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CMC: A Compiler for Sparse Matrix Computations

HIDEYUKI KAWABATAt and MUTSUMI SUZUKI0

Matrix languages such as MATLAB have been widely used for numerical computations,
especially as rapid prototyping tools. Those systems are basically interpreted to support
typeless and flexible programming environments. Due to this fact, unfortunately, execution
speed of a program written in a matrix languages is limited compared to a code in a general-
purpose compiled language like Fortran. Recently, studies have revealed that the translation
of matrix language scripts into programs written in compiled language would be a promising
approach for high-speed computation with matrix languages. However, none of existing com-
pilation systems seems to be able to handle sparsity of matrices attaining high-performance of
translated codes. In this paper, we propose a compiler for large-scale sparse matrix computa-
tions, named CMC. Distinguishing features of CMC include the functionality to utilize sparse
data structures and the optimization facility based on the detailed information of shapes of
matrices, e.g., triangular, diagonal. CMC translates annotated MATLAB scripts into For-
tran 90 programs. Experimental results show that the translated SOR and CG programs by
CMC run seven times and three times, respectively, as fast as MATLAB interpretation, which
confirms our method’s effectiveness.
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input: A€ R"*™, z € R",tol € R
output: A€ R,i € N
i+— 0
A0
while(true) begin
i—i+1
y — Ax
Anew (yTy)/(mi)
exit if |A — Apew| < tol.
z —y/llyll2
A “— Anew

end

(a) The power method.

function [1,i] = powermethod(A, x, tol)
i=0;
1=20;
while 1
i=1i+1;
y = A*x;
lnew = (y.> *xy) / (y.7 *x);
if abs(l - lnew) <= tol, break, end
x =y / norm(y);
1 = lnew;
end

(b) A MATLAB srcipt of the power method.

01 MATLABOOOOODO
Fig.1 An example of MATLAB coding.
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(a) a sparse matrix
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Fig.2 The structure of CCS format for sparse matrices.

(b) representation of the matrix (a) using 3 1d arrays
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Table 1 Data structure translation rules.
() ABO00000O00ODO

BOOO
AO0D0O SRCULDF
Scalar SRCULDF
Row vec. R S RRRR
Column vec. CF—————
Upper tri. mat. |[U— C U F U F
Lower tri. mat. |L CFLLTF
Diagonal mat. |D— C U L D F
Full mat. F—-CFVFFF

(b) A+BOA-BOA./BOA.#+B00D0O0DOO

BOOO

AOO0OD SRCUTLDF

Scalar S RcCcUufLt DI F

Row vec. RR——— — —
Column vec. C C
Upper tri. mat. ul—— U F UF
Lower tri. mat. |LT — — F L L F
Diagonal mat. | DT ULDTF

Full mat. F——FFTFTF
t0+/-00000000000000000 FOOOO

gooooooooooooOobObObObOO0000000a
goooooooooooooobooooooooo
ooboooobooooo

4.2.2 OO0O0OO0OO0OO
MATLABOOOOOOOOOOODOOOOOOOO
cMCOOO000000000000000000O0
O00000000 Fortran 90000000 OODO
gobooooboobooooooooobooooooo
goooooooooobooooooboooooon
gooooboooooooooooooooooon
gooooooooooooooboooooooo
ooooooo
gbooobooooobooooobOoboooobooon
ooooooocMCcoOOOoooooooooo10d
goooboooooooobobooooooboooobo
OO0 c=A«BO000000 AOBOOODODODOOOOO
goooobooooobcObOOOOOOOoODODO
ooo0o

4.2.3 0OOO0OO0OO0OOOOO
goboboooooooooooooooooooon
gboboooobdoboooouobOobon c=AxBODO
b0 cOoOobooooabBOOOOOOOOOO
gooooboooocobooooOoooooooban
oobOs0ooooooooon

4.2.4 0O0O0O0OOOOO
gooooooooooooooooboboooo
gooobobooooooobobooooooboboon

oo00oooooopoooooogooo eMcood 383
= _tril/ ccs }’:\
_colvec m colvec M/ \ tril/_ccs
r . o _
77 \™ VAN
_cotvec b / ws’®
_full/_ces A X _colvec _scalar W L _tril/_ces
@ r=b-Ax (®) M=D-wL

04 0D0O000D0O0OO0O0O0OOOOOOO

Fig.4 Type inference for intermediate variables.

gooobooooooooooooooooobooooo
goooooooooooooooon
e J0OODDOOOOOOOOOOOOODO
e JO00OODOOODODODOOODOOOOODOODO
groooooooooooon
e J0U0UUOD/OUOLLULDUDUDUDLDO
e JO0ODODOOOOODOODODOOOODODODO
oo0ooooooooooooo
0400000000000000O000O00COO
goboooooooooooooooooooooo
gooobooooooooboooboooooobooooo
goooooooooooooboobooooooooo
0000o00o00ooU0o0oOoUoOoO 4(a)00
0O ()UO0ODO0000O00DO00O0O00 -0 M
000000o0o00ooo0ooo «OoMO00000O
0000000000000 00-0000000M
gooooooo0oo0oooooooooooooo
gooooooOoOooooooooOoooooooo
gooooocMcoooooooopoooooo
oooooooooooooooooos1000m
4.3 000000O0O0ODOO
cMCOOOOOOO MATLABOOOOODOOOO
gooooooOo0o0o0oooOooooooobooooo
000 500SOROO MATLABOOOOOOO
goooooooOo0o0o0ooooooooOooooo
%cmc 0000000000 Fortran900 00000
000000000oooo MATLABOOOOO
goo 9w oooooooooooooooooooo
cMCOOODOOOOOOODOOOO MATLABOO
ooooooooooo
ooococMCOOOOOoOoooOooooooood
oo0oo
e IO DUOUDODcomplexI] O OO realll]
0 0 00integer00 0 O OO logicallD O O
0 00Fortran 0 00O 0O COMPLEX*160] REAL*80

= MATLABOOOOOOOOOO/000000O0OOOOO
000000000 /oooooooooooooooooooo



384 gooooooooooooooooboooooo

function [x,i] = sorOs(A,x0,b,tol)
%cmc integer,parameter :: s=50%50

Yicmc real, _ccs(5) :: A(s,s)
Jicmc real,_colvec :: x0(s), b(s)
Jcmc real,_scalar :: tol

w=1.8;
D = diag(diag(A)); L = -tril(A,-1); U = -triu(A,1);
r0 = norm(b-A*x0);
x = x0; i = 0;
while 1
i = i+1;
x = (D-w*L)\ (((1-w) *D+w*U) *x+w*b) ;
if norm(b-A*x)/r0 <= tol, break, end
end

05 MATLABOOOOO SOROOOOO
Fig.5 The SOR method in MATLAB.
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| r = b - A*x; |

(a) An expression in MATLAB (A: matrix, r,b,x:

column vectors).

| r = b - MATMUL(A,x) |

(b) Corresponding Fortran 90 code with dense A.

allocate (Xr1(2500))
Xr1 =0
do Xk = 1, 2500
do Xiptr = A_colptr(Xk), A_colptr(Xk+1)-1
Xi = A_rowind(Xiptr)
Xr1(Xi) = Xr1(Xi) + (Aval(Xiptr)) * (x(Xk))
enddo
enddo
r = (b) - (Xr1)
deallocate(Xrl)

(¢) Corresponding Fortran 90 code with sparse A using

CCS format.

r=>
do Xk = 1, 2500
do Xiptr = A_colptr(Xk), A_colptr(Xk+1)-1
Xi = A_rowind(Xiptr)
r(Xi) = r(Xi) - Awval(Xiptr) * (x(Xk))
enddo
enddo

(d) Optimized Fortran 90 code with sparse A using
CCS format.

0 6 MATLAB OO0 Fortran 90 00000
Fig.6 Examples of MATLAB-to-Fortran 90 translation.
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i i i

07 CCSOO0O000OO (C=A+B)
Fig.7 Sparse matrix addition (C=A+B) using CCS format.

08 CCSODOODOODOON (C=A*B)
Fig.8 Sparse matrix multiplication (C=A*B) using CCS
format.
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allocate (Xf1ag(10000))
Xflag = 0
do Xj =1, 10000
do Xiptr = A_colptr(Xj), A_colptr(Xj+1)-1
Xi = A_rowind(Xiptr)
Xflag(Xi) = Xflag(Xi) + 1
enddo
enddo
B_colptr(1) =1
do Xj =1, 10000
B_colptr(Xj+1) = B_colptr(Xj) + Xflag(Xj)
Xflag(Xj) = B_colptr(Xj)
enddo
do Xj = 1, 10000
do Xiptr = A_colptr(Xj), A_colptr(Xj+1)-1
Xi = A_rowind(Xiptr)
B_val(Xflag(Xi)) = DCONJG(A_val(Xiptr))
B_rowind (Xflag(Xi)) = Xj
Xflag(Xi) = Xflag(Xi) + 1
enddo
enddo
deallocate (Xflag)

09 CCSOOOOOOOOOOOB=A’0
Fig.9 Complex conjugation of a sparse matrix (B=A’)
using CCS format.
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allocate (Xr1(2500))

call ccsmat-mul_vec(

& A_val, A_colptr, Arowind,x, Xrl, 2500)
r = (b) - (Xr1)

deallocate(Xril)

010 DOoO0Oooooooooooooooooo
Fig.10 Output code utilising library routines.

SUBROUTINE sorOs(A_val,A_colptr,A_rowind,x0,b,tol,x,i)
IMPLICIT NONE
INTEGER,PARAMETER ::
REAL*8 A_val(s*5)
INTEGER A_colptr(s+1), A_rowind(s*5)

s = 50*50

011 050000 CcMCUOOO0DOOOOOOOO
Fig.11 A part of the generated code from Fig.5 by CMC.
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function [x, i] = sorOs(A, x0, b, tol)
%cmc integer,parameter :: s=50%50

%cme real, ccs(B5) ::  A(s,s)
%cme real, _colvec :: x0(s), b(s)
Jcmc real,_scalar :: tol

w=1.8;
D = diag(diag(A)); L = -tril(A,-1); U = -triu(A,1);
r0 = norm(b-A*x0);

x = x0;
i=0;
TMPLMOO = D-wxL;
TMPLMO1 = (1-w)*D+w*U;
TMPLVO2 = w*b;
while 1

i = i+1;

x = TMPLMOO\ (TMPLMO1*x+TMPLV02) ;
if (norm(b-A*x)/r0O<=tol), break, end
end

012 JO0000000000000 SOROOODOO
Fig.12 The optimized SOR code in MATLAB.
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function [x,i] = cg0s(A,x0,b,tol)
%cme integer,parameter :: s=50%50
%cme real, ccs(5) :: A(s,s)
%cmc real, colvec :: x0(s), b(s)
%cmc real,_scalar :: tol
r = b-A*x0;
rn = norm(r);
b'd x0;
p=r;
i 0;
while
i=1i+1;
alpha = (r.” *1r) / (p.” * A * p);
X = x + alpha * p;
rnew = r - alpha * A * p;
if norm(rnew)/rn <= tol, break, end
beta = (rnew.’ * rnew) / (r.’ * 1);
p = rnew + beta * p;
r = rnev;
end

(a) The CG method.

function [x,i] = cg0s(A,x0,b,tol)
%cmc integer,parameter :: s=50%50
%cmc real, ccs(5) :: A(s,s)
%cmc real,_colvec :: x0(s), b(s)
Jcmc real,_scalar :: tol
r = b-A*x0;
rn = norm(r);
bd x0;
p=r;
i=0;
TMPX00
TMPSO1
while 1

i=1+1;

alpha = TMPSO1 / (p.’ * TMPX00);

X = x + alpha * p;

rnew = r - alpha * TMPX00;

if norm(rnew)/rn <= tol, break, end

TMPS02 = rnew.’ * rnew;
beta = TMPS02 / TMPSO1;
p = rnew + beta * p;

r = rnew;

TMPX00 = A * p;
TMPSO1 = TMPS02;
end

(b) The optimized CG code.

013 CcCGUOOOOoOooooooooooooooo
Fig. 13 Source-level optimization of the CG method in
MATLAB.
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Fig.14 The flowgraph viewer of CMC.
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Table 2 Execution times for matrix multiplication.

(a) FF x F (F: dense)

ooog MATLAB sec] CMCsec]
200 0.03(1.0) 0.0334(1.1)
400 0.23(1.0) 0.185(0.80)
800 1.80(1.0) 1.32(0.73)
(b) S x S (S: sparse)
ooog MATLAB sec] CMCsec]
40000 0.27(1.0) 0.161(0.60)
160000 1.03(1.0) 0.675(0.66)
640000 4.98(1.0) 2.73(0.55)
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03 SORUODOOOODDO SO000 Se=+0000000
Table 3 Experimental results on the SOR method (solving Sz = uw where S is sparse).

MATLAB [sec] MCC [sec] CMC/dense [sec] CMC/sparse [sec]
ooo/oooog dense sparse sparse noshape shape noshape shape

400/64 0.38(4.8)  0.08(1.0) 0.07(0.88) 0.347(4.3) 0.268(3.4)  0.0105(0.13) 0.00932(0.12)

900/81 8.75(40) 0.22(1.0) 0.20(0.91) 4.90(22) 2.87(13) 0.0312(0.14) 0.0286(0.13)
1600/158 54.5(71) 0.77(1.0) 0.74(0.96) 31.9(41) 18.9(25) 0.107(0.14) 0.0980(0.13)
2500/247 203(109) 1.87(1.0) 1.87(1.0) 115(61) 66.5(36) 0.271(0.14) 0.252(0.13)
4900/472 — 7.27(1.0) 7.22(0.99) — — 1.10(0.15) 1.01(0.14)
8100/755 — 19.9(1.0) 19.4(0.97) — — 3.13(0.16) 2.68(0.13)
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04 SOROOOOODDDOOD FOOOO Fe=00000000
Table 4 Experimental results on the SOR method (solving Fz = v where F is dense).

MATLAB [sec] MCC [sec] CMC/dense [sec] CMC/sparse [sec]
ooo/o00o0 dense sparse dense noshape shape noshape shape
100/322 0.13(1.0) 0.49(3.8) 0.14(1.1) 0.0960(0.74)  0.0718(0.55) 0.115(0.88) 0.115(0.88)
200/1156 1.62(1.0) 6.79(4.2) 1.63(1.0) 1.30(0.80) 0.923(0.57) 1.54(0.95) 1.55(0.96)
300/2404 7.53(1.0) 31.8(4.2) 7.47(0.99) 5.97(0.79) 4.19(0.56) 7.17(0.95) 7.15(0.95)
400/4020 22.5(1.0) 127(5.6) 43.6(1.9) 17.4(0.77) 12.3(0.55) 25.6(1.1) 23.2(1.0)
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Table 6 The effects of source-level optimization on the SOR and CG method.

(a) the SOR method

Oct. 2004

MATLAB [sec] MCC [sec] CMC ([sec]
ooo/oooo noopt opt noopt opt noopt opt

400/64 0.15(1.0) 0.08(0.53) 0.14(0.93) 0.07(0.47) 0.0272(0.18) 0.00932(0.062)

900/81 0.41(1.0) 0.22(0.54) 0.40(0.98) 0.20(0.49) 0.0902(0.22) 0.0286(0.070)
1600/158 1.46(1.0) 0.77(0.53) 1.47(1.0) 0.74(0.51) 0.319(0.22) 0.0980(0.067)
2500/247 3.65(1.0) 1.87(0.51) 3.66(1.0) 1.87(0.51) 0.878(0.24) 0.252(0.069)
4900/472 14.0(1.0) 7.27(0.52) 14.5(1.0) 7.22(0.52) 3.53(0.25) 1.01(0.072)
8100/755 37.9(1.0) 19.9(0.53) 37.2(0.98) 19.4(0.51) 10.3(0.27) 2.68(0.071)

opt 00000000 DODODO 30 MATLAB/sparsed MCC/sparsed CMC/sparse+shape 000000000
gooooooooooO0oOoooOOoOoOoOoooOoOoO0OooDOoOoOoooDooOg

(b) the CG method

MATLAB [sec] MCC [sec] CMC ([sec]
ooo/oo0o0o noopt opt noopt opt noopt opt
900,72 0.13(1.0) 0.04(0.31)  0.13(1.0)  0.04(0.31) 0.0221(0.17)  0.00758(0.058)
2500/117 0.62(1.0)  0.20(0.32)  0.64(1.0)  0.20(0.32)  0.142(0.23)  0.0501(0.081)
4900/162 1.66(1.0) 0.55(0.33)  1.75(1.1)  0.56(0.34)  0.406(0.24) 0.162(0.098)
8100,/205 3.58(1.0) 1.19(0.33)  3.59(1.0)  1.17(0.33)  0.880(0.25) 0.385(0.11)
12100/249 6.66(1.0) 2.31(0.35) 6.51(0.98) 2.19(0.33)  1.66(0.25) 0.716(0.11)

opt 000OOO0O 5(a) D0D0DOODO0OOO0OO0OODDODODODOOOOOOOOODODODOOOOOOOO

05 CcGOOOooOo
Table 5 Experimental results on the CG method.

(a) Sz = u (S: sparse matrix)
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2500/117 | 0.20(1.0)  0.20(1.0)  0.0501(0.25) CMCOOO0 5000000 1200000 13 (a)
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12100/249 | 2.31(1.0) 2.19(0.95)  0.716(0.31) Jo00d0d00o0ooOooo0obooboobo0o00o0ooono

(b) Fx = v (F: dense matrix)
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