
 
Abstract—Code optimization produced by compilers are
compared for a DSP application involving a loop with multiple
memory accesses, multiplications and division operations.
Customization techniques to improve code speed are
compared for a basic CISC processor (Motorola 68332) and a
more recent DSP processor (Analog Devices ADSP21061
SHARC). Techniques for maximizing usage of the parallel
instruction capability of the DSP processor are demonstrated.

Index Terms-- Code Optimization, DSP Applications, CISC
and DSP Processors, Analog Devices ADSP2106X SHARC
processor

I. INTRODUCTION

DSP applications come in two styles. Adding to an existing
CISC processor system to provide basic DSP functionali ty
requires a very different coding approach to real-time code
where the limi ts of the processor have to be pushed. Speed
requirements for basic DSP functionali ty can probably be
satisfactorily handled by minor hand-customization of code
produced by an optimizing compiler. By contrast, gaining
maximum speed on a processor capable of multiple parallel
memory and arithmetic operations requires intimate
knowledge of both algorithm and processor architecture.

In this article, a comparison is made of the capabili ties of
several different compilers to produce optimized code for
the simple DSP application given in Figure 1. This code
determines the average and instantaneous power of the
values in a complex-number array. The code exhibits the
typical DSP characteristics of multiple memory access and
ALU operations within a loop. Customization techniques to
improve code speed are compared for a basic CISC
microcontroller (Motorola 68332) and a more recent DSP
processor (Analog Devices ADSP21061).

II . CISC PROCESSOR CODE OPTIMIZATION

In the seventies, the code produced by a compiler could be
best described as working. Code speed meant customization
by a programmer capable of writing assembly code. Today
the optimizing compilers available have changed the
situation, but the developer must still be familiar with both
compiler and algorithm characteristics.
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For example the Software Development Systems’ Version
SDS7.4 optimizing compiler [1] generates memory accesses
using indirect-indexed 68K instructions of the form

;       loop counter stored in register D5

;          re_power = real[count] * real[count] ;
_14 MOVE.W D5,D0

EXT.L D0
ADD.L D0,D0
MOVE.L D0,D6
MOVE.W 0(A1,D6.L),D7

; D3 <- re_power
MOVE.W D7,D3
MULU.W D7,D3

This code has been optimized in the sense the memory
access to location real[count]  has been registerized to avoid
the time penalty associated with the dual access to the same
memory location. However the slow indexed addressing
mode is inappropriate for this DSP loop where the indexing
through the array is straightforward.
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// short ints are 16-bit values on this machine

short int Power(short int real[ ], short int imag[ ],
                        short int power[ ], short int Npts) {

    short int count = 0;
    short int totalpower = 0;
    short int re_power, im_power;

    for (count = 0; count < Npts; count++) {
          re_power = real[count] * real[count];
          im_power = imag[count] * imag[count];
          power[count] = re_power + im_power;
          totalpower += re_power + im_power;
     }

     return (totalpower / Npts);
 }

Figure 1: This DSP algorithm calculates the power in
an array of complex numbers and returns the

instantaneous average power.



By contrast the Diab-Data Version 4.3f Compiler [2] starts
by producing RISC-like code using the basic 68K indirect
addressing modes. The pseudo code for these memory
accesses has the form

Move starting address into register
Move loop counter into register
Change loop counter into array offset
Add offset to register to form address
Access memory

This code is far less eff icient than that using indexed
indirect addressing modes. However the code is more
amenable to optimization because the common features
associated with these simple memory accesses are
straightforward to recognize.

After optimization, the Diab Data code makes use of the
faster auto-incrementing addressing mode available with
the 68K processor.

// re_power = real[ count] *real[ count] ;
LOOP:    MOVE.W (A1)+, D3

   MULU.W re_D3, D3

By contrast, this addressing mode is only activated with the
SDS compiler if the DSP code is written using “C”-code
with explicit pointer arithmetic (see Figure 2).

In a given situation the code generated by the Diab Data
Compiler for memory accesses will operate faster than that
produced by the SDS compiler. However the tightness of
the code for the Motorola 68332 processor is academic as
the loop speed is dominated by the two lengthy
multiplication instructions.

On more recent processors, changes in technology have
meant that multiplication operations will have a smaller
effect. Other characteristics of the algorithm
implementation become important in this situation. Detailed
examination of the code shows, for example, that neither
compiler recognized the common expression
re_power + im_power, leaving room for further hand
optimization. The output code documentation associated
with register usage was better with the SDS compiler which
provided information on what registers were available for
reuse.

Many DSP loops are short in length. In this situation the
time associated with handling the loop overhead can waste
considerable processor cycles. On the 68K processor, loop
overhead can be reduced using specialized instructions such
as ADD QUICK (ADDQ) rather than the more generalized
ADD instructions intended for working with large
constants. Many assemblers will automatically substitute
the faster instruction without the need for specific hand-
optimization.

Other reductions in loop overhead can be achieved by
modifying the typical for-loop construct. This construct
results in conditional and unconditional jumps being
executed every loop. A do-while loop construct is faster and
results in a conditional jump within the loop and an initial
test executed only once. Further loop overhead can be
achieved by changing the loop into a down-counting
construct as shown in customized code of Figure 3. This
format makes use of the fact that the SUBTRACT
instruction implicitly sets the 68K Z-flag negating the need
for an additional explicit COMPARE at the end of the loop.
The Diab-Data Compiler, with aggressive optimization
activated, automatically generated the faster down-counting
loop format.

short int Power(short int *real, short int * imag,
                        short int *power, short int Npts) {

    short int count = 0;
    short int totalpower = 0;
    short int re_power, im_power;
    short int temp;

    for (count = 0; count < Npts; count++) {
          re_power = *real++;
          im_power = * imag++;
          temp = re_power * re_power
                                   + im_power * im_power;
          *power++ = temp;
          totalpower += temp;
     }

     return (totalpower / Npts);
 }

Figure 2: The “C”-code must be written to explicitly
use pointer arithmetic before the faster auto-

incrementing indirect addressing instructions are
generated by the SDS V7.4 compiler.

    // for (count = 0; count < Npts; count++) {
                 MOVE.W Npts, count

   BRA TEST
// re_power = real[ count] *real[ count] ;

LOOP:    MOVE.W (real)+, re_power
   MULS.W re_power, re_power
// im_power = imag[count] * imag[count] ;
   MOVE.W (imag)+, im_power
   MULS.W im_power, im_power
// Utilize presence of common expressions
// power[ count] = re_power + im_power;
// totalpower += re_power + im_power;
   ADD.W re_power, im_power
   MOVE.W im_power,  (power)+

                 ADD.W im_power, total_power
 //      }   handle loop end

TEST:    SUBQ.W #1, count
   BGE LOOP

Figure 3: Changing the format of the for-loop into a
“down-counting do-while loop with an initial jump”

can increase the loop eff iciency.



III . DSP PROCESSOR CHARACTERISTICS

DSP processors have many architectural features to avoid
introducing unnecessary overhead into real-time DSP
applications where every cycle is critical. The following
features on the Analog Devices ADSP2106X processor [3]
have their equivalent on other processors. However the
implementation details of these features can have a
profound effect on their usefulness in a general DSP
environment.

·  Hardware loops. Overhead can be significantly
reduced by moving loop control into specialized
hardware. Not only are specific loop counter
modification and test instructions removed from the
code, but architectural optimizations to avoid pipeline
stalls during jumps can be introduced.

·  Data Address Generators. Moving address
calculations to dedicated hardware frees up the main
ALU for data operations. More complex addressing
modes, such as the bit reverse FFT addressing, can be
introduced without adding cycles to the loop count.

·  Harvard Architecture. On a CISC processor with a
single data bus there will be continual conflict for
bandwidth between data and instruction access. These
clashes can be reduced by the introduction of an
internal instruction cache or program memory. This
provides the processor with an internal Harvard
Architecture, which can be useful if the DSP program
code is not too large. On the ADSP-2106X processors
the internal program memory effectively occupies half
the available on-chip memory. The presence of an
additional instruction cache means that the 2106X
program memory is available for additional data
storage. This allows for three simultaneous memory
accesses – two data and one instruction.

·  Parallel Instructions. The 2106X ALU is designed to
allow simultaneous multiplication, subtraction and
addition operations to occur in parallel with the three
memory accesses.

·  Single-cycle floating point operations. The newer
processors permit floating point operations to occur
with the same speed as integer operations. Design of
DSP algorithms is typically simpler with floating-point
operations. Problems with integer overflow, because of
limited word length, are removed as the processor
automatically renormalizes floating point numbers to
retain a valid number representation. However the
precision associated with a 32-bit floating-point
number is only equivalent to the precision from a 24-
bit integer representation [4--5].

IV. CODE OPTIMIZATION ON THE SHARC PROCESSOR

The key behind fast code generation is to have the
compiler/programmer match the characteristics of the
processor architecture to those of the algorithm. Figure 4
shows “C”-code written to persuade the White Mountain
Visual-DSP compiler [6] to generate code to take full
advantage of the SHARC processor architecture.

·  The complex-valued array is stored in data (dm) and
program (pm) memory to permit multiple real and
imaginary component accesses in a single cycle.

·  The loop has been unrolled to permit the optimizer to
find combinations of parallel multiplication and
addition instructions across the two instances of the
loop code.

As can be seen from Figure 5, code is generated by the
optimizing compiler for a hardware loop construct with
zero-overhead. The memory access mode is the equivalent
of the 68K autoincrementing address mode. However no
use is made of the available dual SHARC busses although
the complex-valued array was spli t across program memory
(pm) and data memory (dm). In addition no parallel
multiplication and addition instructions were produced.

float Power(float dm *real, float pm *imag,
                        float dm *power, short int Npts) {
    short int count = 0;
    float totalpower = 0;
    float re_power, im_power;
    float temp;

     // Following unrolled code works for Npts divisible by 2
     if ( (Npts % 2) != 0 ) exit (0);
for (count = 0; count < Npts / 2; count++) {
         re_power = *real++;
         im_power = * imag++;
         temp=re_power*re_power+im_power*im_power;
         *power++ = temp;
         totalpower += temp;

         re_power = * real++;
         im_power = * imag++;
         temp=re_power*re_power+im_power* im_power;
         *power++ =  temp;
         totalpower += temp;
    }
     return (totalpower / Npts);
 }

Figure 4: The SHARC architecture offers a Super Harvard
architecture to bring in data values along two busses, dm

and pm, in parallel and also the abili ty to combine
multiplication and addition operations.



V. CUSTOM PARALLEL INSTRUCTION OPTIMIZATION

Optimizing the code generated by the Visual-DSP compiler
takes several steps.

·  First the basic processor resource usage involved in the
loop operations must be identified. Four basic
resources are shown in Figure 6. These are the addition
and multiplication resources and the two data busses.

·  By contrast to the previous code sequences, additional
memory accesses are deliberately used to fetch values
to the specific registers needed for the parallel
multiplication and addition operations. This results in
non time penalty as access to on-chip memory occurs
as quickly as access to registers.

·  The register allocation of the variables has been
changed from that suggested by the compiler. This,
together with the multiple memory accesses, is in
preparation for parallel multiplication and addition
instructions whose source operands must reside in
certain pairs of registers [3]. This is an inconvenience
rather than a limi tation as a single fully parallel
instruction can involve more than half of the 2106X
registers.

·  In Figure 7, the optimization is further developed by
unrolli ng the loop many times and overlaying the
multiplication operations from the start of one loop
occurrence with the addition operations from the
previous loop code. Note that further changes in
register allocation must occur to avoid data
dependencies between the sections of code.

·  The arithmetic pipeline must be fill ed at the start of the
code sequence, but once full , this pipeline has a
theoretical loop time of 2 cycles with most resources
being fully occupied. Additional cycles are needed
because of the conflicts on the dm bus, leading to an
apparent average of 3 cycles for each point processed.

·  In Figure 8, the loop has been re-rolled to permit use of
a hardware loop rather than straight line coding. Note
the use of the PASS instruction, essentially a SET-
FLAGS operation, as a substitute for one of the
additional memory accesses. This a cycle to be
removed from the code with the parallel instruction

 F3 = PASS F4, F0 = dm(0, dm_zero)

involving an ALU operation combined with a memory
operation which can be described in the available op-
code bits The more obvious instruction

F3 = F4, F0 = dm(0, dm_zero)

would involve a general register assignment, rather than
an ALU operation and and require more bits than
available in the SHARC opcode.[3].

With all optimizations in place, the average cycle time per
point has been reduced from 7 to 2.5 cycles.

// Conditional Test
r11=pass r11;      // check loop counter
if le jump(pc,_L$750014);

// Instruction moved outside the loop
// dm_one and pm_one are Modify registers = 1 to impment
// a fast post-modify operation

F13=dm(i0,dm_one); // real [ ] on dm

// Hardware loop
lcntr=r11, do(pc,_L$816004-1)until lce;

// Access to imag[ ] data along pm bus as wanted
F3=pm(i8,pm_one);  // imag[ ] on pm
F8=F13*F13;
F12=F3*F3;
F13=F8+F12;

// Part of second part of the loop
F3=pm(i8,pm_one);        // imag[ ] on pm

F10=F10+F13;
dm(i1,dm_one)=F13;     // power[ ] on dm

F13=dm(i0,dm_one);    // real [ ] on dm

F9=F13*F13;
F14=F3*F3;
F13=F9+F14;

dm(i1,dm_one)=F13;    // power[ ] on dm
F10=F10+F13;

F13=dm(i0,dm_one);  // real [ ] on dm
!end loop

_L$816004:

Figure 5. The compiler recognizes that access can occur along
the pm data-bus but makes not attempt to parallel these

fetches with dm data-bus access or ALU operations.. It takes
7 cycles to process one data point.



Figure 6. The resource usage associated with the instructions to calculate the instantaneous and average
power of a numbers in a complex-valued array.

Figure 7. The resource usage associated with 7 sets of instructions to calculate power. Note the optimal use
of the multiplication, addition and pm memory access resources. Resource conflicts occur with the dm

memory access resource.

Figure 8. Utili zing a hardware loop to avoid pipeline stalls, the final code maximizes the use of the
resources and has a speed approaching the theoretical maximum throughput – addition, multiplication and

two memory accesses all occurring in parallel..



VI. CONCLUSION

In this paper we have examined the optimization of a
simple DSP function involving the calculation of the
average and instantaneous power of the values in a
complex-value array. This function had the typical
characteristics of a DSP algorithm – a loop involving
multiple memory accesses, multiplications and additions.
Various custom optimization techniques were applied to
code generated by both CISC and DSP optimizing
compilers. Very li ttle hand optimization was needed for the
code generated by CISC compilers for the Motorola 68K
processor. However, code efficiency depended on both the
compiler and the format in which the DSP algorithm was
written. To take maximum advantage of the availabili ty of
the highly parallel architecture present on Analog Devices
SHARC 2106X processor required intimate knowledge of
both the processor and algorithm characteristics.
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