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DSP Compiler for Matrix and Vector Expressions with
Automatic Computational Ordering

Nobuhiko SUGINO', Member, Seiji OHBI!!, Nonmember and Akinori NISHITHARA', Member

SUMMARY A description language for matrix and vector
expressions and its compiler for DSPs are shown. They pro-
vide both a user-friendly programming environment and efficient
codes. In order to increase throughput and to reduce amount
of memory required for matrix and vector computation, several
methods based on mathematical laws are introduced. A method
to decide the matrix and vector storage location suitable for pro-
cessing on DSP is also proposed.

key words: DSP compiler, code optimization, matrix and vector
computation

1. Introduction

Digital signal processors (DSPs) have recently been re-
markably upgraded and are now used in wide fields,
such as communication, control and image process-
ing[1]. Some workstations utilized DSPs for numerical
computations{2]. In such computation in signal pro-
cessing and other fields, procedures or algorithms are of-
ten expressed in terms of matrices and vectors, and DSPs
are so fabricated to have excellent performance in matrix
and vector computation. In spite of this attractive com-
putational power of DSPs, their software development
imposes laborious work and long time on programmers.
This is because DSP programmers are required to write
a realtime program or an efficient program (short in ex-
ecution time) using primitive tools such as assembler or
low level (machine level) languages. Therefore, practi-
cal development of DSP programs has been relied on
some experts who have enough knowledge of the DSP
architecture and tricky techniques.

To reduce the time and cost of DSP programming,
helpful tools such as a high level language and its com-
piler are very important. Several DSP manufactures
now supply compilers for high-level languages such as C
or Ada[3]. Efficiency of program, however, is heavily
dependent on the way of programming. Thus primi-
tive languages and tools still play major roles in DSP
programming, and programmers’ load has not yet been
reduced.

In Refs.[6] and[7], the user-friendly language to
describe linear digital networks and DSP compilers are
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proposed. Since the compiler itself automatically de-
termines the computational order in the program, ef-
ficiency of program is independent of programming
styles, and users of this compiler can obtain efficient
codes without laborious work. However, this compiler
can handle only scalar data.

In order to derive efficient code for matrix and vec-
tor expressions, even expert programmers spend lots of
time and labor, because large amount of memory must
be managed and multiple nestings of loops in the pro-
gram must carefully be considered. Moreover, it is much
more difficult to write efficient programs for pipelined
DSPs or so-called the second generation DSPs[1]. For
such DSPs, programmers must take an extreme care
for data access to avoid pipeline hazard. Also, their
branch(jump) instructions, so-called delayed branching,
works later than the following instructions, and cause
difficulty in DSP programming.

This paper shows a DSP code generation method
for matrix and vector expressions, which gives the ben-
eficial compiler to DSP programmers. This method is
applicable to both non-pipelined and pipelined DSPs.
Furthermore, this method is modified to lead powerful
programming tools for general purpose high level lan-
guages.

2. Description of Matrix and Vector

Matrix and vector computation programs written in
high level languages such as C, Fortran, Pascal, etc.
are different in their representations from the original
mathematical expressions. Thus, programmers get dif-
ficulty in formulating, writing, and debugging the pro-
grams. In the compilers for such languages, optimiza-
tions after the code generation may improve the qual-
ity of the resultant codes. But these optimizations are
highly dependent on the way of programming and are
not always effective enough for the matrix and vector
computation. Also, some attempts have been made to
improve the existing high level languages. In Fortran
90[8], some descriptions about array operations are im-
proved so that writing a program for matrices and vec-
tors computations is convenient. However efficiency of
compiler generated codes is still dependent on program-
ming style, and validity of computation of matrices and
vectors must be investigated by programmers.
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matprog seq_est(vector[10] znew; scalar y >

vector[10] thetanew

{
vector[10] k;
vector[10] theta;
matrix[10,10] P, Pnew;
thetanew = theta + k * ( y - trans(znew)*theta ); /% (1) */
k = P*znew / (1 + trans(znew)+*P*znew); /* (2) */
Pnew = (1 - k+trans(znew)) * P; /% (3) */
p = DLY(Pnew);

) theta = DLY(thetanew);

Fig. 1 Example of input description.

In order to generate efficient code for the matrix
and vector computation, a special language would be
helpful. In this case, the descriptions for the matrix
and vector expressions can be designed to be similar to
mathematical formulas so that users can easily write,
understand and debug the program. An optimization
suitable for matrix and vector computation on DSPs
can be expected in the procedure of compilation.

From such a point of view, we designed a new lan-
guage to describe matrix and vector computation. For
example, the following sequential least square method is
written in Fig. 1, using the description proposed here.

0(t +1) = 0(t)+k(t+1){y(t+1)—z L (t+1)8(1)}

(1)

_ P(t)z(t + 1)
K+ =1 + 2Tt + 1) P()z(t + 1) @
P(t+1) = {1 —k(t+ )27 (t+ 1)} P(2) (3)

In the program list, trans(arg) and dly(arg) mean
transpose and unit delay of arg, respectively.

The important feature of this description is that
computation does not follow the order of sentences, so
that the compiler decides a computational order. More-
over, type mismatches in operations of matrices and vec-
tors can easily be detected by the compiler. On the way
of the type detection process, constant number can be
judged whether it is a matrix, a vector or a scalar data.
For example, the constant number 1 in Eq.(3) is an
identity matrix. Consequently, an identity matrix can
be hidden in the constant number or the scalar variable
and it simplifies the description.

3. Compiler

3.1 DSP Model

In this paper, a typical model DSP shown in Fig.2 is
assumed, which has a specific architecture for the ef-
ficient execution of multiply-add/subtract operations.
Two operands of multiplication are simultaneously sent
to the multiplier from each of separate memory blocks.
The memory addresses are accessed by pointers, which

Qddress Pointerl | [ Address Pointeﬁl

[ I
‘i/[emoryl m LMemoryQ(le
1

Control Multiplier

ALU

G0 Tt a1 L1+ G T3+ a3 L3+ +ay- Ty

Fig. 2 The architecture model of the target DSP.

can also be used for program controls such as branching
conditions.

3.2 Outline of Compiler

The whole procedure of the matrix and vector compiler
is shown in Fig. 3.

At first, the compiler reads the description of matrix
and vector expressions. At this moment, the equations
are represented by the computational trees for com-
piler internal use. An example of computational tree
is shown in upper hand of Fig.4. Second, the compiler
examines validity of every operation, and useless or ver-
bose operations are removed or unified. At the same
time, constants and variables are identified as matrices,
vectors or scalars from the context.

Then, after the optimization procedures based on
some mathematical laws, the computational ordering of
the expressions are determined with a heuristic search
method.

Finally, code generation for a DSP follows the ar-
rangement of matrix and vector data in the memory.

As the first part of the compiler is independent
of target DSPs, slight modification only in the sec-
ond part yields compilers for other target DSPs (right
side in Fig.3). Furthermore, the compiler can gener-
ate source programs in high-level languages such as C
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Fig. 3  Structure of the matrix and vector compiler.

in place of assembler language, as shown in the figure,
which can be used as a helpful programming tool for
general purpose compilers (left side in Fig.3). This
high-level language description allows one to confirm
the given matrix and vector expressions on some per-
sonal computers or workstations.

3.3 Computational Ordering Method

There are precedence relations between scalar, vector or
matrix variables in given expressions. Although these
relations must be kept in DSP programs, they do not
leads to a unique computational order and it is hard to
find the optimal order. Therefore, a heuristic algorithm
is applied to decide a computational order between vari-
ables.

In scalar computations, data are manipulated suc-
cessively using a few registers. Thus, computational or-
der with effective use of registers are desirable to derive
an efficient program. On the other hand, the storage
size of matrices and vectors data is much larger than
that of scalars and they are mainly handled on memo-
ries; matrices and vectors data are loaded from memory
and, after computation on a certain register, resultant
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Fig. 4 An example of code generation.

data are stored back onto memory. Since in matrix and
vector operation, registers are only used for temporarily
preserving or computing data, computational ordering
with effective use of registers like that for scalar data is
no longer desired. Therefore, simple ordering method
based on the ‘depth-first-search’ [6] is applied in this pa-
per, and it gives satisfactory results. When the number
of scalar operations is large and more effective ordering
for scalar operations is required, the method in Ref.[7]
is applicable and the method is also effective for the
DSP which works under several stages of pipeline.

3.4 Code Generation

Along the determined computational order of expres-
sions, all the operations are replaced by the correspond-
ing sequence of instruction codes including loops in-
side, which is called a ‘code unit’ here. A simple exam-
ple is shown in Fig. 4. A computational tree is shown in
upper hand of the figure and, its computational order is
given by the number labeled on each node. According
to this order, code unit for multiplication between ma-
trix and vector is generated as output codes, first. Then,
code units of inner product of vectors and addition of
scalars follow. Here, code units must be prepared in
advance for all the basic operations such as addition,
subtraction and multiplication of scalars, vectors and
matrices.

Many code units are required according to the op-
eration and its operands. For example, there are three
different type of add operation; i.e. addition between
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Matrix A * Matrix B

Loop1: |Controled by memory pointer pl
Matrix A * Vector By

Loop2: |Controled by memory pointer p2
Inner Product of Vector Ay, and Vector By

Fig. 5 An example of code unit for complicated operation.

scalars, between vectors and between matrices, so that
3 code units are required. For the multiply operation,
much more code units are required. If there are routines
for these operations in library, they can be used as the
code units. In case some operations are not included
in a library, new code units must be prepared which
requires large amount of time and labor.

Since every matrix is decomposed into column or
row vectors and operations between matrices can be rep-
resented by the combination of vector operations, the
number of the code units can be reduced. ‘Basic code
units’ to be prepared for code generation are:

Basic code units

o Scalar Operations (Add/Sub./Mult./Div.)

Add/Subtract Operation between Vectors (or Ma-
trices)

Multiplication of scalar with Vector (or Matrix)

e Inner Product between Vectors

Note that the code units of add/subtract operation for
vectors can also handle that for matrices, because only
one long loop rather than two short loops for row and
column is enough for computation of all the elements
in operation for matrices. Similarly, multiplication of
a vector by a scalar and multiplication of a matrix by
a scalar can utilize the common code unit by changing
the loop length.

An example of other code units is shown in Fig. 5
for matrix A multiplied by matrix B, which can be rep-
resented by inner products of vectors and two loops.

Ordinary subroutines include codes for preserv-
ing and restoring register content, while code units in
this method do not include them. Moreover, in this
code generation method, transpositions can be com-
bined with add, subtract or multiply operations, while,
in ordinary subroutine calls, transposition and opera-
tion are handled separately. Therefore codes generated
by this method are expected to have less overheads than
the codes using subroutine calls especially when expres-
sions include transposition of matrices and vectors.

3.5 Optimization

In this section, some optimization methods at procedure
“Optimization method based on mathematics” in Fig. 3
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Fig. 6 Comparison of local ordering.

are introduced.
3.5.1 Optimization Based on Associative Law

For scalar computation, there is an algorithm to gen-
erate local optimal codes[9]. This algorithm uses the
associative and commutative properties of add and/or
multiply operators, and the number of codes and/or
the number of storage references are reduced. DIMPL
compiler [7] also applies this algorithm in order to get
efficient codes.

For matrix and vector computation, the associative
properties of multiply operator can be used to minimize
both the computational cost and required memory ca-
pacity. For an example, consider a cluster of matrix
multiplication

AgxaBaxsCsxa — Dexa2,

where the subscripts show the sizes of matrices. The
associative law leads to two cases for local computa-
tional order given in Fig.6. In the figure, the num-
ber labeled on nodes and branches indicate required
computational cost and memory capacity, respectively,
where computational cost is defined as the number of
multiply-add/subtraction operations. The total num-
bers of computational cost and memory capacity are
also listed in this figure. Consequently, the righthand
computation requires less cost and memory than the
lefthand one.

A method to derive the local optimal order is given
by scanning all the operators in a given program for a
cluster of multiplications and by finding the combina-
tion with least computational cost among all the pos-
sible combinations of multiplication. This method is
quite similar to the algorithm in Ref.[9].

3.5.2 Special Combination of Operations

More efficient codes would be obtained by handling the
special combination of operations as one operation and
preparing the corresponding code units. For example,
the term like z(t + 1)T P(¢)z(t + 1) in Eq.(2) of Fig.1
often appears in signal processing algorithms. Scanning
all the operations in a given program for such a term
and handling it as one operator, as shown in Fig.7, can
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Fig. 8 Optimization by the special combination of operators.

improve the code unit itself and the whole program as
well.

3.5.3 Term Expansion

Expanding terms in expressions sometimes saves com-
putational cost and memory. For example, Eq.(3) can
be writen as

P(t+1)=P(t) —k(t + 1)2T (t + 1)P(t) 4)

Codes generated for this expression include no matrix—
matrix multiplication, and require less cost and mem-
ory. However, it is difficult to get a general algorithm
for such an expansion, the present version of compiler
does not yet take this expansion into account.

3.5.4 Subexpression Coincidence

Generally, common subexpression coincidence saves
lots of computational cost in spite of increase in stor-
age to keep data for a short period. Especially, common
subexpression of matrix and vector multiplication can
greatly reduce computational cost with less increase in
memory. In the example of the sequential least square
algorithm, 27 (t+1) P(t) and P(t)z(t+1) are eliminated.

3.6 Memory Allocation

Since the DSP model assumed here consists of two pages
of storage area and each of them is connected to multi-
plier, the location of matrix and vector data in storage
pages gives a serious effect of generated codes. Espe-
cially, for multiplication, the execution steps of a bad
allocated code are about 33% more than that of a good
allocated code. A method to derive a memory allca-
tion is presented below with an illustration of memory
allocation for Fig. 1.
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1. Extract a pair of matrix and vector multiplication
operands (see Fig. 8 (a)).

2. Link every pair of the operands by a branch and la-
bel the branch by its computational cost (see Fig. 8
(b)). This graph is called an access graph.

3. Find the cut with the maximum total weight in the
access graph and the bipartite graph is given.

4. Allocate disjointed sets of operands or nodes in
the bipartite graph to distinct memory blocks
(see Fig. 8 (c)).

Computational cost of matrix and vector multiplica-
tion is defined by the number of multiply operations or
the number of multiply-add/subtract operations, and is
given by

Matriz/Vector(l,n] x Matriz/Vector[m,l] =

Cost = lmn,

where multiply-add/subtract operation is assumed to
cost only one instruction cycle for DSPs. This cost
also gives the estimation of a increase in program steps,
when the two operands of multiplication are stored in
the same memory block.

In order to find the cut with the maximum total
weight, all the possible combinations of branches are
examined in this article. However this method costs a
plenty of time, as the number of operands increases, so
that a heuristic algorithm introduced in Ref.[10] can
be applicable. For scalar computation, the method to
derive an optimal register and memory allocation is in-
troduced in Ref. [11].

4. Results

Compiler is now developed for pPD77230 (NEC) and
can generate efficient codes. Figures 9 and 10 show a
part of the generated DSP codes and the C source pro-
grams for the example program in Fig. I, respectively.
Table 1 compares the number of execution pro-
gram steps, which are derived for the example in Fig. 1.
The table shows this compiler generates efficient codes.

5. Conclusion

A DSP compiler for matrix and vector expressions is
proposed, which saves the programming load and re-
duces the period for developing DSP programs. This
compiler is helpful not only for the beginners but also
for expert programmers, who can modify the output
of this compiler in order to get further efficient codes.
The proposed method can also be applied to general-
purpose processors and high level languages. Combi-
nation of this compiler and DIMPL compiler will give
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H trans(vector) * matrix * vector -> scalar

clr wril H
1di bpil, N ;
Loopl:
1di ix1, Pni H
mov ar ,bpl stixl ; P[] address Spc.
1di bpl, minusN H
' 1di ix0, ZNEW1 ; 7 address
1di bpo, N ;
H
; trans(vector) * vector -> scalar
’ clr wr2 spcbi0 spcbil ;
Loop2:
mov klrl,ram0 decbp0 stixl ;
jnzbp0 Loop2 H
addf wr2,m H
. norm wr2 ;
g scalar * scalar -> scalar
’ mov bpl ,ar
mov bpO ,bpl
mov lkrO,wr2 decbpl ;
E scalar + scalar -> scalar
’ addf wri,m H
jnzbpl Loopil H
nop H
Loop3:

mov klrl,ram0 decbp0 decbpl

jnzbp0 Loop3
addf wrl,m
norm wri

H scalar + scalar -> scalar

1di tr , 400000H

1di txe, 000001H

addf wrl, ib mov non ,tr
norm wril

H scalar / scalar -> scalar

Dtr <= 1.0

Fig. 9 Example of output DSP assembler code.

Table 1  Comparision of execution steps of the codes.

Execution Steps
(Order N)

Difference

without Optimization | 3N3 + 25N2 4 58N + 55

with Optimization 15N? + 44N + 34

—3N3 —10N2 — 14N — 21

Hand—Assembled 12N2 4 28N + 25

—3N3 —13N%2 — 30N — 30

better programming environment for signal processing.
Further optimization techniques and the more detailed (3]
computational ordering methods for scalar, vector and
matrix must be investigated. E%
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main()

float znew[10] ;
float y 3

float thetanew[10] ;
float knew[10] ;
float thetal[10] ;
float P[10][10] ;
float Pnew[10][10] ;
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