Chapter 20 rounding error

Speaker: Lung-Sheng Chien
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o Store (at+b) !'= (a+b)



Exercise 5: verify subroutine matrixMul _block seq with non-block version, you
can use high precision package.

Non-block version

1z S/ c=a % B
1z  woid matrixMul seqidoubleresl® C, const doublereal® A, const doublereal?® B,

14 unsigned int hi, unsigned int wi, unsigned int wE ]
15[ 4
1& unsigned int i, j, k :
17 doublereal swum !
1sg doubleresl a, b ;
12
Z0 for (1 = 0; i < hi; ++1)
z1[F for (i = 0; 3 < wh; ++3) {
ZE sum = 0.0 ; .
z3[] for (k = 0; k < wh; ++kI { block version
Z4 a = A[1i * wh + Kk]:
>E b = B[k * wE + i]: (4] c = wB ¥ BLOCK SIZE * by + BLOCK 3IZE ¥ bx:
. S e 61 // Multiply the two matrices together
7 1 62 [-] for [ ty = 0 ; ty « BLOCK SIZE ; ty++ |1
o C[i * wE + 3] = =zum: 63E| for [ tx =0 ; tx < BLOCK_SIZE HE o £ I I
z0 3 6 Csub = 0.0 ;
20 3 65 2] for (k = 0; k < BLOCK 3IZE; ++k ){
(4 hzsub = As[ty] [k ]
g7 Ezukb = EBEs[k ][tx]
£3 Csub += Asub * Bsub
=32 ¥
70 C[o + wE ¥ Ly + Lx] += C=ub:
71 Y4 for tx
ek v/ for ty

matrix_Mul_seq is different from matrixMul_block seq since
(1)Associativity does not hold in Floating point operation
(2)Rounding error due to type conversion or computation



AC =|C(non-block) - C(block )| =

Integer multiplication: type float

BLOCK_SIZE
=2
A
6589 7678 8574 6180
23823 | 24497 | 26022 | 25644

C(non—block)

1.93239968E8

7.07054208E8

6.48719680E8

2.429586432E9

[1]

Exercise 1: If we choose type “double”, then C(non-block)=C(block)=C

. B ]
4252 | 18356 ) C
4065 | 18154 | | | | 198239976 | 7,07054166
11087 | 30995 6,4871,9667 | 24,2958,6428
6303 | 29283
. C(block) i
1.93239968E8 | 7.07054144E8
= % C
6.48719616E8 | 2.429586432E9
0 | 64 8 | 42
IC(non-block)-C| =
64 | 0 13 | 4




Integer multiplication: type float [2]

Non-block: 7.07054208E8 = (((AMB[Z +A,B,,)+A;B, )+ A4B42)

- B ~
) A 4252 | 18356 C(non—block)

6580 | 7678 | 8574 | 6180 4065 | 18154 1.93239968E8 | 7.07054208ES
23823 | 24497 | 26022 | 25644 11087 | 30995 6.48719680E8 | 2.429586432E9
6303 | 29283

for ( 1 = 0Oy 1 < hi: 4+41)

for (3 = 0; 3 < wB: ++3)1 |
sum = 0.0 ;
for (k= 0; k < wh; ++k) |
a = A[i & wi + Kk]:
b = B[k * wE + 3j]:
Sum += a ¥ hb;
'
C[i ¥ wEBE + ]j] = =um:

sum:=0 —— sum+=AB,—— sum+=AB, —— sum+=A,B;, —— sum+=A,B,



Integer multiplication: type float

block: 7.07054144E8 = (AIBIZ + Az Bzz)+(A3B32 + A\4B42)

[3]

BLOCK_SIZE =2

C(block)

1.93239968E8

7.07054144E8

6.48719616E8

2.429586432E9

- B N
A B 4252 | 18356 -
6589 7678 8574 6180 4065 | 18154
X —
23823 | 24497 26022 | 25644 11087 | 30995 ]
6303 | 29283
¢ = wB * BLOCK SIZE # by + BLOCE 3IZE ¥ bx: CSUb ::O
A Multiply the two matrices together
for ( ty = 0 ; ty < BLOCK SIZE ; ty++ ) {
for ( tx = 0 ; tx < BLOCK 3IZE ; tx++ )1
Czub = 0.0 :
for (k = 0; k < BLOCK SIZE; ++k | { Csub +=A,B,
hzukh = As[ty]l[k ] :
Ezubh = B[k J[t=x] :
Czub 4= Azub * Bsub
} Csub +=A.B
C[e + wB ¥ ty 4+ £x] 4= C=sub: /\2 2
y A4 for tx o:
Y/ for oy
C(0,1) +=Csub

Csub

Csub

> Csub:=0

+= A3B32

+= A\4B42

C(0,1) +=Csub




A
6589 7678 8574 6180
23823 | 24497 || 26022 | 25644
30995
8574 6180 X
29283

B

4252

18356

4065

18154

11087

30995

6303

29283

446720070

Integer multiplication: type float

[4]
. C(block)
1.93239968E8 7.07054144E8
B 6.48719616E8 2.429586432E9
type float

> | 4.46720064E8

Question 1: what happens when do type conversion? Why cannot we keep accuracy?

446720070 =1x16" +10x16° +10x16” +0x16* +6x16” +8x16* +4x16' +6x16"
= 0x1AA06846

=1,1010,1010,0000,0110,1000,0100,0110
=1.1010 1010 0000 0110 1000 0100 0110x 2**

=1

10 10
+—+

6 8

4

6

16

16°

+ +
16° 16

+—+
16°

_|_

16°

16



Integer multiplication: type float

IEEE 754 single precision (32-bit)

sign exponent{8-hbit) fraction (23-bit)
I I |
ooy Yo ooy oo oo oo oo oo o O =0.15625
o o o
31 23 (]
Bit values for the IEEE 754 32bit float 0.15625
s=0:v>0
exp=01111100=0x7C=7x16+12=124 N =exp—127=-3

m:1.01:1+i:1.25

Normalized value: V=Sx2Fxm=+1.25x2" =+0.15625

[5]

Binary
value

00000000
00000001

01111111
10000000

11111111

8 bit excess-127

Excess-127 Unsigned
interpretation interpretation
127 0
-126 1
0 127
+1 128
+128 255

446720070 =1.1010 1010 0000 0110 1000 0100 0110x2**

N=28 —— exp=127+28=155=9x16+11=1001,1011

Mantissa (fraction) has 23-bits, we need to do rounding (cause of rounding -error)

1010 1010 0000 0110 1000 0100 0110 ——> 1010 1010 0000 0110 1000 010

sign bit = 0 (positive)



s=0 exp=100L1011

S exp

Integer multiplication: type float [6]

mantissa=1010 1010 0000 0110 1000 010

manti ssa

o] [1lofof1l1]of2]1] [2]o[1]of[1]0o[1]o][0ofo]ofo][o]1]1]0][1]0]0[0][0]1]0]

oj1fojof [1]1joj1] [1]1]of1] [of1]oi1] [ojojojo] [ojof1]1] [o]1]o]o] [0]0/1]0

4 d

d

0

3 4

Exercise 2: write a program to show 446720070 = 0x4dd50342

C(non-block)

1.93239968E8

7.07054208E8

6.48719680E8

2.429586432E9

AC
C(non—block)

C(block)

1.93239968E8

7.07054144E8

6.48719616E8

2.429586432E9

‘~ 0(10‘7) reaches machine zero of single precision

2
AC

0 | 64

64 | O




Integer multiplication: type float [7]

Exercise 3: modify subroutine matrixMul_block_parallel as following such that it is the

same as subroutine matrixMul_seq.

How about performance? Compare your experiment with original code.

for (a = abBegin, b
a <= akEnd:
a += aStep, b += h3tep) !
A Load the watrices from main memory
for { ty = 0 ; ty < BLOCK SIZE ; ty++ )i
for ( tx = 0 ; tx < BLOCK SIZE ; tx++ )i
he[ty] [tx] = A[a + wh * £y + tx]:
Ba[ty] [tx] B[bh + wEB * ty + tx]:
v/ for tx :
v/ for ty

= hBegin;

c = wh * BLOCK 3TZE * by + BLOCK 3TZE * hx:
A4 Multiply the two matrices together
for { ty = 0 ; ty < BLOCK SIZE ; ty++ )i
for ( tx = 0 ; tx < BLOCK SIZE ; tx++ )i
for {(k = 0; k < BLOCK SIZE; ++k ) {
lsub = Ls[tv] [k ]
Bsub = EBs[k ][tx]

Cle + wB * £ty + £x] += Asub ¥ EBsub !

yoS for k
v/ for tx :
VA4 for oy
v/ for each submatrix L and B

i C =L *™E
void watrixMul seqdoublereal® C, const doublereal® L,
unsigned int hi, un=signed int wi, unsigned int wE )
| ¢
unsigned int i, j, k :
doublereal s ;
doublereal a, b !

for {1 = 0; 1 < hi: ++1i)
| for (j = 0; 3 < wB: ++3) |
sam = 0.0 ;
| for (k = 0; k < wh; ++k) {
= A[i1 * wk + K]:
h = B[k * wE + 7j]:
suam += a ¥ b

w

'
C[i * wBE + j] = sum:
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 Rounding error in GPU
- FMAD operation in GPU

- rounding mode
- mathematical formulation of rounding error



Rounding error in GPU computation [1]

Question 2: in matrix multiplication, when matrix size > 250x16, then error occurs in
matrix product, why?

matrixMul.cu

129 4 setup execution parameters

1z0 dim3 threads (ELOCKE SIZE, BLOCE SIZE);

131 dim3d grid(WC / threads.x, HC / threads.vy):

13Z

123 Jf execute the kernel

124 matrixMul<<< grid, threads >>>{d C, d A, d B, Wi, WEj:

135

1326 F4/ check if kernel execution generated and error . . .
137 CUT_CHECE ERROR["Eernel execution failed'); What IS funCtIona“ty Of
138 cutComparel2fe?
139 A4 copy result from device to host

140 CUDA 3AFE CALL (cudaMemcpyih C, d C, mem size C,

141 cudaMemwmcpyDeviceToHost) ) ;

147

143 // stop and destroy timer

144 CUT _SAFE CALL{cut3topTimer (timer)]);

145 printf ("Processing time: 3f (w3) Yn", cutGetTimerValue (tiwmer)):

ldg CUT SAFE CALL (cutDeleteTimer (Cimer));

147

las A/ compute reference sSolution

141 float® reference = (float®) malloc (memw size C);

1EQ computecold{reference, h 4, h B, Hi, Wi, WE);

151

152 £/ check result .

153 CUOTEoolean res =|n::utCDrnparesze(reference, h C, s5ize C, le-6f); | Verlfy H reference—h_C H
1c4 printf ("Test %=z “n'", (1 == res) ? "PAISED"™ : "FAILED"):

155 if ires!=1]| printDiff (reference, h C, WC, HC): | Print all data

15e



Rounding error in GPU computation [2]

C:\Program Files (x86)\NVIDIA Corporation\NVIDIA CUDA SDK\common\src\cutil.cpp

1343 CUTEoolesn CUTIL API
1344 cutComparelL2fe| const float® reference, const f£loat® data,

1345 const unsigned int len, const float epsilon )

1zas[] { _

1347 CUT CONDITION( ep=silon == 0): nor miRef _H reference H

1345

1342 float error = 0 normError = | reference—data |

1350 float ref = 0O;

1351

iziilﬂ for | unsigned int i O; i = len; ++i) 4 H reference—data‘ . .
L . _ error = IS relative error

1354 float diff = referencel[i] - datali]: “rejerencq‘

135G error += diff * diff; A

1358 ref += referencel[l] ¥ referencel[i]:

1357 H

1358

1359 float normPFef = sgrtfiref):

1z60[] if [(fabsiref) < 1le-7) |

1361 #ifdef DEEBUG

1362 gtd: icerr << "ERROR, reference lZ-norm iz 0Yn™;

1363 #Hendif

1364 return CUTFalse:

1355 b

1366 float normError = sgrtf(error):;

1367 error = norwError / normBef:

1368 bool result = error < epsilon:

1363 #ifdef DEEBUG .

1370 if( ! result) » if error > epsilon, then report error message

1571 [ {

1372 std::cerr << "ERROR, lZ-norm error ™

1373 << Brror << " iz greater than epsilon " << epsilon << "™wn":

1374 b

1375  #Hendif

1376

1377 return result ? CUTTrue : CUTFalse:

1378 }



Rounding error in GPU computation [3]

We copy the content of “cutComparelL2fe” to another function “compare_L2err” but
report more information than “cutComparel 2fe”

matrixMul.cu matrixMul.cu

wvold compare Lzerr] conzt float* reference, conzt float* data, wold compare_supnorm( float® &, float *B, unzigned int size,
const unsigned int len, const float epsilon ) { float* max_err, float* L2 err §

{

unzigned int 1 ;

azzert] epzilon == 0); float err -

float error = 0;

float ref = 0; ¥pax err = 0.0 -

. . . . ) ¥L2 exr = 0.0 ;

for{ unsigned int 1 = 0; 1 = len; +41) Forf i =0 ;1 = zizme ; i++)]
float diff = reference[i] - data[i]; err = fahs{ A[1] - B[i] ) ;
error += diff * diff; if { err = *max_srr )
ref += reference[i] ¥ reference[i]; ¥max_err = err ;

i *¥L2 err += err¥err

float normBef = sqrif{ref); h _ )

if (Fabs(ref) < 12-7) 1 L
ztd::cerr <« "ERROR, reference 12-norm iz 0 (machine zerol)wn";

1

float normError = sqrifierror); flnd H A—B H and H A—B H2

error = normError / normBef;
bool result = error < epzilon;
gtd:cont 2= "LZ{referece) = " <« normRef <= endl ;
std:ccout =< "LZ{reference - data) = " <« nomError << endl ;
ifi | result) {

ztd::cerr <« "ERROR, relative 1Z2-norm error

<< error << " 1z greater than epsilon

<< gpzilon << "W
lelzef

gtd:cont <« "relative L2-norm error " =< error << " iz O.K." =< endl ;
1



Rounding error in GPU computation [4]

size( A) = size(B) = size(C) =(300x16)’
Compare matrixMul_block_seq with matrixMul in GPU

o CAWINDOW S'system I vcmd.exe

Using device 8: GeForce 9688 GT

C = A*B in Device: 45%63.681641 {ms2>

C = A*B in Host: 898321.312588 {ms>

total memory size in Dewvice = 263.671% C(HB>

max error of C_hozt — C_device = 7.4463E-883, L2 _err = 6.1483E+B808
average of LZ_err = 1.28E-883

LZ{referecer = 5.7316de+086

LZ{reference — data> = b6.14828

ERROR. relative 12-—norm error 1.835%17e-886 iz greater than epsilon le—886

Compare matrixMul_seq (non-block version) with matrixMul in GPU

Uzing device B: GeForce 9688 GT

C = A=B in Device: 4562 _187588 {(msz)

C = A=B in Host: 1477562_875880 (mz)

total memory size in Dewvice = 263.6717 (MB>

max error of C_host — C_device = 7.3242E-8084, LZ_err = 4.4624E-881

average of LZ_err = 9.3BE-885

LZ{referece? = 5.93164e+B86

LZ{reference — datad> = B.446243

relative LZ-norm errvor 7.5%231e—B08 i= O.K.

To sum up, one can measure relative error but disable function printDiff



Rounding error in GPU computation [5]

matrixMul.cu matrixMul_kernel.cu
vold computedold{float* ¢, const float® &, const float® B, ! Loop over all the sub-mbtrices of & and B
3 unsigned int R4, unzsigned int wd, unsigned int wB) FForequired to compute the block sub-matrix
for {int a = aBegin, b = bBegin;
float sum, a, b ; a <= aknd;

. L . . a += altep, b += h3tep) {
for {un31gned int 1= D; 1= hH; +1) _
for (unsigned f“t J=00 0 < wB; ++i) Ff Declaration of the shared memory array fs uwsed to
sum = 0.0 ; ff ztore the sub-matriz of A&

for funzigned int k= 0; k = wh; ++k) | .
o= Ali* wh 4+ k|: _shared__ float As[BLOCE_3IZE][BLOCE_EIZE];

b =E[k*wE+ jl;

sum b= 8 F b« /il Declaration of the shared memory array Bz used to

ffostore the sub-matrix of B
__shared_ float Bs[BLOCE SIZE][BLOCE SIZE];

Cl1 * wB + 1] = =um;

h

1 ff Load the matrices from device memory
Ffoto shared memory; each thread loads
Ffoone element of each matrix

Bty txd) = B[a + wh * tv + tx]:
Bifty, tx) = B[h + wB * tv + tx];:

Question 3: floating point operation order of iﬁﬂimggﬁﬁﬂ UL G BTG U G R
matrixMul_seq (CPU non-block version) is

the same as matrixMul in GPU, Can we T1 et Shoead gt oresteeent

modify the program such that they execute " e R ey

the same result ? —}» Caub += ASCty, k) * BE(k, tx);

H Bynchronize to make sure that the preceding
ffocomputation is done before loading two new
fozub-matrices of & and B in the next iteration
__=aynothreads( ) ;




Rounding error in GPU computation [6]

In page 81, NVIDIA_CUDE_Programming_Guide_2.0.pdf

Addition and multiplication are IEEE-compliant, so have a mazimum error of
0.5 ulp. However, on the device, the compiler often combines them into a single
multiply-add instruction (FMAD), which truncates the intermediate result of the
multiplication. This combination can be avoided by using the  fadd rn() and

__fmul rn() mntonsic functions (see Section B.2). matrixMul kernel.cu

FEMultiply the two matrices together;

!/ each thread computes one element

Ffoof the block sub-matrix

for (int k = 0; k < BLOCE_RIZE; ++k){
Caub 4= B30ty k) * Ba(k, tx):

Table B-1. Mathematical Standard Library Functions with
Maximum ULP Error

The maximum error is stated as the absolute value of the difference

in ulps between a corractly rounded single-precision result and the '
result returned by the CUDA library function.
X+y 0 (IEEE-754 round-to-nearast-even) FMAD iS done
{except whan merged into an FMAD) t t_ ” b |
wky 0 (IEEE-754 round-to-nearast-even) automatica y y Compl er
{except when merged into an FMAD)

In page 86, NVIDIA_CUDE_Programming_Guide_2.0.pdf

__fadd rn() and _fmul rn () map to addition and multiplication operations
that the compiler never merges into FMADs. By contrast, additions and
multiplications generated from the "' and '+' operators will frequently be combined

!
|
!
!
|
!
!
!
!
|
!
!
|
!
!
!
!
|
!
!
|
!
!
!
!
|

Function Maximum ulp error : Inner-product based,
!
!
!
|
!
!
|
!
!
!
!
|
!
!
|
!
!
!
i
mto FMADs. |
!
!
!



Rounding error in GPU computation [7]
1> use __ fmul_rn to avoid FMAD operation

PP Multiply the two matrices together;
FFoeach thread computes one element
FPoof the block sub-matrix
for {int k = 0; k < BLOCE_SIZE; ++k){
i Caub += 830ty k) * BEik, txd;
Canb = Caub + _ foul _onf &30tw, k3, BE(k, tx))
1

Functions suffixed with _rn operate using the round-to-nearest-even rounding mode.

s CAWINDOW S'system I wcmd.exe

Uzing device B: GeForce 9688 GT
C = A=B in Device: 43.486471 (ms>

C = A=B in Host: 18147.842609 <(m=>

total memory size in Device = 18.5%46% <HB>

max error of C_hozt — C_device = O.BBBBE+BBA, L2 _err = 0.00600E+8608
average of LZ_err = B.88E+888

LZ¢referece? = 238568
L2{reference — data} = 8 e \|O errOr !

relative LZ-norm error B iz 0.K.

2 use _ fmul_rz to avoid FMAD operation

ff Moltiply the two matrices together;
fFeach thread computes one element
A af the block sub-matrix
for (int k = O: k < BLOCK SIZE: ++k
H Cznh += 830ty, k) * B3k, tx);
Caub = Czub + _ fmul_rz{ A3(ty, k), Baik, tx)) ;
1

Functions suffixed with _rz operate using the round-towards-zero rounding mode

Exercise 4. what is the result of above program?



Rounding error in GPU computation [8]

Exercise 5: in vc2005, we show that under __ fmul_rn, CPU (non-block version) and
GPU (block version) have the same result, check this in Linux machine.

Exercise 6: compare performance between FMAD and non-FMAD

FMAD Non-FMAD

FEWultiply the two matrices together;
!l each thread computes one element
FHoof the block sub-matrix

FEMultiply the two matrices together;
! oeach thread computes one element
Ffoof the block sub-matrix

for (int k = 0: k < BLOCK SIZE; +k){ for (int k = 0; k < BLOCK SIZE; +Hk){
Caub += A3y, k) * BE(k, tx); F Czub 4= Ma(ty, ko ¥ Ba(k, tx);
1 Czub = Czob + _ fowl oo &S0tw, k), BECk, txd) ;

h



Rounding mode

Reference: http://en.wikipedia.org/wiki/Floating point

 Rounding modes are used when the exact result of a floating-point operation (or a
conversion to floating-point format) would need more significant digits than there are
digits in the significand. There are several different rounding schemes (or rounding
modes)

- round to nearest (the default): results are rounded to the nearest representable
value. If the result is midway between two representable values, the even
representable is chosen. Even here means the lowest-order bit is zero. This
rounding mode prevents statistical bias and guarantees numeric stability: round-off
errors in a lengthy calculation will remain smaller than half of FLT _EPSILON

- round up (toward +oo; negative results round toward zero)

- round down (toward —oo; negative results round away from zero)

- round toward zero (sometimes called "chop"” mode; it is similar to the common
behavior of float-to-integer conversions, which convert —3.9 to —3)

 the default method (round to nearest, ties to even, sometimes called Banker's
Rounding) is more commonly used since the introduction of IEEE 754

See http://en.wikipedia.org/wiki/Rounding for detailed description




IEEE 754 standard for binary floating-point arithmetic

» Single-precision (32-bit)
 Double-precision (64-bit)
* Double-extended precision (80-bit), used in Intel CPU

V =SX 2E XM sign exponent{8-bit) fraction (23-bit)

0011111100013 0000000000000000000Q00O0

1 sS=z:signbit

O O
31 23
2 E=exp— N (Excess-N biased)
3 | m=1bb,--- normalized and m=0.bb,--- denormalized
E
single precision F :{ +1bb,---b;x2%| b e {O,l}, —127<E<I128 }U{O}
L o is a collection of all rational number (floating point)
e B represented in computer
value | interpretation interpretation
p00000%9 = : m=min|F|=1.000---0x2"*" M =max|F|=1.111---1x2"
00000001 -126 1

G={xeRms<[{<M }U{0}

01111111 0 127
10000000 +1 128
Define floating point operation fl:G>F by

LALLLLL B L = fl (x) = the nearest c € F to X by rounding arithmetic

o0



Accumulation of rounding error [1]

Example: x=1hb,---b,,0b,,b,.---x2% then xeG-F

. . . " 1 ifb, =1 .
Suppose floating operation arithmeticis fl(x)=1hb,---b, 0 ifh, =0 x2
1t o, =

then |fl(x)-x <27 ~5.96x10" =eps where eps=machine zero

Property: if a,b,acheG ,then fl(acb)=(acb)(1+¢)

where \g\geps and o=++,—X%,/

Theorem: consider algorithm for computing inner-product X'y
s:=0
for k=1:1:n
S=S+ XY,
endfor

=

then fI(xTy):Zn:xkyk(lﬂfk) where 1+, =(1+6,) (1+gj) and ¢ =0
k=1

j=k

6| < eps, ‘gj‘geps



Accumulation of rounding error [2]

Kk
< Proof of Theorem > define partial sum s, = fl (Z X ij

j=1

s =fl(xy,)=xY(1+5,) where |5|<eps

s, = fl(s+ (%)= fI(s+xYy,(1+65))=(s + %Y, (1+6,))(1+&,)
=xY, (1+6,)(1+&)+ %Y, (1+6,)(1+¢,)
=xY,(1+6)(1+&)(1+&)+ %y, (1+6,)(1+¢,) if &=0

s, = fl(s,+ fl(xy,))=fI(s,+ XY, (1+6,)) =(s, + %Y, (1+6,) ) (1+&,)
=xY (1+8)(1+&)(1+&)(1+&)+ %Y, (1+6, ) (1+&, ) (1+ &)+ Xy, (1+ 8, ) (1 + &)

— _/ - /)
YT Y

propagation of rounding error « |

Inductively

s, =X (1+6)(1+&)(1+&) - (1+ &)+ %Y, (1+8,)(1+ &) (1+& )+ + X Y, (1 + 6 ) (1+ &)
fl(x"y)

Question 4: what is relative rounding error, say 1-— Ty

Could you interpret result of previous example of rounding error?
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Store (a+b) != (a+b)
Rounding error in GPU
Qt4 + vc2005

Performance evaluation: GPU v.s. CPU



OpenMP + QT4 + vc2005: method 1 [1]

Step 1: open command prompt: issue command “gmake -v” to check version of gmake

C:sDocuments and Settings*lschienX>gmake —w

QMake version 2.81a
Uzing Qt version 4.4.3 in C:sgtsd4.4.3%11ib

Step 2: type “set” to show environment variables, check if
QTDIR=C:\Qt\4.4.3 (or QTDIR=C:\Qt\4.4.0) and
QMAKESPEC=win32-msvc2005

Gz s Documents and Settingsslschienliset

ALLUSERSPROFILE=C: “Documents and Settings~All Users

APPDATA=C:~Documents and Settings“lschien~Application Data

CC=c1

CHL_COMPILER_UERSIOM=Microsoft (RH» CA/C++ Optimizing Compiler Uersion 14.060_.48318
.41 for AMDG4

CHL_DIR=C:~Program Filez (x86>“UHNHI*~im=z1“cnlG6BA
CHL_EXAMPLES =C: ~Program Filesz (x86>%UHNHI*~imz]1%cnleBBsmzb64dpe~examples
CHL_UERSION=6.8.8

GQMAKESPEC=win32—msvc2BA5
QTDIR=C:~0t~4.4_.3

Step 3: prepare source code

FEHLED) |5 Theonrss\2008smmmerh:_langhesmple' hap2l v |

EREAHRKIF A /J' matrixMul_block
9 BRATHETEEE



OpenMP + QT4 + vc2005: method 1 [2]

I:scourse 20@8zummer~c_lang*examplechapZ2BmatrixMul_hlock>
I: \cnurﬂe\Eﬂﬂﬂﬂummer\c _lang*examnple*chapZB@ matrixMul_block>dir

<DIR> .
<DIR> --
18,997 glohal.h
3.183 main.cpp
1.801 matrixMul.cpp
2,355 matrixMul.h
5,415 matrixMul_block.cpp

Step 4. type “gmake -project”’ to generate project file matrixMul_block.pro

I:s»course 20@8zummer~c_lang“example ~chapZ2BsmatrixMul_hlock>gmake —project

I:scourse 20@08zummer~c_lang“examplechapZ2B matrixMul_hblock>dir

PR 1 HRESRERE code
PR IZEaE:  484D-55C8

I:scourse 20@8zummer~c_lang“example ~chapZ2BmatrixMul_hlock Eﬁﬁﬂﬁﬁ

<DIR> .
<DIR> --
18,977 glohal.h
3.183 main.cpp
1.8601 matrixMul.cpp
2,355 matrixMul.h
5,415 matrixMul_hblock.cpp
376 matrixMul_block.pro
24,0827 {EH

T

36,.218,327.848 i




OpenMP + QT4 + vc2005: method 1 [3]

Step 5: type “gmake —tp vc matrixMul_block.pro” to generate VC project file

I:course*2088zummer~c_lang~example~chap2@ matrixMul_hlock>*gmake —tp vc matrixMu

1_hlock.pro

B slobal % main 5 natrisddul
h CHC++ Header ': ++ C4+ monice l: ++ C++ monce
11 KB | 4KE | KB
B matritdul & matrixdul_block by matrixtiul_block
_ — _ pio
h CIC++ Header ': +Hl 1 soure FEO 3R
KR | 6 KB i4d) | | kB
- p— P tribdul block
debug releazs — T'l.i‘ T4+ Project
= 7KE

Step 6: activate vc2005 and use File-> Open - Project/Solution to open above VC project

Y Start Page - Microsoft Viznal Stadio

File | Edit Wiew Toolz Window Community Help
Wew L
| Open P[5 Projeetmolution.. Cshitso _
- : Look in: |5) matrixddul block v @ -
Cloz= = Web Site..
o . —— [)debug
5 Fik.. CrhO 9 release
Comvert. . Deskiop B matribul_block




OpenMP + QT4 + vc2005: method 1 [4]

Step 7: Project > Properties - configuration Manager: change platform to x64 (64-bit
application)

#% matrixMul block - Microsoft Yisnal Stodio

o R oy [ e Add Cla i . . . .
G~ E- e Configuration: |A-:hvemehug} “ | Platform: |Achve{Wm32} v| [ Configuration Manager...
(7 E “z Ldd Fes
RS (=) Common Froperties B General
Solution Explorer - me e EULEEE .—.___...._ — Cmatpuat Divec tory -
a E Add Exi Configusation broperties Intermediate Directory debugh
3 Soluton metrol 4| Hew Fillr — : — - - —
ERNEE] matrixhul |
o L Header FloR Use Intl(R) C+
ﬂ gl :: = Show Al Files Configuration Manager
)
= |l Bomrce Fi ndoad Project Aetive solution configration: Letive solution platform:
] madn Visin ML) > |Dehug v| Win22 v
<] matr Proj heck the project configurations o build or deg 22
G matd  References.. roject sontexdts (Eheck the project configuretions o buill ox T ——
i i i Edit...
43d Web Reference... Froject Conifpeion [
) matrixbdul_hlock Debug w  Win?2 w
Set as StarflTp Froject
Custom Budld Eules...
Tool Build Order... New Solution Platform
Properties AlMFT Type ot select the new platform:
fo 3
Copy settings from:
| Win32 v

Create new project platforms

|  OK || Concel |




OpenMP + QT4 + vc2005: method 1  [5]

Step 8: Language - OpenMP Support : turn on

1 Common Properties Disable Langumage Extensons Ma
= Configuration Properties Diefault Char Unsigned No
gzﬁﬂu]:;ng Treat wehar_t as Built-in Type No (Zc:wchar_t-)
= Foree Conformance In For Loop Scope ez
General Enable Fun-Time Tvpe Info Yes
Cptimization OpentdF Support | Yes {fopenmp) |

Step 9: Linker - System - SubSystem - change to “console” (this will disable GUI
window since we don’t use GUI module)

1 Common Properties BubSstem Conszole (FSUBSYSTEM .CONZOLE)

= Configuration Properties Heap Reserve Jize
(reneral — - By et s
D Heap Commit Fize Console (RTBEYETEM .CONEOLE)
T Stack Eeserve Size Windows (SUTBSYETEM: WINDO R
Feneral Stack Comnit Size Wative (STTBSYSTEM NATIVE)
Pgri?rzf:g? Enable Large Addresses  |EFL Application (RUBSYRTEMEFI_AFPLICATION)
Code Ceneration Termingl Server EFI Boot Service Driver (SUTESYETEM:EFI_BOOT_SERVICE_DRIVEE)
Language Swap Run From CD EFI ROM (SUTBRY S TERM EFT_RO)
Precompiled Headers Swap Run From Netvork EFI Euntime (STBSYSTEM EFI_EUNTIME_DEIVER)
Critput Files _ Diiver Poszx (fSUTBSVATEM POSIH)
EEDW Igfﬂmaﬁﬂn WindowsCE (SUBSTSTEM: WINDOWSCE)
CDV&ME 1 Line «inherit from parent or project defanlts=
=) Linker
CGreneral
Tnput

Manifest File
Nehiro o o




OpenMP + QT4 + vc2005: method 1  [6]

Step 10: C/C++ - General - Additional Include Directories: add include files for high
precision package, “C:\qd-2.3.4-windl\include, C:\arprec-2.2.1-windl\include”

+- Common Froperhes Additional Include Divectores 3 4-wind1luinclode, C:‘.arpret:—ﬂ.i.l—winﬂ]l\imluﬂd@
= Configuration Properties Besolve #usng References
ngu% Debug Information Format Program Database (/Zi)
= Suppress Startop Banmer Yes (fnologo)
Warning Level Level 3 (/W3)
S Detect 64- bit Portability Issues Ho

Step 11: Linker - General - Additional Library Directories: add library path for high
precision package, “C:\qd-2.3.4-windll\x64\Debug, C:\arprec-2.2.1-windll\x64\Debug”

= Linker Suppress Startop Banner Yes ((NOLOGO)
Tgnore Tupoit Librars Yes
1\1;5.11;1.1'1‘&31 File Register Output Mo
Debugging Ldditonal Libracy Divectories c Qi 4 _3\ib, Cvgd-2 3 4-wind b 4\Debug, C:‘.@

Sﬁmm . Link Library Dependencies Yes

Step 12: Linker = Input > Additional Dependence: add library filesfor high precision
package, “qd.lib arprec.lib”

+- Common Froperties Additional Dependencies 4 Lib ¢:WQi 4 bYW iCoredd4 1ib qd lib a.rprec.].ih[
= Configuration Properties Iznore 411 Default Libraries Mo
SEe Tsnors Specific Lib
Debuesi gnnre Specific Librarys
. I Module Definition File
= Linker Add Module to Asembly
Tnput Embed Managed Resmume File

2t File Foree Zarmbol Eeferences



OpenMP + QT4 + vc2005: method 1 [7]

Step 13: check if header file “omp.h” is included in main.cpp (where function main locates)

(= E R b R A

E ;E I:I A A CE % s
eI A Nl | main cpp®*| Start Page

& | = | (Global Scope)
| el Bolution ‘mateibdul_block' (1 projec . . .
EJ? 7 matrixMul_block a#include <onp.h» | «——— Necessary, if not specified, then runtime error
= | Header Files ) .
#include ==tdlib he occurs
] globalh #include <stdio_hs
|ﬂ matreddulh #include <azszert hs
= & Source Files #include wgdatetime he-

98| main cpp #include "global h"

) matrixMul.cpp AN NLER ERSS S I matriz Mul block exe - $#5-T3E A E

'r.'ﬂ matreddul_block.cpp vu:uid runTestl{int arTgC
vold randomInit{doubl @ IEEMEREFEE S » EEE-T3] veompd 41l » EFFEERIZF TR T LA EEAAE -

Step 14: build matrixMul_block and then execute

File Edit Wiew Project | Buid | Debmz  Tool:  Window  Con

H;Ijvl_Jvﬁlgﬂ : Build Solution F? I.i

) E _ | i Eebuild Solution  Ctl+AMEF? |
T Clesn Solution —
&= | = 4 Build matrixul_block B
(oA Bolution ‘mateiddul_block’ Rebuild matriMul_block |
= (51 matrixMul_block Clean matriddul_block

= & Header Files
B a3 TDormammd (Thamdar h




OpenMP + QT4 + vc2005: method 2 [1]

Step 1. create an empty project and copy source files to this project

Froject types: Templates:
=) Visual C++ ¥iznal Stodio installed templates

ATL [ —
CLE @ Win32 Conzole Application E Win32 Project
General
MEC
Smart Device Lemplates
i Bearch Online Templates. .
CUDA =
CUDAR4

Other Langnages
Other Project Types

& project for creating a Win 32 console application

Wame: matriddul_block w2005

Location: | Theonrse' 2008 ammmen:_langiexampleichap20

Solution Name: | matrixbdnl_block _we2005

Application type:

(") Windows application
{(#) Console application

Oou

(") Static library

Empty project

Add common header files for:

| Create directory for snlution

Umatribddul bloek_ve2005matiiddnl_block ve2005 ¥ |

- matrixtdnl_block w2005
— ViT4++ Progect
= 4KE

matrixbdul_block w2005 woprog b
Vizmal Btudio Project Ueer Ophions file
2KBE

Tmain
4+ Bomnrce
3EB

matrixhinl
4+ Bomnrce
2EB

matrixhul
h CAC++ Header
KR

matrizdul_block
l: ++ C+4 Bomrce
6 KB
global
h CAC++ Header
11 KB



OpenMP + QT4 + vc2005: method 2

Step 2: add source files in project manager
0 matizMul block w2005 - Mico

File Edit Wiew Project Build

G~ A @ & Sa

~ 1 X

Zolution Explorer - Solution ...

Y
: Soluton ‘matrixbdul_block_we2005'
= =1 matrixMul_block_vc2005
(= il Header Files
h] glabalh
] mtrisddul h
[ Resoumnce Filez
= L& Bovrce Files
C+4] main.cpp
] matrivbul cpp
C+] matrisbul_block epp

File  Edit

iew

Y
'_; Solution ‘et
= 5 matrixMul

[ Fesonme
= = Source Fi

'-'-j Tl

[2]

Project | Build  Debug  Tool:  Window  Comomm

&dd Class... |
Add Besource..

Chl+Ehaft+d
Shift A lt+A

4349 Hew Ttem...
Add Existing Item...
Weaw Filter

e Intel(R) C++
Show A1 Files
Wizin TMLT) 3
Bet az Startlp Project

i matribul_block wc2005 Properties...

Al E?

Step 3: Project - Properties - Monfiguration Manager: change platform to x64

Confignration: | Active(Debug) v | Plafform: | Active(Win32) v || [ Contigurstion Manager. |
Common Properties B General .
= [:':']igm-a':']-l Froperties Cutput Divectory $ {SolutionDin${Confignration [ [ S LT W M ET it e o

Twpe or slect the new platform:

= 2
Copyr settings from:
| Wins2 v|

Create new project platforms

Ok

J {

Cancel ]




OpenMP + QT4 + vc2005: method 2 [3]

Step 4: C/C++ - General --> Additional Include Directories
"c:\Qt\4.4.3\include\QtCore","c:\Qt\4.4.3\include\QtCore","c:\Qt\4.4.3\include\QtGui","c:\Qt\4
4.3\include\QtGui","c:\Qt\4.4.3\include",".","c:\Qt\4.4.3\include\ActiveQt","debug",".",c:\Qt\4.
4.3\mkspecs\win32-msvc2005, C:\qd-2.3.4-windl\include, C:\arprec-2.2.1-windI\include

Configuration: | Lctive (Debug) “ | Platform: | Activelxbd) it [ Configuration Manager... ]
+- Common Properties Additional Include Directories 5, Chgd-2.3 4-weind Dinclude, C:'l.-arprec-?.i.l-whnd]l‘l.imludd[l]
= ':Dnéig“mr:i’:'n Froperties Eesolve #using Feferences

D:Eﬂ : Debug Infonmation Format Program Database {f£1)
= Suppress Startup Banmer ez (fnologo)
Warming Lewel Level 3 (fW3)
Dptimization Tadact G4 hit Pratahilihe Tasman Yor (WnEAY

Step 5: C/C++ - Preprocessor --> Preprocessor Definitions
_WINDOWS,UNICODE,WIN32,QT_LARGEFILE_SUPPORT,QT_DLL,QT_GUI_LIB,QT_C
ORE_LIB,QT_THREAD SUPPORT

1 Common Properties | Preproceszor Definitiong _WINDOWS, ONICODE, WIN32,QT_LARGEFILE_ST1
= Configuration Properties Tgnore Stendard Include Path Na

General (tenerate P d File N

Debuosi enerate Preprocesss ]

o O Eeep Comments o]




OpenMP + QT4 + vc2005: method 2 [4]

Step 6: Language - OpenMP Support : turn on

#- Common Properties Dizable Language Extensions No
= Cﬂné@mmﬁlﬂn Froperties Diefanlt Char Unsigned No
DZEB . Treat wehar_t az Buoilt-in Tpe Ve
= N Foree Conformance In For Loop Scope Ve
Greneral Enable Fun-Tivee Tvpe Info Fes
Optimizatiomn S —
Preprcessor CipentdF Support Yes {(fopenmp) v
Code Generation
Frecompiled Headers

Step 7: Linker > General - Additional Library Directories
c:\Qt\4.4.3\lib, C:\qd-2.3.4-windll\x64\Debug, C:\arprec-2.2.1-windl\x64\Debug

1 Comumon Properties Crtpt File S 0utDE (Prodec tame) exe
= Configuration Properties Show Progress Mot Set
(reneral Versi
Debugging EI=0n
F=i g ge ) Enable Incremental Linking Yes (/INCREMENTAL)
= Linker Suppress Startop Banner Yes (WOLOGO)
Tznore Tmport Librans Mo
Manifest File Register Omfput Ma
Debugging Additional Libraryr Divectones LAT#d 4 3\, CAgd-2 3 A-wind e Debug, Charprec-2 2. [Z]
System Link Library Dependencies Tes
COptimizatiomn

Emhedded I0L Tze Library Depend ency Tnputs o



OpenMP + QT4 + vc2005: method 2 [5]

Step 8: Linker = Input - Additional Dependences
c:\Qt\4.4.3\lib\gtmaind.lib c:\Qt\4.4.3\lib\QtGuid4.lib c:\Qt\4.4.3\lib\QtCored4.lib qd.lib arprec.lib

Configuration: | Active(Debug) % | Platform: | Active(x6d) b [ Confignration Manager... ]
+- Common Propertes Additonal Dependencies LoD 4 Mibhybmadnd Hb Dt 4 BHB ) 0id 4 b u::".QM.eE]
= Configurstion Froperties Ignore A1 Default Librazies No

(Creneral I s acific Lib
Diehueei nore Specific Library
. T+ Module Definition File
= Linker Add Module to Lsmmbly
General Embed Managed Fesource File
Manifest File Foree Sammbol References

Step 9: Linker - System - SubSystem - change to “console”

Console (fSTBIYSTEM:CONZOLE)

+- Common Properties

BubEarstem

= Configuration Properties Heap Ressrve Size
Seneral Heap Commit Size “TEM CONSOLE)

- cmfg : Stack Reserve Size Windows (SUBSTATEM : WINDOWE)
General ek Commit Size Wative (SUBSYSTEM-NATIVE)
Epﬁmzamn Enable Larze Addresses  |EF] Application (/SUBSTS TEM EFI_APPLICA TION)

Tepraces0r - g g B

o o Terminal Server EFI Eoot Service Driver (;UBS?STEM.EH_BOO T SERVICE_DRIVER)
Language Swap Run From CD EFI ROM (SUBSYSTEM EFl_ROM)
Frecompiled Headers Swap Run From Netyork |EFL Runtime (SUBSYSTEM EFl_RUNTIME_DRIVER)
Output Files — Posix (RUBSYSTEM:POSIE)
E?W Igfﬂmlaﬁﬂn Windows"E (SUBSYSTEM: WINDOWSCE)
Cuvame 1 Line «ipherit from parent or project defanlts=

). Linker
(reneral
Tiput

Manifest File
Cle by greriin o




OpenMP + QT4 + vc2005: method 2  [6]

Step 10: check if header file “omp.h” is included in main.cpp (where function main locates)

(= E R b R A

E ;E I:I A A CE % s
eI A Nl | main cpp®*| Start Page

& | = | (Global Scope)
| el Bolution ‘mateibdul_block' (1 projec . . .
EJ? 7 matrixMul_block a#include <onp.h» | «——— Necessary, if not specified, then runtime error
= | Header Files ) .
#include ==tdlib he occurs
] globalh #include <stdio_hs
|ﬂ matreddulh #include <azszert hs
= & Source Files #include wgdatetime he-

98| main cpp #include "global h"

) matrixMul.cpp AN NLER ERSS S I matriz Mul block exe - $#5-T3E A E

'r.'ﬂ matreddul_block.cpp vu:uid runTestl{int arTgC
vold randomInit{doubl @ IEEMEREFEE S » EEE-T3] veompd 41l » EFFEERIZF TR T LA EEAAE -

Step 11: build matrixMul_block and then execute

File Edit Wiew Project | Buid | Debmz  Tool:  Window  Con

H;Ijvl_Jvﬁlgﬂ : Build Solution F? I.i

) E _ | i Eebuild Solution  Ctl+AMEF? |
T Clesn Solution —
&= | = 4 Build matrixul_block B
(oA Bolution ‘mateiddul_block’ Rebuild matriMul_block |
= (51 matrixMul_block Clean matriddul_block

= & Header Files
B a3 TDormammd (Thamdar h
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GPU versus CPU: matrix multiplication [1]

GPU: FMAD CPU: block version
ff Moltiply the two matrices together; &0 o = wB * BLOCK SIZE * hy + BLOCK SIZE * hx;:
ff each thread computes one element 61 /¢ Multiply the two matrices together
! of the block sub-matrix sz g for [ ty = 0 ; ty < BLOCK SIZE ; ty++ ){
for (int k = 0; k = BLOCK _SIZE; ++k){ 63 [ for [ tx = 0 ; tx < BLOCK SIZE ; tx++ ]{
Czub += AS(tw, k3 ¥ BE(k, tx): £ Csub = 0.0 ;
1 65 for (k = 0: k < BLOCKE SIZE: ++k ){
[ Azubh = As[tvy] [k ] :
&7 Ezub = B=s[k ][t=x] :
4= Czub += Asub * Esub ;
£9 '
70 Cle + wE * Ly 4+ tx] += Csub;
71 v/ for tH
ek YA/ for ty
Makefile
ITU"EC_]:'LJII:

nwoc -run -02 (5 (INLCUDE) § (LIES) §(3RC_CU) 5 (3RC_CiK)

nvcc uses g++ as default compiler

[macroldfmatrix matrixMul cudalfé goc -w

Uzing built-in specs.

Target: xd6o_ad-redhat-linu

Configqured with: ../ /confiqure --prefix=/usr --mandir=/usr/sharesman --infodir=susr/sh
are/info --enable-shared --enable-threads=posix --enable-checking=release --with-syst
em-zlibh --enable-_ oxa atexit --disable-libumwind-exceptions --enable-lanomages=c,c+
sobjo,obj-cH Jawa, fortran,ada --enable-Jjava-awt=gtk --dizable-d=ssi --enable-plugin -
-with-jawva-home=/usr/libsjvnsjava-1.5.0-goj-1.5.0.0/Jxre --enable-libgoi-mltifile --e
nable-java-maintainer-mode --with-ecj-jar=/usr/share/javaseclipze-ecj.jar --with-cpu=
generic --host=xd6_64d-redhat-linuax

Thread model: posix

goc version 4.1.2 20070925 [(Fed Hat 4.1.2-33)

[macroldipatrix matrixMul cudalf I



GPU versus CPU: matrix multiplication [2]
BLOCK SIZE =16 size( A) = size(B) = size(C) = (N x16)’
Experimental platform: matrix (quad-core, Q6600), Geforce 9600 GT
total size=size( A)+size(B)+size(C)
h2d: time for host to device (copyh_ A->d Aandh B - d_B)
GPU: time for C = A*B in GPU
d2h: time for device to host (copyd _C - h_C)

CPU: time for C = A* B in CPU, sequential block version

N | Total size | (1)h2d (2) GPU (3) d2h (4) = (5) CPU (5)/(4)
MB ms ms ms (L+2)+@) | ms

16 | 0.75 0.39 0.75 0.4 1.54 31.04 20.2
32 |3 1.37 5.49 1.47 8.34 224.64 | 26.9
64 |12 4.81 42.87 4.54 52.21 1967.2 37.6
128 | 48 16.65 345.24 17.5 379.39 17772.87 | 46.8
256 | 192 66.13 2908.76 69.64 3044.53 146281 48
350 | 358.9 123.83 7174.93 130.1 7428.88 314599.69 | 42.3
397 | 461.7 158.29 10492.08 | 166.73 10817.1 468978.09 | 43.4




GPU versus CPU: matrix multiplication [3]

Let BLOCK_SIZE = 16 and size(A)=size(B)=size(C)=(N-BLOCK _SZE)’

total memory usage = size( A) + 9 ze( B) + 9 Ze(C) float

Platform: matrix, with compiler icpc 10.0, -O2

N Total size Thread 1 Thread 2 Thread 4 Thread 8

16 0.75 MB 13 ms 10 ms 10 ms 139 ms

32 3 MB 371 ms 271 ms 185 ms 616 ms

64 12 MB 3,172 ms 2,091 ms 1,435 ms 3,854 ms

128 48 MB 27,041 ms 17,373 ms 13,357 ms 29,663 ms

256 192 MB 220,119 ms 143,366 ms 101,031 ms 235,353 ms

N Total size (MB) | (1) GPU (transfer + (2) CPU (block version), | (2)/(1)
computation) 4 threads

16 0.75 1.54 6.5

32 3 8.34 22.2

64 12 52.21 1435 27.5

128 48 379.39 13357 35.2

256 192 3044.53 101031 33.2




GPU versus CPU: matrix multiplication [4]

Platform: matrix, with compiler icpc 10.0, -O2

Block version, BLOCK_ SIZE =512

N Total size Thread 1 Thread 2 Thread 4 Thread 8
2 12 MB 4,226 ms 2,144 ms 1,074 ms 1,456 ms
4 48 MB 33,736 ms 17,095 ms 8,512 ms 9,052 ms
8 192 MB 269,376 ms 136,664 ms 68,026 ms 70,823 ms
N Total size (1) GPU (transfer + N (2) CPU (block version), | (2)/(1)
(MB) computation) 4 threads
64 12 52.21 2 1074 20.6
128 48 379.39 4 8512 22.4
256 192 3044.53 8 68026 22.3
Geforce 9600GT o o
Processor Cores 64

Graphics Clock (MHz)
Processor Clock (MHz)

Texture Fill Rate (billion/sec)

Question 4: GPU is 20 times faster then CPU, is this number reasonable ?

650 MHz
1625 MHz

20.8




