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ABSTRACT

This report uses th¢ector Maximum Seardbenchmark to demonstrate the efficient performance of the
TMS320C8x parallel processors (PPs). The authors describe a software implementation that uses the PP’s
advanced assembly language features to implement this benchmark efficiently. Results indicate that the
Vector Maximum Seardfenchmark on the TMS320C8x PP exceeds all digital signal processing products
currently available.



INTRODUCTION

Texas Instruments (T1) TMS320C8x devices are a family of multi-processor digital signal processors
(DSPs). Current members of the TMS320C8x family are the TMS320C80 (or 'C80) and TMS320C82 (or
'C82) multi-processor DSPs. The 'C80 has the following features:

Four advanced DSPs called PPs, each capable of performing many operations per instruction

ARISC processor called the master processor (MP), which has a double-precision floating-point
unit (FPU)

An advanced DMA controller called the transfer controller (TC)
A video controller
50K bytes of on-chip SRAM

The 'C82 consists of:

— Two PPs

— One MP

- ATC

— 44K bytes of on-chip SRAM

The TMS320C8x family provides powerful DSP solutions for video conferencing and telecommunication
applications. These solutions are evidenced by the TMS320C8x family’s outstanding performance at a
wide range of benchmarks.

This application report demonstrates the performance of the TMS320C8x PPs. Two different
implementation approaches are discussed and performances are compared. After reading this report, the
reader should understand how to write efficient PP assembly language code and have an improved
understanding of PP architecture. The authors assume that the reader has some familiarity with the basic
concepts of digital signal processing theory and the TMS320C8x architecture.

Tl is a trademark of Texas Instruments Incorporated.
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ALGORITHM

The Vector Maximum Search is a simple algorithm—for a vector of N elements, it returns the value of the
largest element (}5x) and its location in the vector (Index).

Vmax = Max {X(0), X(1), X(2), X(3), ... , X(N-2), X(N-1)}
Index = location of \pax

The first vector element is compared to the second vector element. The larger of the two is compared to
the third element, the larger of the three is compared to the fourth, and so on. This process continues until
all vector elements are compared. For each larger element found, the index is recorded—for example, if
the maximum vector element is X(3);¥x returns the value of X(3) and its index, 3.

IMPLEMENTATION

Once the Vector Maximum Search algorithm is understood, it can be implemented as a program. The
authors’ approach in implementing this benchmark was to first implement it using C code. This approach
serves two purposes—it helps to outline the program'’s flow and verifies algorithm functions. After the C
code is verified to produce correct results, it is translated to PP assembly language.

The next step in the implementation process is to optimize the PP assembly code. This step demonstrates
how two of the PP’s advanced features, splittable ALU and multiple flags status, can be used to obtain
optimal performance for the benchmark; it is intended to teach the reader some assembly coding tricks that
can be applied to future PP application implementations.

Assume that a vector of N signed 16-bit (short) elements is stored in memory at the on-chip address
DATA_ADDR.

DATA ADDR: | d(©) | d@) | d@ | d@ | da | .. |

The following C code implements tMector Maximum Seardigorithm where:
*  The number of elements in the vectoNis
¢ The maximum vector elementnsax.
* The index of the maximum vector elemeninidex.

max = DATA_ADDR[0]; /* max and index start with */
index = 0; /* the first vector element.*/
for (i=1;i<Nji++)
{
if (max < DATA_ADDRJi]) /* If the next element */
{ /* is larger than max, */
max = DATA_ADDR]i; [* copy its value and */
index =i; I* index to maxand */
} * index, respectively.*/

}



The C code shows that the basic operations of this algorithm are comparisons and conditional moves.
Because PP assembly language supports conditional operations, this C code can be easily translated to PP
assembly language. The following shows this code translated to PP assembly language:

La D ptr .reg la

Ga_count .reg ga

Gx_one .reg  ox
index reg d
data .reg
dcount reg d
max reg d
test reg d

.global DATA_ADDR
data =h *(La_D_ptr = xba + DATA_ADDR)
index=0
|| max =h *La_D_ptr
Gx _ one=1
Irs2=N-2
le2 = LOOP_MAX_END
Ga_count=0
LOOP_MAX:
test = max — data
|| d_count =&*(Ga_count += Gx_one)
|| data =h *++La_D_ptr
LOOP_MAX_END:
max =[It] data
|| index =[It] d_count
.cjump LOOP_MAX

The preceding PP assembly code requires a two-cycle (two instructions) tight loop to test if the current
element is larger than the previous element. In the first instruction, two vector elements are compared (by
calculating the difference) in the PP’s ALU, the iteration counter is incremented in the global address using
address unit arithmetic, and the next signed 16-bit vector element to be checked is loaded in the local
address unit. The difference calculation in this instruction sets status bits in the PP’s status register (SR).
Based on the status of the first instruction, the second instruction conditionally selects the larger vector
element and its corresponding location index usindes® than[lt] condition code. This tight loop is
iterated N times. After the Nth iteratiamax has the value of the largest vector elementisohek has its
corresponding location. Refer to thi&S320C80 Parallel Processor User’s Gui@é@erature number
SPRU110A) section 8.9, for more information on conditional operations.



In the preceding code, the PP performs a subtraction, an increment of a counter, two conditional
register-to-register moves, and a register load from memory in two instruction cycles. Most DSPs would
require five or more instruction cycles to perform these operations. At first glance, this code looks quite
efficient; however, the PP has advanced features that allow further optimization of this code.

The PP has a 32-bit ALU thatsglittable meaning it can perform multiple arithmetic operations—two
16-bit adds/subtracts or four 8-bit adds/subtracts. The PP also has the ability to save the status of the split
ALU results in a special register called the multiple flags (mf) register.

The mf expander, which is a special input to the ALU, takes the mf register and creates a mask based on
the mf bits that were set by the split ALU operation. This mask can be used to control multiple byte or
halfword operations. To save on loads, the PP can load two 16-bit values in a single 32-bit load. Using these
features, it will be shown how two vectors can be processed in a three-instruction-cycle loop, thereby
reducing the processing from 2 cycles per vector to 1.5 cycles per vector—a 33% reduction in cycles.

The followingtight loopcode processes two 16-bit vectors per iteration:

LOOP_MAX:
test =me max — data
max = (max & ~@mf) | (data & @mf)
|| d_count = &*(La_count += Lx_two_two)
LOOP_MAX_END:
index = (index & ~@mf) | (d_count & @mf)
|| data = *++La_D_addr

The following example illustrates how the preceding code uses the expanded mf register to control the
selection of larger numbers from A, B, C, D and to record the appropriate indexes. Assume Ais in the upper
half and B in the lower half of registerax, and C is in the upper half and D is in the lower half of register
data. The PP’s status register has been set to enable the PP to perform halfword, multiple-arithmetic
operations and to set mf based on the sign of the split ALU result.



A =0x1, B=0x7, C =0x3, D =0x4;

First Instruction

max
data

test = me max — data
Sign out

mf register

Second Instruction

A

0000 0000 0000 0001
C

0000 0000 0000 0011

1111 1111 1111 1110
1
XXXX XXXX XXXX XXXX

B

0000 0000 0000 0111
D

0000 0000 0000 0100

0000 0000 0000 0011
0
XXXX XXXX XXXX XX10

Expanded mf (@mf) 1111 1111 1111 1111 0000 0000 0000 0000
C B

max = (max & ~@mf) | 0000 0000 0000 0011 0000 0000 0000 0111

(data & @mf)

Third Instruction

Index Upperindex Lowerlndex

Count UpperCount LowerCount

Expanded mf (@mf) 1111 1111 1111 1111 0000 0000 0000 0000

index = (index & ~@mf) | UpperCount Lowerindex

(count & @mf)

After execution of instructions one, two, and three, the larger number from the lowerrhak ) and

the larger number from the upper halfdaita (C) are the new maxalues. The upper half afdex is

updated with the new count because a new max value for the upper half has been found; the lower half of
index remains unchanged as a new max for the lower half was not found. Note that La_count and
Lx_two_two were initialized to the appropriate values such that the upper balfrdindexes the number

of even vectors, and the lower half indexes the number of odd vectors. Also, two 16-bit vector elements
are loaded in a single 32-bit load. This three-instruction loop is iterated N/2 times for an N-element vector.
After N/2 iterations, a comparison is performed to find the maximum vector elemmeakirthat is, to



determine if the upper 16 bits or lower 16 bits are larger. This comparison can be done using the following
instructions:
max = mc max — max\\16

[| max = max

|| dO = &*(16)
max = (max & ~@mf) | (max\\d0 & @mf)

; The max vector element is in both halves of max.
index = (index & ~@mf) | (index\\d0 & @mf)

; The max index is in both halves of index

[| max =h1 max

; maxnow is only in the lower half.
index = index >> 16

;index now is only in the lower half.

After these instructions are executethx contains the value of the largest vector element,irzohek
contains its corresponding position. The setup code for the loop and instructions is not shown; however,
Appendix A contains a complete source code listing ofdwtor Maximum Seardienchmark.

PERFORMANCE AND MEMORY REQUIREMENTS

This section outlines the performance, register usage, memory requirements, and restrictidesiofithe
Maximum Searchenchmark shown in Appendix A.

Table 1 shows performance data.

Table 1. Benchmark Performance Data

PP INSTRUCTION MEMORY (BYTES)
CYCLES
Benchmark pre-amble code 8 64
Benchmark kernel code 3N/2 24
Benchmark post-amble code 7 56
Total 15 + 3N/2 144

Note: N is the number of elements in a vector.
Register Usage
* 5 of 8 data registers
* 1 of 8 global address unit registers
e 3 of 8 local address unit registers

e 4 of 13 loop control registers



Data Memory Requirements (in bytes)
e PP data RAM 2*N elements

Restrictions
e DATA ADDR must be 16-bit signed data.
* DATA_ADDR must be 32-bit aligned.

SOFTWARE USAGE

TheVector Maximum Seardcoftware in Appendix A is C-callable PP assembly code that executes on a
TMS320C8x PP. A main server program written in C can be used to callihePP code. This server
program passes three arguments to the PP, and the PP returns two values: the maximum vector and its
location. Table 2 shows the prototype of thjga4 function.

Table 2. Prototype of V 5% Function

SYNTAX short vector_maximum (short *arg1, short arg2, vmax *arg3);
argl [* Pointer vector address */
arg2 /* Number of vector elements */
arg3 [* Pointer to structure of return values where:
PARAMETERS typedef struct { .
short max;
short index;
} vmax;
*/
% i *
RETURN VALUE max / Value'of maximum vector element */
index /* Location of maximum vector element */
DESCRIPTION This function is called to do the Vector Maximum Search.




CONCLUSION

The Vector Maximum Searchenchmark of the TMS320C8x PP exceeds all DSP products currently
available. This report emphasizes the use of multiple arithmetic amiittiple flagsregister for efficient
TMS320C8x programming. Additionally, the advanced TMS320C8x architecture has many other features
that can be used to write highly efficient assembly code.



APPENDIX A

*.

* Copyright (C) 1996 Texas Instruments Inc. All Rights Reserved.

*.

*vmaxs.p — source code for a C—callable, signed vector

* maximum search routine designed to run on one of the C8x’s
* parallel processors (PPs).

*

* Environment:

* — This code executes on a PP (TMS320C8x device).

* * * * *kkk * * *kkkkk

*C PROTOTYPE

*

* void vector_maximum(short *vector_addr, short n, VMAX *vmaxs)
*

* typedef struct {

* short max; /* Value of largest vector element */

* short index; /* Location (index) of largest vector element */

* }VMAX;

*

* vector_maximum returns the value and index of the largest

* element of an n length, signed, 16—bit vector pointed to

* by vector_addr.

* DESCRIPTION

*

* Arguments description:

*

* vector_addr Address of vector
*n Number of elements in the vector

*  vmaxs Pointer to a structure of type VMAX

* Memory map

*  vector_addr d(0) [dw) [d@ [dE) [d@) [de) |
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* IMPLEMENTATION

*

* The following is the equivalent C code that has been
* implemented in PP assembly:

*

* void vector_maximum(short *vector_addr, short n, VMAX *vmaxs)
* |

* max—>vmaxs = vector_addr[0];

* index—>vmaxs = 0;

* for (i=1;i<n;i++)

A

* if (max—>vmaxs < vector_addr[i])

* {

* max—>vmaxs = vector_addr]i];

* index—>vmaxs = i;

* ASSUMPTIONS

*

* (1) Vector elements are 16-bit signed values

* (2) Overflow is not checked

* (3) Vector starting address must be 32-bit aligned
* (4) n<=1024

Kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkhkkkkkkkkkkx

* PERFORMANCE

*

*  Number of cycles = 8 + (3*n)/2

* where: n is the vector length
* (excluding ICACHE misses)
* MEMORY

*

* Program memory: 144 bytes (18 PP instruction words)
* On—chip data RAM: n*2 bytes (Input vector)
* Parameter RAM: 0 bytes

*hkkkkkkhkk *% * *kkkhkkkhkkkkk *% *% *kkkkkkkkkk




argl set dil
arg2 .set d2
arg3 .set d3

; Define data register names
d_index .reg d

index reg d
d reg d
max .reg

dcount reg d
test reg d
d_two reg d

loop_cnt reg d

; Define local address unit register names

La_D_addr .reg la
La_count .reg la
Lx_two_two.reg Ix

; Define global address unit register names
Ga_struct .reg ga

; Define constants
MAX set O
INDEX set 1
.global $vector_maximum
.entry argl, arg2, arg3
Jlock d6, d7, dO, a4, al2
$vector_maximum:
loop_cnt = arg2>>1
|| La_D_addr = argl
*—sp =sr ; Push contents of sr onto stack
sr=0x12d ; Set up sr for halfword arithmetic
max =*La_D_addr

: Initial maxs are the first vector element

;max = max2

|| Ga_struct = arg3
le2 = LOOP_MAX_END ; Load the loop end register
Irs2 =loop_cnt—2 ; Initialize the loop count register
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d_two=2 ; Load a temporary d reg. with 2
|| La_count = &*(1)
; Register used to keep track of the current vector count;
; the upper half keeps track of the d1 count, and the lower half
; keeps track of the d2 count

; La_count = o) _

|| d =*++La_D_addr
; Read the next two vectors

Lx_two_two =rh d_two
; Register used to increment the vector count

; La_two_two = 0

|| index = &*(1)
; Initial index

LOOP_MAX:

* * *
)

; Process two 16 vectors in this loop

* * *
)

test =me max-d
; Test to see if the d elements > max elements
; Set mf on carries: if max1 > d1 set mf bit 1, if
; max2 > d2 set mf bit 0

s test= d1|— max1 | d2 — max2

max = (max & ~@mf) | (d & @mf)
; Uses the mf expand operator to merge d1 and/or
; d2 if they are larger than their corresponding
; maxs

;max = Inaxl | max2 |

|| d_count = &*(La_count += Lx_two_two)
; Update vector count
; Increment in twos because are processing
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; Two vectors in each loop
;d_count=0:1, 2:3, 45, ... , N-2:N-1
LOOP_MAX_END:
index = (index & ~@mf) | (d_count & @mf)
: If one of the d's, or both, is a new max,
; merge the corresponding d_count into
; the corresponding index
|| d =*++La_D_addr

; Determine if max1 or max2 is larger
max = me max — max\\16
|| max = max
|| dO = &*(16)
max = (max & ~@mf) | (max\\d0 & @mf)
; The max vector element is in both halves of max
index = (index & ~@mf) | (index\\d0 & @mf)
; The max index is in both halves of index
|| max = hl max
; max now is only in the lower half
index = index >> 16
; index now is only in the lower half
| sr=*sp++ ; Restore sr and sp
br =iprs
*(Ga_struct + [MAX]) = h max
*(Ga_struct + [INDEX]) = h index
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