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MoucK makcMumyma B maccuBe: CKanfapHasa sepcus

float find_max(float *v, int n)
{
float max = -FLT_MAX;
for (int i = 0; i < n; i++)
if (v[i] > max)
max = v[i];
return max;

}

double run_scalar()

{
float *v

for (int
v[i]

double t wtime();
float res = find max(v, n);
t = wtime() - t;

xmalloc(sizeof(*v) * n);
=0; 1< n; i++)
i+ 1.0;

i K-l

float valid result = (float)n;

printf("Result (scalar): %.6f err = %f\n", res, fabsf(valid_result - res));
printf("Elapsed time (scalar): %.6f sec.\n", t);

free(v);

return t;



Mouck makcumyma B maccuse: SSE, float

float find_max_sse(float * restrict v, int n) 1) BeKTOpHbI NOUCK MaKcumyma (BepTuKanbHaA onepauua)
{
_ ml128 *vv = (__ml128 *)v; v[]: l l l
int k = n / 4; max max max
maxval: |

__m128 maxval = mm_setl ps(-FLT_MAX);
for (int i = ©; i < k; i++) maxval: |
maxval = _mm_max_ps(maxval, vv[i]);

maxval:

// Horizontal max

// a = [a3, a2, al, ag]

// shuffle(a, a, _MM SHUFFLE(2, 1, @0, 3)) ==> [a2, al, a0, a3]

maxval = _mm_max_ps(maxval, _mm_shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
maxval = _mm_max_ps(maxval, _mm_shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
maxval = _mm_max_ps(maxval, _mm_shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
float max;

mm store ss(&max, maxval); o
- = _ss( ? )5 2) lopu30HTaNbHbIA NOUCK MAaKCUMYyMa B BEKTOpE

for (int 1 =k * 4; i < n; i++) maxval: |p|c|s|a plc|B|D plc|Dp|D
if (V[i] > max) max max max
max = v[i]; shuffled: |c|s|a|D c|s|{p|D c|ofp|pD
return max; ! ] A 2
} plc|B|D plc|p|D plp|p|D

3) CKansapHbIii NOUCK MaKCMMyMa B «XBOCTE» MACCUBa



Mouck makcumyma B maccuse: SSE, float

float find_max_sse(float * restrict v, int n)

{

__ml128 *vv (_ml128 *)v;
int k = n / 4;

__m128 maxval = mm_setl ps(-FLT_MAX);
for (int 1 = 0; i < k; i++)
maxval = _mm_max_ps(maxval, vv[i]);

// Horizontal max
// a [a3, a2, al, ao]
// shuffle(a, a, _MM_SHUFFLE(2, 1, @, 3)) ==> [a2,

maxval = _mm_max_ps(maxval, _mm_shuffle ps(maxval,
maxval = _mm_max_ps(maxval, _mm_shuffle ps(maxval,
maxval = _mm_max_ps(maxval, _mm_shuffle ps(maxval,
float max;

_mm_store_ss(&max, maxval);

# Intel Core i5-3320M - Ivy Bridge (Sandy Bridge shrink)
Reduction: n 1000003

0.000000

Result (scalar): 1000003.000000 err

Elapsed time (scalar): 0.002047 sec.
Result (vectorized): 1000003.000000 err
Elapsed time (vectorized): 0.000529 sec.
Speedup: 3.87

0.000000

1) BeKTOpPHbIiA NOUCK MaKCMMyMma (BepTUKasbHas onepauun)

v[]: l l l

max max
maxval: l
maxval: l
maxval:
al, ao, a3]
maxval, _MM_SHUFFLE(2, 1, @, 3)));

maxval,
maxval,

_MM_SHUFFLE(2, 1, 0, 3)));
_MM_SHUFFLE(2, 1, @, 3)));

2) lopU30HTaNbHDbI NOUCK MAaKCMMYMa B BEKTOpe

p|lc|B]|A p|lc|B|D plc|D|D
max max max

c|B|A|D c|B|D|D c|p|Dp|D
L 4 4 L 4

p|lc|B|D p|c|D|D p|D|D|D

3) CKansapHbIii NOUCK MaKCMMyMa B «XBOCTE» MACCUBa



Mouck makcumyma B maccuse: AVX, float

float find_max_avx(float * restrict v, int n)

{
_ m256 *vv = (__m256 *)v;
int k = n / 8;
_ _m256 maxval = mm256_setl ps(-FLT_MAX);
for (int i = 0; i < k; i++)
maxval = mm256 _max_ps(maxval, vv[i]);
maxval = mm256 _max_ps(maxval, mm256 shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
maxval = mm256 _max_ps(maxval, mm256 shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
maxval = mm256 _max_ps(maxval, mm256 shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
float t[8];
_mm256_store_ps(t, maxval);
float max = t[@] > t[5] ? t[@] : t[5]; 1) lopn3oHTaNbHaA onepauua Hag ABymsa Yactamum no 128 6ur
o , , [a7, a6, a5, a4 | a3, a2, al, a0] ==> [a6, a5, a4, a7 | a2, al, a0, a3]
for (int 1 = k * 8; 1 < n; i++)
if (v[i] > max) [a6, a5, a4, a7 | a2, al, a0, a3] ==> [a5, a4, a7, a6 | al, a0, a3, a2]
max = v[i]; [a5, a4, a7, a6 | al, a0, a3, a2] ==> [a4, a7, a6, a5 | a0, a3, a2, al]
) return max; [a4, a7, a6, a5 | a0, a3, a2, al]

2) Bbi6op makcumanbHoro us t[5] u t[0]

3) O6paboTKka «xBOCTaA»



Mouck makcumyma B maccuse: AVX, float

float find_max_avx(float * restrict v, int n)

{

_ m256 *vv = (__m256 *)v;
int k = n / 8;

__m256 maxval = mm256_setl ps(-FLT_MAX);
for (int i = 0; i < k; i++)
maxval = mm256 _max_ps(maxval, vv[i]);

maxval = mm256 _max_ps(maxval, mm256 shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
maxval = mm256 _max_ps(maxval, mm256 shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
maxval = mm256 _max_ps(maxval, mm256 shuffle ps(maxval, maxval, MM SHUFFLE(2, 1, 0, 3)));
float t[8];

mm256_store_ps(t, maxval);

float max = t[@] > t[5] ? t[@] : t[5]; 1) lopu3oHTanbHAaA onepauua Hag ABYyMA YactTamu no 128 6ur
for (int 1 = k * 8 i < n; is4) [a7, a6, a5, a4 | a3, a2, al, a0] ==> [a6, a5, a4, a7 | a2, al, a0, a3]
if (v[i] > max; ’ [a6, a5, a4, a7 | a2, al, a0, a3] ==> [a5, a4, a7, a6 | al, a0, a3, a2]
max = v[i]; [a5, a4, a7, a6 | al, a0, a3, a2] ==> [a4, a7, a6, a5 | a0, a3, a2, al]

# Intel Core i5-3320M - Ivy Bridge (Sandy Bridge shrink) SHEENECISRCEREVAENY
Reduction: n = 1000003

Result (scalar): 1000003.000000 err = 0.000000
Elapsed time (scalar): 0.002053 sec.

Result (vectorized): 1000003.000000 err = 0.000000
Elapsed time (vectorized): 0.000428 sec. OTKa «XBOCTa»
Speedup: 4.80

MaKcumanbHoro m3s t[5] n t[0]



Mouck makcmmyma B maccue: AVX, float, permute

float find _max_avx(float * restrict v, int n)

{
__m256 *vv = (__m256 *)v;
int k = n / 8;
__m256 maxval = _mm256_setl ps(-FLT_MAX);
for (int i = 0; i < k; i++)
maxval = _mm256_max_ps(maxval, vv[i]);
// Horizontal max
maxval = mm256 _max_ps(maxval, _mm256 permute_ps(maxval, MM SHUFFLE(2, 1, 0, 3)));
maxval = mm256 _max_ps(maxval, _mm256 permute_ps(maxval, MM SHUFFLE(2, 1, 0, 3)));
maxval = mm256 _max_ps(maxval, _mm256 permute_ps(maxval, MM SHUFFLE(2, 1, 0, 3)));
float t[8];
_mm256_store_ps(t, maxval);
float max = t[@] > t[5] ? t[@] : t[5];
For (int i = k * 8; i < n; i++) # Inte} Core i5-3320M - Ivy Bridge (Sandy Bridge shrink)
if (v[i] > max) Reduction: n = 1000003
max = V[i]; Result (scalar): 1000003.000000 err = 0.000000
return max: - ? Elapsed time (scalar): 0.002201 sec.
} ? Result (vectorized): 1000003.000000 err = 0.000000

Elapsed time (vectorized): 0.000433 sec.
Speedup: 5.08




BbluncneHue KBaapaTHOro KOpHA: CKanspHasa Bepcus

void compute_sqrt(float *in, float *out, int n)

{
for (int 1 = 0; i < n; i++) {
if (in[i] > ©)
out[i] = sqrtf(in[i]);
else HanpasneHne BeTBNEHUA B UUKNE
} out[i] = 0.9; 3aBUCUT OT BXOAHbIX AaHHbIX
}

double run_scalar()
{
float *in = xmalloc(sizeof(*in) * n);
float *out = xmalloc(sizeof(*out) * n);
srand(9);
for (int i = 0; 1 < n; i++) {
in[i] = rand() > RAND MAX / 2 ? @ : rand() / (float)RAND _MAX * 1000.0;
}
double t = wtime();
compute sgrt(in, out, n);
t = wtime() - t;

printf("Elapsed time (scalar): %.6f sec.\n", t);
free(in);
free(out);
return t;



BbluncneHue KkBaapatHoro KopHa: SSE, float

Bbluncnaem KopeHb KBaApaHTHbIN AnA BeKTopa v[0:3] - vil:

4 -6 9 -5
€CNn 3HaveHune V[i] MeHblle nnm pasHoO Hynto, pe3ynbtaT NaN
sqrt_vec =_mm_sqrt_ps(v) sqrt_vec = _mm_sqrt_ps(v)
BbinonHAem BeKTOpHoOe cpasHeHue: v[0:3] > [0, 0, 0, O] sqrt_vec[]: 2 NaN 3 NaN

mask = _mm_cmpgt_ps(v, zero)
pe3ynbTaTt cpaBHeHMs — BekTop mask[0:3],
B KoTopom mask[i] = v[i] > 0 ? Oxffffffff : O

mask = _mm_cmpgt_ps(v, [0, O, 0, 0])
¥

mask[]: | oxfreefees 0 OXFFFFFFFf 0

N3Bnekaem us sqrt_vec[0:3] asnemeHTbl, 417 KOTOPbIX BbIMOJHEHO
ycnosue v[i] >0 gtzero_vec = _mm_and_ps(mask, sqrt_vec)
gtzero_vec = _mm_and_ps(mask, sqrt_vec)

gtzero_vec[]: 2 0 3 0
B gtzero_vec anemeHTbl NaN 3ameHeHbl Ha 0
N3Bnekaem u3 zero[0:3] anemeHTbl, 47159 KOTOPbIX YCNOBUE lezero_vec = _mm_andnot_ps(mask, zero)
He BbINONHEHO: V[i] <=0

[i] lezero_vec|]: 0 0.0 0 0.0

lezero_vec = _mm_andnot_ps(mask, zero)

B lezero_vec anemeHTbl 0 3ameHeHbl Ha 0.0 (3HayeHMe B BeTBU else).
res = _mm_or_ps(gtzero_vec, lezero_vec)

2 0.0 3 0.0

O6veanHAem pe3ynbraTbl BeTBei — BEKTOpPbI gtzero_vec u lezero_vec
res=_mm_or_ps(gtzero_vec, lezero_vec)




BbluncneHue KkBaapatHoro KopHa: SSE, float

void compute sqrt _sse(float *in, float *out, int n) v[]: 4 6 9 5
{
~_m128 *in_vec = (__ml28 *)in; sqrt_vec = _mm_sqrt_ps(v)
__m128 *out_vec = (__ml128 *)out; ¥
int k = n / 4; sqrt_vec[]: 2 NaN 3 NaN
__ml128 zero = _mm_setzero _ps(); mask =_mm_cmpgt_ps(v, [0, 0, 0, 0])
for (int i = @; i < k; i++) { Y
_ m128 v = _mm_load ps((float *)&in vec[i]); mask[]: | odrte | 0| ottt | O
~ m128 sqrt_vec = mm_sqrt_ps(v);
__m128 mask = _mm_cmpgt_ps(v, zero); gtzero_vec = _mm_and_ps(mask, sqrt_vec)
~ _m128 gtzero_vec = mm_and ps(mask, sgrt_vec);
__ml128 lezero vec = _mm_andnot_ps(mask, zero); gtzero_vec[]: 2 0 3 0
out_vec[i] = _mm_or _ps(gtzero_vec, lezero_vec);
} lezero_vec = _mm_andnot_ps(mask, zero)
for (int i = k * 4; 1 < n; i++) lezero_vec[]: 0 0.0 0 0.0

out[i] in[i] > @ ? sqrtf(in[i]) : ©.0;
} res = _mm_or_ps(gtzero_vec, lezero_vec)

2 0.0 3 0.0




BbluncneHue KkBaapatHoro KopHa: SSE, float

void compute sqrt _sse(float *in, float *out, int n) v[]: 4 6 9 5
{
~_m128 *in_vec = (__ml28 *)in; sqrt_vec = _mm_sqrt_ps(v)
__m128 *out_vec = (__ml128 *)out; ¥
int k = n / 4; sqrt_vec[]: 2 NaN 3 NaN
__ml128 zero = _mm_setzero ps(); mask =_mm_cmpgt_ps(v, [0, 0, 0, 0])
for (int i = @; i < k; i++) { Y
_ m128 v = _mm_load ps((float *)&in vec[i]); mask[]: | odrte | 0| ottt | O
~ m128 sqrt_vec = mm_sqrt_ps(v);
__m128 mask = _mm_cmpgt_ps(v, zero); gtzero_vec = _mm_and_ps(mask, sqrt_vec)
~ _m128 gtzero_vec = mm_and ps(mask, sgrt_vec);
__ml128 lezero vec = _mm_andnot_ps(mask, zero); gtzero_vec[]: 2 0 3 0
out_vec[i] = _mm_or _ps(gtzero_vec, lezero_vec);
} lezero_vec = _mm_andnot_ps(mask, zero)
for (int i = k * 4; 1 < n; i++) lezero_vec[]: 0 0.0 0 0.0

# Intel Core i5-3320M - Ivy Bridge (Sandy Bridge shrink)
Tabulate sqrt: n = 1000003 res = _mm_or_ps(gtzero_vec, lezero_vec)

2 0.0 3 0.0

Elapsed time (scalar): 0.009815 sec.
Elapsed time (vectorized): 0.002176 sec.
Speedup: 4.51




BbluncneHune KsagpatHoro KopHsa: AVX, float

void compute sqgrt avx(float *in, float *out, int n)

{

__m256 *in_vec = (__m256 *)in;
__m256 *out vec = (__m256 *)out;
int k = n / 8;

__m256 zero = mm256_setzero ps();

for (int 1
__m256
__m256

= 0; i< k; i++) {
v = mm256 load ps((float *)&Iin vec[i]);
sqrt_vec = _mm256_sqrt_ps(v);

__m256 mask = _mm256_cmp _ps(v, zero, CMP_GT _0Q);
__m256 gtzero vec = _mm256_and ps(mask, sqrt_vec);
__m256 lezero _vec = _mm256_andnot ps(mask, zero);
out _vec[i] = mm256 or ps(gtzero vec, lezero vec);

¥

for (int 1
out[i]

k * 8 i < n; i++)
= in[i] > @ ? sqrtf(in[i]) : ©.0;



BbluncneHune KsagpatHoro KopHsa: AVX, float, blend

void compute sqrt_avx(float *in, float *out, int n)
{

__m256 *in vec = (__m256 *)in;

__m256 *out vec = (__m256 *)out;

int k = n / 8;

__m256 zero = _mm256_setzero _ps();
for (int i = 0; 1 < k; i++) {
// 1. Compute sqrt: all elements <= 0@ will be filled with NaNs
// 2. Vector compare (greater-than): in[i] > ©
//  mask = cmpgt([7, 1, @, 2, O, 4, 4, 9], zero) ==>
//  mask = [Oxffffffff, oxffffffff, 0, oxffffffff, o, oxffffffff, ..., Oxffffffff]
//
// 3. Blend (merge results from two vectors by mask)
// blend(zero, [7, 1, 0, 2, 0, 4, 4, 9], mask) = [7, 1, of, 2, of, 4, 4, 9]
//
__m256 v = _mm256_load ps((float *)&Iin_vec[i]);
__m256 sqrt_vec = _mm256_sqrt _ps(v);
__m256 mask = mm256 _cmp_ps(v, zero, CMP_GT_0Q);
out_vec[i] = _mm256_blendv_ps(zero, sqgrt_vec, mask);

for (int i
out[i]

k * 8 1 < n; i++)
in[i] > @ ? sgrtf(in[i]) : 0.0;



ABTOMATHUYECKAA BeKTopu3auuAa
KoAa KOMNUAATOPOM



ABTOMaTun4yecKkana seKtopusauma: GCC5.3.1

enum { n = 1000003 };

int main(int argc, char **argv)

{
float *a = malloc(sizeof(*a) * n)3
float *b = malloc(sizeof(*b) * n);
float *c = malloc(sizeof(*c) * n)3
for (int i = 0; 1 < n; i++) {
a[i] = 1.0;
b[i] = 2.0;
}
for (int i = @; i < n; i++) {
c[i] = a[i] + b[i];
}
free(c); free(b); free(a);
return 9;
}

$ gcc -Wall -std=c99 -02 -march=native -ftree-vectorize -fopt-info-vec -c vec.c -0 vec.o
vec.c:19:5: note: loop vectorized

vec.c:14:5: note: loop vectorized
gcc -0 vec vec.o -1m




ABTOMaTnyecKana sektopusauumsa: clang 3.7

enum { n = 1000003 };

int main(int argc, char **argv)

{
float *a = malloc(sizeof(*a) * n); float *b = malloc(sizeof(*b) * n); float *c = malloc(sizeof(*c) * n);
for (int i =0; i < n; i++) {
a[i] = 1.0; b[i] = 2.0;
}
for (int i =0; i < n; i++) {
c[i] = a[i] + b[i];
}
free(c); free(b); free(a);
return 0;

$ clang -Wall -02 -Rpass=loop-vectorize -Rpass-missed=loop-vectorize \
-Rpass-analysis=loop-vectorize -c vec.c -0 vec.o
vec.c:14:5: remark: vectorized loop (vectorization width: 4, interleaved count: 2) [-Rpass=loop-vectorize]
for (int 1 = 0; 1 < n; i++) {

N

vec.c:19:5: remark: vectorized loop (vectorization width: 4, interleaved count: 2) [-Rpass=loop-vectorize]
for (int 1 = 0; 1 < n; i++) {

AN

$ clang -o vec vec.o




TpeboBaHUA K LUKAaMm

= TpeboBaHUA K LMKNAM
d OTcyTcTBME 3aBUCMMOCTU MO AaHHbIM MEXAY UTepauusiMmmn LIMKNA
(d OTcyTcTBME BbI30BOB GYHKLMIA B LUK/IE
d Yncno ntepaumii uMKkna A0MKHO 6bITb BbIYUCUMbIM
J ObpalleHne K nocnegoBaTelbHbIM CMEXKHbIM 3/IeMeHTaM MaccuBa

J OT1cyTcTBME CNOXKHDBIX BETBAEHUN

=" MpobnemHble cutyauum
(d  CNoXKHbI LMK — MOXKET He XBaTUTb BEKTOPHbIX PErncTpos

d CmewaHHble TMNbl AaHHbIX (int, float, char)



3aBMCUMOCTHM MO AaHHbIM MeXAY MHCTPYKLUAMM

S1
S1: A =B + C

S2: D?A + 2 /\

S3: E=A+ 3 S <3

lpagh 3asucumocmeli No OGHHbLIM
(data-dependence graph)

= S$2 3aBUCUT OT S1 — S1 1 S2 Henb3A BbINOAHATL Napan/ieNbHO
= $3 3aBUCUT OT S1 — S1 1 S3 Henb3A BbINONAHATL Napan/ieNbHO

= 52 1 S3 MOXXHO BbINOAHATb Napaa/sieNibHO

Bexkmopu3ayus npo2pamm.
Teopusa, memodsl, peanu3ayus
(cbopHuK cTateit). — M.: Mup, 1991. — 275 c.



Buabl 3aBUCMMOCTU NO AaHHbIM MeXAY MHCTPYKLUUAMMU

1. MoToKoBaA 3aBUCUMOCTb, UCTUHHAA 3aBUCUMOCTb
(Read After Write — RAW, true dependence, flow/data dependency): S1 6 S2

S1: a = ..
S2: b = a

2. AHTM3aBucumoctb (Write After Read — WAR, anti-dependence): S1 552
S1l: b = a
S2: a = ..

3. BbixogHasa 3asucumoctb (Write After Write — WAW, output dependence): S1 §° S2
S1: a = ..
S2: a



Buabl 3aBUCMMOCTU NO AaHHbIM MeXXAy UTepaunamMmm LUMKNOB

UmeeTca aBe CTpPOKK nporpammbl S1 n S2
O603HaunMm:
L Write(S) — MHOXecTBO AYeeKk NnamsTH, B KOTopble S ocyLLecTBAsEeT 3anncb

(J Read(S) — MHO»ecTBO siueeK NamATU, KoTopble S YuTaet

Ycnosusa bepHctaHa. Cmpoka S2 3asucum om cmpoku S1 moa2da u mosibKo moaod, Ko2oa
(Read(S1) n Write(S2)) U (Write(S1) n Read(S2)) U (Write(S1) n Write(S2)) # @

[*] A. J. Bernstein. Program Analysis for Parallel Processing // |EEE Trans. on Electronic Computers, 1966.

Pa3BepTKa uuMKaa No utepaumuam:
S1: a[l] = a[@] + b[0O]
S2: a[2] = a[1] + b[1]
Read(S1) = {a[@], b[O]}, Write(S1l) = {a[1l]}
Read(S2) = {a[l1l], b[1]}, Write(S2) = {a[2]}
(Read(S1) N Write(S2)) U (Write(S1) n Read(S2)) U (Write(S1) n Write(S2)) = @ U {a[1]} U @ = {a[1]}



3aBUCMMOCTHM MO AAHHbIM MeXKAy UTepauuaMmm LMKNOB

for é%:; i ;g; 1<ny d+4) | = Pa3BepTKa UMKaa no utepaumam (ctpoka S1):
b[i] = 2.0; S1: a[l1] = a[@] + b[O]
} S1: a[2]k:‘a[1] + b[1] // Read After Write dep.
for (int i = 0; i < n - 1; i++) { S1: a[3] ="a[2] + b[2] // Read After Write dep.
S1: } a[i + 1] = a[i] + b[i]; S1: a[4].>‘a[3] + b[3] // Read After Write dep.

-ftree-vectorize -fopt-info-vec -fopt-info-vec-missed ./vec.c
18:5: note: not vectorized, possible dependence between data-refs vec.c:18:5: note: bad data dependence.
18:5: note: not vectorized, possible dependence between data-refs vec.c:18:5: note: bad data dependence.

13:5: note: loop vectorized

-Rpass=1oop-vectorize -Rpass-missed=loop-vectorize -Rpass-analysis=loop-vectorize ./vec.c -ovec

13:5: remark: vectorized loop (vectorization width: 4, interleaved count: 2) [-Rpass=loop-vectorize]

19:20: remark: loop not vectorized: value that could not be identified as reduction is used outside the loop
[-Rpass-analysis=loop-vectorize]

18:5: remark: loop not vectorized: use -Rpass-analysis=loop-vectorize for more info
[ -Rpass-missed=loop-vectorize]




Buabl 3aBUCMMOCTU NO AaHHbIM MeXXAy UTepaunamMmm LUMKNOB

1. Read After Write (RAW, true dependence, flow/data dependency)
S1: a = ..

S2: b = a
2. Write After Read (WAR, anti-dependence)
S1: b = a
S2: a = ..

3. Write After Write (WAW, output dependence)

S1: a = ..
S2: a = ..
. . . . S1 --> S2 (RAW- flow dependence) —
for (int i = @; i < n - 1; i++) { YUKM0-HEe3a8UCUMAsA 308UCUMOCMb
S1: x[1], = 2 * y[i] - 1;
S2: i + 1] = v[i] +'x[i];
. V..[l ] ',V[l] x[1]; S2 --> S2 (RAW) — yuknuyeckas 3a8UcumMocme
}

(TpebyeTca BbINONHUTbL HE MEHEE OAHOM UTEPaLINM
ANs ee BOSHUKHOBEHMA)



Buabl 3aBUCMMOCTU NO AaHHbIM MeXXAy UTepaunamMmm LUMKNOB

YrBepKaeHue. Lluka moxem bbimb 8eKMopu308aH mo20a U MosbKO mo2od, Ko2oa 8 HEM
omcymcmeyrom YUKAu4ecKue 3asucumocmu mexoy onepayuamu [*].

[*] Randy Allen, Ken Kennedy. Optimizing Compilers for Modern Architectures: A Dependence-Based Approach.
- Morgan Kaufmann Publishers, 2001.

= [IpeanonaraeTca HaJM4Yme BEKTOPHbIX pernctpos beckoHevyHon anunHbi (VL)

" LlnKnnyeckme 3aBUCMMOCTU, A/11 BO3SHMKHOBEHUA KOTOPbIX TpebyeTcA
He meHee VL + 1 ntepauunii, moryTt 6bITb NPOUTHOPMPOBAHDI
(Hanpumep, 5 ntepaunim ana SSE-nHcTpykumm tuna float)

Iter 1: + 4 MoxHO 8eKmopu308ams
for (int 1 =0; i < n - 1; i++) { Iter 2: + 4 01 (SSE, double),
. —_— . . Iter 3: + 4 Ho He 014 (SSE, float)!
S2: vii] = v[i + 3] + 4; .
Iter 4: + 4
} \_/ Eamr E + 4 3aBMCMMOCTb Yepes 3
Iter 6: + 4 ATEPaLIY




ABTOMATUUYECKaA BEeKTopu3auma LUKNOB

" KOMI'IVI!'IFlTOp dHaAn3npyert rpacl) 3aBUCMMOCTEN NO AadHHbIM A4 CaMbIX BHYTPEHHUX LUNK/T0B

= Ecnu B rpade 3aBMCMMOCTEN NO AaHHbIM OTCYTCTBYIOT KOHTYPbI (3aMKHYTbIe NMyTK),
TO €ro MOXXHO BEKTOPU30BaTb

for (int i = 0; 1 < n; i++) { a[0].= b[o]
S1: a[i] = b[i]; c[e] ="a[e] + b[e]
$2:  c[i] = a[i] + b[i]; ele] = cl1]
S3:  e[i] = c[i + 1]; a[1] #b[1] // S3 ponxHa npepwecTBoBaTb S2
c[1]/=*a[1l] + b[1]
} e[1] = c[2] a[@:n-1] = b[@:n-1]
Koxmypebl =) e[0:n-1] = c[1:n]
S1 a[2] 7/ b[2] omcymcmeayrom
c[2]/>a[2] + b[2] c[@:n-1] = a[@:n-1] + b[O:n-1]
I RAW dep. e[2] = c[3]
52 a[3]7ﬁ>‘[3]
c[3]4=*a[3] + b[3]
I WAR dep. e[3] = c[4]

S3



S1:
S2:
S3:
S4:

" UHCTPYKUUN S2 1 S4 06pasytoT KOHTYP
" Bce onepaTtopbl KOHTYPA UCNONHAIOTCA NOC/eA0BaTENbHO (...)
= OcCTa/IbHbIE MHCTPYKLMWN BEKTOPU3YEMDI

S2:
S4:

for (int
a[i]
c[i]
e[i]
b[1]
}

al[2:n] =
e[2:n] =
for (int
c[i]
b[1]

i

ABTOMATUUYECKaA BEeKTopu3auma LUKNOB

= 2; 1 <=n; i++) {
b[i];

al[i] + b[i - 1];
c[i + 1];

c[i] + 2;

2

b[2:n]
c[3:n + 1]

i

= 2; 1 <=n; i++) {
a[i] + b[1i - 1];
c[i] + 2;

S1
!

RAW dep

WAR dep.
WAR dep

RAW dep. RAW dep.

\

UHCcTpyKummn S2 n S4
0b6pa3ytoT KOHTYP



ABTOMATUUYECKaA BEeKTopu3auma LUKNOB

void mul alpha(int *x, int *y, int a, int n)

{ " Y10 n3BeCcTHO 06 yKasaTenax x ny?
for (int 1 =0; 1 < n; i++) » BO3MOMHO YKa3bIBaOT Ha OAMH MaCCHB
1| = a X111,
} i s (nepecekKatotcs)

= Komnunstopy Heobxoammo npoBoAnTb
MeXKNpPoLeAyPHbIA aHaN3 NN NCMONb30BaTb
«NOACKA3KN»

void mul alpha(int * restrict x, int * restrict y, int a, int n)

{
for (int i = 0; i < n; i++)

i - * i .
) yli] = a * x[1i]; = restrict — ana goctyna K 06beKTy NCNOb3yeTcs

NAHHbIN YKa3aTenb p UK 3HAa4YEHNE, OCHOBAHHOE
Ha yKasaTene p (Hanpumep, p + 1)
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