¢ can be described by the equation:

c=a+ib
where a and b are real numbersand 1= A/——l
Complex numbers are atomic, but we can derive real-valued functions as follows:
a= Re{ C} , Which derives the real part of ¢ and
b= I m{ C} , which derives the imaginary part of c.
Note that both a and b are real numbers.

When a computer processes problems utilizing complex data, it is necessary to under-
stand the manner in which complex data is accessed and processed. Typical operations
involving vectors utilize arrays, each element of which contains a floating-point number
or integer which represents a data value. The same concept hold true for complex num-
bers, except that the arrays must hold both real and imaginary numbersin order to repre-
sent complex numbers. Thisis done by interleaving both the real and imaginary portions
of the data. In effect, the array becomes twice aslong as a real-valued array as both a
real and imaginary portion of data must be accounted for. This can be represented asfol-
lows:

TABLE 5 Real Number Versus Complex Number Representation
Index Of Array Real Array Complex Array
0 1st Real Number 1st Number - Real Portion
1 2nd Real Number 1st Number - Imaginary Portion
2 3rd Real Number 2nd Number - Real Portion
3 4th Real Number 2nd - Imaginary Portion
Note that striding concepts discussed earlier in the “ Enhanced Striding” section also
hold true complex data. For example, if you provide a stride of one as an argument to a
routine, each iteration of aroutine will result in striding over both the real and imagi-
nary portions each iteration of the main loop. This what we meant by the term atomic:
each complex number, although basically composed of two floating-point numbersin
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memory, is treated as one number for computing purposes. However, a stride of 1 typi-
cally resultsin 2 numbers being produced each iteration of the inner loop: areal number
and an imaginary number.

When discussing complex numbers in the equations section of this manual, we com-
posed amethod of conveying to the user the exact nature of the algorithm that was being
examined without unnecessary confusing detail regarding the indices of the vectors. We
chose to describe the real and imaginary portions of acomplex number using the Re and
I m nomenclature. For instance, let us suppose you wish to add two complex numbers
together to produce aresultant third complex number. The routine that you would call to
do thisis cvadd. If you look up cvadd in the complex section, you'll see the following
equation:

Re{C

Re{Ami}+Re{B m= {0,1,2,%n-1}

mi! mj}

Im{C }= Im{A_;} +1m{ ij}

Thefirst line of the equation states that the real portion (Re) of resultant complex output
vector c is equal to the addition of the real portion (Re) of input complex vector a and
the real portion (Re) of input complex vector b. Re always represent the real portion of
the complex number.

The second line of the equation states that the imaginary portion (Im) of resultant com-
plex output vector c is equal to the addition of the imaginary portion (Im) of input com-
plex vector a and the imaginary portion (Im) of input complex vector b. Im always
represent the imaginary portion of the complex number.

Setting Test Code Array Size & Data Type conpl ex

Wideband has defined a data type called complex in its assembly language routines
which defines a complex number as composed of 2 contiguous pieces of data (real and
imaginary), located in adjacent locations in memory. Since the complex data type has
two values (real and imaginary) for every memory location normally reserved by the n
argument (the count of elements), a mechanism had to be invented to resolve the proper
definition of memory alocation for arrays of varying types.

If you examine the example code provide with each routine, you' |l find that the routines
associated with complex number have an array size indicated by a construct called
NCOMPLEX. The define statement is always set to the number of elements you wish to
process. However, it istypically multiplied by a number which ensures that the conflict
between defining a complex humber as having 2 pieces and defining n as representing
the number of elements you wish to process is properly resolved.

For instance, the following routine test routine is for cvrsub, where a floating-point
valueinreal input vector b is subtracted from the real component (Re) of complex input
vector a. The results are stored in complex output vector c. Note that NCOVPLEX i s
assigned the value of 15, which is the value passed through the argument n.
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However, complex input vector a, by definition, has 30 values, and not 15. Complex
input vector a's size must therefore double in order to handle both the real and imagi-
nary components specified initialy by the element count argument n. Thisis accom-
plished by multiplying NCOMPLEX by 2 in order to double its size. Note that input
vector b is of type real and therefore does not need to be doubled in order to stride prop-
erly.

#defi ne NCOVPLEX 15

float a[ 2*NCOMPLEX] = {-1.4, 1.3, 2.1, 3.3, 1.2, 8.4,
3.9, 8.3, 4.6, -8.2, 1.7, 4.9,
3.6, 4.8, 6.4, 2.2, 3.9, 1.2,
, 4.3, 2.3, 3.4, 3.6, 6.4,

.3
.3, 4.2, 6.3, 2.3, 1.2, 3.7

N W

float b[1*NCOVPLEX] = { -4.3, 4.3, 9.5 4.3, 1.2, 9.4,
4.3, 4.7, 6.4, -2.3, 5.6, 2.8,
6.5 4.3, 8.4, }:

float c[2* NCOWLEX] ;

main ()

{
cvrsub ( a, 1, b, 1, ¢, 1, NCOWLEX );

}

In summary, here are the rules which you should follow:

* When specifying the element count n, think in terms of floating-point numbers. If
your vector isreal, n will be translated to m, and will reflect the number of data
points you wish to process. Thiswill be accomplished automatically.

*  When working with complex numbers, think of each complex number as one num-
ber which internally consists of areal and an imaginary portion. Y ou do not need to
double the number n when specifying the routine in your code as the assembly rou-
tine automatically does this for you. Y ou only need to be concerned about thisin
your test code.

* When you reach the point of supplying test datato a complex routine, you must con-
sider the size of the arrays as an important consideration. The array size for complex
types will always be twice the size of the real types, and you must compensate, as
we have shown in the cvr sub routine by doubling the argument n.

* The complex type data structure is atomic. Adjacent memory location contain areal
and an imaginary portion, which are considered to be one complex number.
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2.17 Execution Timing

The routines within the Wideband library have been designed to execute as fast aswe
could efficiently code them. Since many users are often running processes which are
time dependent, they need to know exactly how long it takes for a given routine to exe-
cute. Timing benchmarks are included in the library. This section explains how we
derived the timing benchmarks so that no ambiguity exists as to execution speed of the
library.

The speed with which aroutine will execute is dependent upon the following:

The language the algorithm is coded in - the Wideband library routines are coded in
TMS320 assembler, as assembler code is usually more efficient ( for coding a
detailed numerically intensive DSP algorithm) then straight C code.

The degree to which the programmer utilized all capabilities of the processors
assembly language - the Wideband library goes to great lengths to utilize parallel
instruction whenever possible.

The implementation of the algorithm. In many cases the algorithms are very simple
and easy to implement. In these cases the inner-loop of the routine is generally short,
and there isn’t much programming skill utilized to implement the algorithm. An
example of avery simple algorithm is vector absolute value routine, where the
inner-loop is very short. More complex agorithm such as those implemented in the
complex and trigonometric algorithms are much more difficult to implement. In the
case of the complex functions, complex data types are used, where the programmer
must implement sufficient skill to handle both the real and imaginary portion of the
complex number. In the case of the trigonometric functions, considerable math skills
must be utilized along with various insights into the coding process to guarantee that
the arguments are properly reduced, the correct approximation chosen, and a suffi-
cient degree of accuracy is obtained.

Execution speed is dependent on the clock cycle the processor utilizes. Obviously, a
processor utilizing a50 MHz clock is going to execute code faster than a processor
using a40 MHz clock.

Execution speed is also dependent on where you place your programmed data and
what type of memory you are using. Some systems utilize DRAM memory. Proces-
sors attached to such memory will have difficulty achieving the performance associ-
ated with fast memory such as SRAM. Be sure to observe the type of memory your
board currently uses and make software changes as necessary. Programmers using
SRAM or DRAM should be sure to consult the Texas Instruments Linker Manual to
be sureto link the most frequently used Wideband Routines, along with user datais
linked into the on-chip memory. If the user exceeds the amount of on-chip zero-wait
state memory, link the remaining programs to zero-wait state on-board memory
offered in typical SRAM hardware configurations.

2.18 A Word of Caution On Theoretical Execution Timing

The user should be advised to use caution when cal culating the theoretical execution
speeds using the global processor clock as the execution standard. The TM S320C3x
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processor uses an instruction set where all instructions are specfied as single word, 32-
bit machine long. The User’s Manual advisesthat in most cases (outside of repeat block
and branching instructions) one instruction is executed every clock cycle. This can lead
to mistaksen performance expectations. A user may mistakenly believe, for instance,
that a40 MHz version of TMS320C3x processor will execute 40 million instructions
per second, as all instructions are single word length and execute in one clock cycle.
Unfortunately, thisisn't quite the case.

Inideal conditions, the user can realistically expect a 20 million instructions per second
(or half the clock processor clock speed) execution figure as the limiting factor in speed
analysis turns out to be the speed whith which an instruction can be executed. Inthe
case of a40MHz machine, for example, the instruction execution speed is 50 hanosec-
onds which means that under ideal conditions (no bus contention, full pipelines, data
and instructions in the on-board cache, maximum use of parallel instructions, etc.) the
processor will execute 20 million instructions per seconds, or 20 MIPS. We arrive at
this figure as follows:

50 nanoseconds _ . .
1000000000 0.00000005 seconds = instruction
1

0.00000005 seconds @instruction = 20000000 instructions esecond

The Texas Instruments clocking scheme executes one assembly language instruction
every two clock cycles. Thisis equivlent to having aglobal clock which executes at the
advertised processor speed, and an instruction clock which runs half as slow as the glo-
bal clock. So, when the statement is made that one instruction is executed every clock
cycle, oneistypically refering to the global clock and not the instruction execution
clock. Realistically, the TM S320 family will execute 1 assembly language instruction
every 2 global clock cycles.

For instance, if you are using a40 MHz TM S320C3x processor, you should expect to
realistically obtain 20 Million Instructions Per Seconds (M1PS) true execution speed
operating in near ideal code execution conditions.

The following table sumarizes currently available processor configurations:

TABLE 6 Summary of Processor Typesand Theoretical Performance Limits
Processor Type Clock Speed Instruction Speed Theoretical MIPs
TM S320C3x/4x 27 MHz 74-ns 13.5MIPS
TM S320C3x/4x 33MHz 60-ns 16.7 MIPS
TM S320C3x/4x 40 MHz 50-ns 20 MIPS
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2.19 How Timing Benchmarks Are Reported for Vector Routines

Given al these consideration, the technical staff at Wideband decided to report perfor-
mance benchmarks based on counting the exact number of instructions internal to each
routine. Reporting the number of instruction per inner-loop plus the setup times for
entry into and exit from aroutineis less ambiguous than reporting cycles per second. In
this manner, a user has a benchmark that isvalid for all configurations. If a user knows
that aroutine will be executed by a 40 MHz processor instead of a 50 MHz processor
valid planning for execution timing can be made.

Therefore, for every routine, we report two numbers as benchmarks: an over head num-
ber and an inner-loop number. For instance, atypical timing benchmark looks as fol-
lows:

EXECUTION TIME 23+ 2*N cycles

* Thefirst number (in this case 23) is the total number of instructions needed to enter
the routine and exit the routine. Thisis called the overhead number. Thisincludes
the entry setup time to load values off of the stack or registers, save any necessary
registers, traverse the intelligent-striding code to branch to the most optimized por-
tion of code, and the 4 cycles necessary to setup the repeat block counter. This entry
overhead number is added to the exit overhead number, which is derived from the
total number of instructions used to flush any parallel instruction pipeline, makes
any final storage of answers, branch to any exit points, restoration of any saved reg-
isters, and areturn to the calling routine. Note that the average number represents an
expense, measured in cyclesthat isincurred only once during the call to the routine.
Also note that the number of cycles reported are measured in global clock cycles. To
obtain the theoretical ideal execution speed you should multiply this number by 2, as
assembly instructions are realistically executed at 1/2 the speed of the global clock.

* The second number (in this case 2) indicates the size of the inner-loop of the routine.
Thisiscalled the inner-loop number. This parameter indicates that a computation
will take place every 2 clock cycles. To derive the number of clock cycles necessary
to execute your problem, multiply the number of data items you desire to process
(called n) times the number of cycles resident in the inner-loop. Note that the inner-
loop cycle cost isincurred each time the atraversal of the inner-loop is made. There-
fore, this parameter represents the bulk of the processing time a processor will
expend upon a problem. Also note that the number of cycles reported are measured
in global clock cycles. To obtain the theoretical ideal execution speed you should
multiply this parameter by 2, as assembly instructions are realistically executed at
1/2 the speed of the global clock.

2.20 Scalar Timing Benchmarks

Execution timing benchmarks for the scalar routines represent the number of processor
cycles necessary to compute the final answer for each element that is to be pro-
cessed.The scalar routines operate on one argument only.

A typical timing benchmark looks as follows:
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EXECUTION TIME 17 to 40 cyclesregister passing, 14 to 43 cycles stack passing,
9to 6 for cyclesfor domain error

Note that this category may contain 3 types of numbers.

A parameter often reported as“ Error” may be defined as the number of cycles necessary
for the routine to determine a domain error in the user supplied argument. For instance,
the log function has a domain of 0.0 to 3.4 E3. I the user supplies the routine with -4,

the routine will detect and respond with a domain error within 7 to 9 cycles.

Also reported within the “ Execution Time” category are the number of cycles necessary
to compute final answer for both stack and register passing argument model. Note that
generally, the register passing model will execute afew cycles faster than the stack
argument model.

Note that the timing parameters supplied within the actual functional descriptionsare, in
some case, more detailed than those supplied with the timing tables. For instance, the
hyperbolic tangent, tanh, has multiple intermediate timing parameters supplied within
the functional description, while the timing tables discloses just a start and endpoint for
the entire range. The multiple intermediate points supplied within the actual function
descriptions are benchmarks for execution timing based on the range of the argument
supplied.

If, for instance, you supply an argument to a function that is within the specified
domain, but falls on one of the extreme points of the domain, the Wideband algorithms
will probably revert to lengthy code to range reduce the arguments before processing
the approximations. Y ou will then incur the maximum execution time specified.

However, if you supply aWideband Library routine with an argument that fallswithin a
range that does not require lengthy range reduction, the routine will execute faster. The
lengthy numbers reported within the functional descriptions represent the various com-
binations of range processing that the algorithm may resort to when processing your
arguments. In most cases, assume either the worst case execution time or the best case
execution time.

Embedding Wideband Routines In PROMs, EPROMS and
EEPROMs

All Wideband routines are individually linkable and embeddable. This leads to two
important implications:

* All routinesareindividualy linkable. If you are an embedded programmer, you may
embed a series of routines within a PROM without having to embed the entire
library. This makes sense as most programmerstypically utilize only asmall amount
of the available Wideband routines within their code. Valuable memory spaceis
thus conserved.

* There are no inter-routine dependencies within the Optimized Math Library library
code. Each routine stands al one, without the need to link in other supporting routines
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in order to make the routine work. For instance, in afunction such as the root mean
square, there is no need to link in adivision and square root routine as separate enti-
ties as they are already included in the native code.

How Setup and Execution Timing Tables Were Derived

2.23

Chapter 6 documents the routine names, routine definitions, the (entry and exit) over-
head, and the number of cycles per element. The cycle and overhead counts were
arrived at by examining the assembler code itself and counting the number of instruc-
tions necessary to enter and exit the code, and the number of instructions situated in the
inner-loop. Most TM S320 family assembler instructions are executed in one processor
cycle (global clock). There are, however, some instructions such as the RPTB instruc-
tion or conditional branches which take up to 4 cycles to execute. These issues were
considered when tabulating the code count for the timing tables, and numbers are added
accordingly. We have tried to make the timing specifications conservative and fair.

Element Count m For The Corrected Number of Executable
[terations

The statement m= {0, 1, 2, ¥a n — 1} shown in the complex add exampleis away of
stating the number of iterations that you wish the routine to process. n is always an inte-
ger and represents the number of elements you wish the routine to process. This number
should represent the number of inner-loop iterations that you expect the process to exe-
cute. n is always decremented by 1 value internally within each routine. Thisis because
of the manner in which the repeat block counter worksinternal to the Texas Instruments
microprocessor. Thisis also convenient for C language programs which implements a
“zero-origin” counting system. For example, if you are thinking of adding 2 vectors,
both consisting of arrays which have 100 numbers each, you should call your routine
with n = 100. While you are probably mentally conceiving your algorithms executing
1,2,3,4,5...99,100 it is, in reality, actually executing as 0,1,2,3,4...99.

m stands for the corrected number of iterations that you plan on having the routine exe-
cute. m also is used to indicate which memory position is currently being pointed to
within an array.
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