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S, IF (T.NE.10) GOTO Sy
S, A=A/T

S; Continue
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Si: R:=55;

S,: S: =R *415;

S;: R:=12/(D+E)
Ss: R:=(5*3.8)/2.71
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do I =1, N-1
S8;: A(I+l) = A(I) + B(I)
enddao

Q)W“)JHLJOJU&_‘»‘)‘J—LOT824_1.«7.-).,\_:50)_;5-5‘)‘5)‘-&_1» Slun}p_qu-

.;;\ssﬁ)daq-jsa‘wt;élj&‘)

'* Functional languages
' Artificial dependence
18

Flow- Dependence

Yy



S, X=..
S, =X

b S S e il s 1y (sl g ke 4T L o e (Sl ¢ 05
R N G g MU Y P IS Py U S YO PR U VR J S PP P
Slols g il Koty ol SIS tlaisls 550 —wosls (Lo S & S,
(s o3l 5 e 457 (gl koo (6 g 4y ST e sloml 1y e3lial 3 e jlide 457 wte ales
el (LS
M Sy wo -0
SoMe e O 55 (a1 ST 51 (S5 53 457 555 olil g5 (6 e llie e )1 ST, o8 5
Kl g s S0 3 IS ankab 3 il s sldte  Stewls b Kool s dd |y Sl 5358 oo 4y
o83 lhie Isdzes (dms 5 stws 53 Jg 358 oo oslizal ST 5 B(LY) skt | 55 5,05 35552 LST o

(ST 8'S2 iy 55 o0 45 (ail 1SS Olen 53) 338 o

do I =1, N
do J =1, M
8, A(1,J) = B(1,J) + 1
8, B(I,J) = C(I,J) -1
enddo
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Al s (Write after read) Ly WAR Hazard |, sLa e Sauls 5 (read after write) RAW Hazard
sl o ;5 WAW Hazard |y or 5 5 Sl

o N 3 fo5 35 (o2 ol Ul sie 5 s 53 55 (5 it il 1S5 S5 53 48T B

S2 s o5 Nl s o5 IS ankad )3 iged (Sl 558 p ol g Sl s il slayl SO

by adls dn 5,5 50 Sl (SKen oS 0l 25 Hldie S2 53 B(IH]) e 55 3,05 545 S1
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"do I =1, N-1

8,:  L£(A(I) > O) B(I) = C(I)/A(L)
Sy B(I+1) = C(I) / 2
enddo

Aol Sls 1 U ST 48 e 1SS (6lab 1 ey a3 sl alols oS5 ol s b Sl il

IS e Ly meosls ibas ) JSCa b illae bs Kool g ¢ o3 IS anksd (gl Dt . kins oo ules
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AL g S

do I =1, N

do J 2, M
8, A(1,J) = A(I,J-1) + B(I,J)
enddo
enddao
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do I =1, N
do J =1, N
S, X(I+1,2%J) = X(I.J) + B(I)
enddo
enddo
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de I =1, N
doe J =32, M
5, ! A(I,J) = B(1.,J) + ¢(I,J)
S, D(I.J) = A(L.J) + 1
enddo
En{idﬂ
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da J 1, 10O
A(I.J) = B(1.J) + C(I)*D(J)
enddo
enddo
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do 1 = 1. 5
de = I. 5
A(I.J) = B(I.,J) + C(I)*D(J)
enddo
enddo
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Do I=1,N

S, AT+1)= A1)+ B(I)

ENDDO
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DO I=1,N
SI AI+2)= AlT)+ B(I)
ENDDO
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DOI=1,N

AD = A(D + B(I)
ENDDO
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K =CEIL(N/P)
PARALLEL DO I=1,N,K
Do j=1,MIN(I+ K ~—1,N)

Y=1+j-1

Aly)= Aly)+ B(j)
ENDDO
END PARALLEL DO
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do I =1, N

By, A(I) = A(I) + B(I)
8;. C(I) = A(I-1) * 2
enddo

03 bS5 pl ks el b 5 sle il i 4 5 dil Cray (5ol pdle S o
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do IS = 1, N, 64
do I = IS, MIN(N,IS+63)

51, A(I) = A(I) + B(I)
CFP C(I) = A(I-1) * 2
enddo
enddo

(B35 S b 53355 o el 03I ol s ST o3IT L s la 15 e ol iyl 3
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** Strip Size

** Element Loop

** Strip Loop

3% Vector Instruction

oy



1 55,8 dal s a1y (Saecly 155 4l ¢ 2815 el Sl g 3L 158 051U (L g slee L)
s 1yl ail> 550 gl 2l O
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sh a4 b 3l gy Ok rli;,a b WAIT (EV(D) 5 blei s p3lel 1, EV(D)

DOACROSS I=2,N

AT)= B(1)+C(1)
Si POST(EV(1))

If (LGT.2) WAIT EV(I-1)I

S, )= Al-1)+AI)

ENDDO
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DO 1=2,N-1

DO J=2,N-1

ALT)=025%(AT-1,j), AIJ-1)8
+ AT+1,7)+ AL J,))

5 I ) 533585 amalone ALY 51 8 AGHL) 457 dl o sl Lomisl )3 e 4S5
350 on 03litul Sluwlous iy 51 Oliabl ) sbate a5 sl o 51 slasl)T 51 LS Jls Aslan

DOACROSS 1=2,N-1
POST(EV(1))
DOJ =2,N-1
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WAIT(EV(J -1))

ALT)=025%(AT-1,7)+ ALJ-1)+ AI+1,J)+ AIJ +1))
POST(EV(J))

ENDDO

ENDDO

LS bty Loyl S5 Sl Sl (g5l 05 S 53 Sla 55 b S S
NS SRS U3 LY ICCHg g
DOACROSS 1=2,N-1
POST(EV(1))
K=¢
DO J=2,N-1.2
K=K+1
WAIT(EV(K))
DOm=J,uAx(J +1,N-1)
A(I,m)=0.25%(AI-1,m)+ A(I,m-1)8
+ AT +1,m)+ A1, m+1)

ENDDO
POST(EV(K +1))

ENDDO
ENDDO
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do I =1, N
da J =1, H
8;: A(I.J) = A(I.J) + B(1.,J)
S,. C(I,J) = A(I-1,J) * 2
enddo
enddo

1255 o bod S50 all lgr 4 oo adl ol s 15 5l e

“do IT = 1. N, s8

do JT 1, N, 88
do I = IT, MIN (M, IT+SS-1}
do J = JT, MIN(N, JT+58-1)
S,. A(I,J) = A(1.J) + B(I1.J)
5., C(I,J}y = A(I-1.J) * 2
enddo
enddo
enddo
enddo
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T, MIN(N, IT+55-1)

N

do JT = IT, N, S8
1
= MAX(JT,I), MIN(N, JT+88-1)

1y S a3 1 o3 S aadsd 505 S5 Ol i
for j; =0 to 9 do
for j =0 to 8 do
a(-4j1-jo -1 - 32 +3) = ...
...=...a(-j1+1,-j2+4)...
oy g o Gt 5 S5 55 53 b w0l )T e il 0513 15 (gl 31 ol SVslaali 5 &Y slas oK
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& rsSan 5w Jole (Shs an ol bl il 0 6K 0T Olis i Gllas 505 WG S
Jrol DY 5l gl dlis 51 (oS 5 OWUS Ol (o0 il oo SV ladi g 50 )Y sl gy s SLe

.J}QJ.

1y



3 day oy dal VD S Gllas il 5 0ds g 1SS shas gy 0y S Jlael 3l ey
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G B sl KUl A Sy e s gl als LB s ail slay 1SS 55 se 1!
3 A JSKE s edd iyl AT s Sl ek g ST glad gley S Jeols (5l IS 5 el
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for FI{ =gt 3 oy 240
far FE =0t i by 200
oI = oS e L
Tat 4 =x megd!, [Z ko minfd+f), TH+) dn
arty + 1] = 03 7 fafif + Ty + 1f + ol + 210

b 25 Jiolew 3l Jeol (5050 &S 5 Calgs 3,55, Sl ol ok (g 587 glas —A JCH

Silgo &5 adei 0

Sldas 9597 Sl dl“"“:g"’}“u:'ib"ﬁ Iy odd gy 35 (slad Oy oo ilse &S 55 (sl
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For WaveFrontNumber :=-1 To 3 Do
ForAll j°; :=-2 To 3 Do
ForAll j*, :=-1To 2 Do
If j°; +j°, := WaveFrontNumber Then
For j; := max (0, 3j°; + 2j%,) To min (9, 3j°; + 2j*, - 4) Do
For j, := max (0, j°; + 4j%,) To min (8, j*; + 4j°, - 4) Do
If (HY'Jy'=J* Then
al-4j1-j,-j1-3j2+3] :=...
ceer=al-jit1,-j2+4] ...
EndIf
EndFor
EndFor
EndIf
EndForAll
EndForAll
EndFor
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anxy tagxpg+ ... FamXm =C

apXx; Fapnxy + ...+ amXm =C2

AnX1 T AnXo T ... T ApnXm = Cn

A SEU LS (55 s e slel € a5 58 el ples 8 S¥slae oas 5
Y slas o ol STUA = S o5 o 4o ol mxn O gl s 5L S gmxm slal L Uniodular
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/* Original Sequential Code: */
forj;=0to 5

forj=0to 5
S: a(-jz, -j1 +3):



T: e=a(2pt L +4) ..

end
end
:.s.sjfu_a‘_}qpb-JLSCJJ«A{J&QY:\M.:K:M:J.LSA.]@\);.,i\f.ég):b)bé‘g)wl{
-j2=-j’2+1 ti=1
21 +3=-1+4 = 2 tjh=1
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G adaly b i3 cwl {0 ) (V)] Saals 4l (slayls 40 same L BDVS G55 Jta s
/\J@,:QT‘s\jLﬁ-}AJoM&Q@K&l;dm.@\D:gx(1,0)+(1, DLSS“":‘))"’If

el ol R
BDVS =

UB=(5,5) =LB=(0,0),UB = (2,2)
P=0=(uj)|0<jpa<5} =2 ={F=(.2)0<},2<2}
With using the proposed tiling algorithm, we get the following tiling matrix:

p=| 2 O JH= 172 0
0 2 0 12

| ]=@ub+ 1) xub,+1)=G+ D x(B5+1)=6x6=36=|T%|= ||/ |Pro|=36/4=9

i
4
L W W, Tike grain: g = |H'!| =4

odkd sy IS glas A S
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o A PSS 058 53 L5l e ail LT ki /0 6 Ll a5 Ol ie o5l
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Parallel forms:
1)
for w = 0 to 4 in sequential
for j°, = 0 to 2 in parallel
for j°, = 0 to 2 in parallel
ifjsl +j52 =w then
for j; = 2j°; to 2j°; + 1 in sequential
for j, = 2j%, to 2j%, + 1 in sequential
S a(-jz,-j1+3):...
T: ...:...a(-2j2+1,j1+4)...

2)

for w = 0 to 4 in sequential
for j°; = max( 0, w - 2) to min (w, 2) in parallel

1y



for j°, = max( 0, w - 2) to min (w, 2) in parallel
if i, +j% = w then
for j; = 2j°, to 2j°; + 1 in sequential
for j, = 2j%, to 2j°, + 1 in sequential
S a(jy,-j1t+3)=...
T: o=a( 2t L +4) ...
3)
for w = 0 to 4 in sequential
for j°; = min (w, 2), j = max( 0, w - 2) to max( 0, w - 2), min (w, 2) step -1, +1 in parallel
for j; = 2j°, to 2j°; + 1 in sequential
for j, = 2j%, to 2j>, + 1 in sequential
S a(jo,-j1t+3)=...
T: e=a(2pt L5 +4) ...
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o EPGNV R T;]ap(nj) = (As— Late — As — Possible ( ALAP)) O_i‘..aobj AR e
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The Original MCP Algorithm
Step 1. Compute the ALAP time of each node.

Step 2. For each node, create a list which consists of the ALAP times of the node itself and
all its descendants in an ascending order, sort these lists in an ascending lexicographical arder,

and create a node list according to this order.

Step 3. Schedule the first node in the list to the PE that allows the earliest execution, using
the msertion approach. Remove the node from the list and repeat Step 3 until the node list is

ermpty.

e 45 T s pla 0,8 Ol gl o pim ol (Sen a0l (555 a0 S (sl o s
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The Simplified MCP Algorithm
Step 1. Compute the ALAP time of each node.

Step 2. Sort the nodes in the ascending order of ALAP times. Ties are broken by the child

that has the smallest ALAP time.

Step 3. Schedule the first node in the list to the PE that allows the earliest execution, using,
the msertion approach. Remove the node from the list and repeat Step 3 until the node list is

ermpty.
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oS JL 2 5l a LY as) Sley T pever (1) 23053 8 n dlons Tpever (1) 1

L sbor 57335 o abus 5 Liep o 1 s I 05 pm 53 T (or oy (s
T

P T oo s 35 J3n 3 5V ALAP 0o ol T Ll g oS &l L fever

w, (1) - T (0;) - Ly - alap(ni)
A s 555 8 el L sl 50 8 (oo oS ALAP (lglej o s La o 8 0053 o6 )
¢ 423b 0SS ALAP 0lej slyls (Sl oe 4553 o S 1. Lgd e 42K 5,0 1, ALAP 0l o S S
0T 53485 5,5 oo ol asily an 5 ALAP (sLgile) (55le 3o LIS ol liph oo s olai ) gy gy 5L
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1. Compute ALAP time for each node ny, initialize T ppeger(ng)=10.
{a) for each node, set the reference count equal to the number of its children, and
initialize the ready-list with all nodes that have no child
ib) while the ready-list is not empty, get a node ng from the list
for each of node ny's parent node ny
decrement ny's reference count, if it becomes zero, append ny to the ready-list
let Trrever () = MAX(T frover(ny ), Trtever (e Fuming )+ wilng.ne))
update the critical path length Lop = MAX({Lop, Triever{ ng)+uwn(ng) )
(e) for each node ny, Taap(ne) = Lop — Tirever () — tining
2. Sort all nodes.

(a) for node ny, compute its extended ALAP time T5;,,(nq), mnitially T5,,(ni) = Lep
for each of its child node ny T3, (ne) = MIN(TE,(ne), Tarap(ng))
Tap(ne) = (Lop + 1) = Taap(ng) + Toa, (0]
(b) sort all nodes to generate a node-list with the node of the least T, value at the top
3. Schedule all nodes onto m target PEs, each node n; has two attributes:
PE(n;) = k, node ny 1s scheduled on the target PE &, and Tgpe(ny ), start time of node ny

every PE has a hole-list, initialized by a hole with Thoesar: = 0 and Thoeend = oo

while the nodelist is not empty, get a node ny; from the head of the list

(a) initially set T0_ ; =

'Tfm =0, Taare(ny) = o0, PE; =10
(b} for each of node ny's parent node n,

if ((tmeg = Tarare(ng) +wm (g )+ (ng, ng)) = I:eﬂdyj {I—:ea.dy = tmag, PE1 = PE(ny)}
(e) for each of node ny's parent node ny, tmag = Toware(ny) + twn(ng)

it (PE; # PE(n;)) tmeg=tmeg + wyring,ny)

if (tmsg = 'Tr{f_,ﬂdyj
id) for each PE &

if (k= PE)) then Treqay = 'T:éady else Tyoady = T:ea-:iy
traverse the hole-list of PE k from the beginning, for each hole

Ta.t:uﬂ' =MA X':;Tfed.dy 3 Th-:u'e.g tar |::I

1oty = tmag

¥ ((Thoteend — Lavast) = Wyl )i exit from traverse
if ('Tuma-! < Tsca.rc'ini:l:l {Tszulein-f:l = Ta.t:ufn': P-Ekni,l = 'Et}
(&) update the start and end time of the hole, =plit it into two if needed
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Fori:=1 To 1000 Do
For j:=1 To 1000 Do
For k :=1 To 1000 Do
Si:d:=X[i+2*k+5,4%k-]]
EndFor



So: X[i-j,1+]] =...
EndFor
EndFor
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i1+2k1+5=i2-j2

4k1-j1=i2 +j2
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(i1, j1, k1)
a6, 1, 12)
ae, 1, 13)
(16, 1, 14)
a6, 1, 15)
(16, 3, 13)
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(i2, j2)
46, 1)
49, 2)
(52, 3)
(54, 4)
48,1)

R - 1SS B EWIP RN W=y

w9 518 5
(i2-ig, j2 - j1)
30, 0)
(33, 1)
(36, 2)
(39, 3)
(32,-2)
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For i, :=L; To U; Do Step ST,
For i, := L, To U, Do Step ST,

For i, := L, To U, Do Step ST,

For i, := L, to U, Do Step ST,
Si: X [hy (i1, 12, «-vp 1n), b2 (11, 12y <ves 1n)y weny B (11, 12, ooy 1n)] == 10
Sor =X g (1, 12y ey 1), €2 (11, 12y vy 1n)y vny 8m (11, 12, +.ty 1n)]
EndFor
EndFor

EndFor Endfor
L Calise 51,55 55 6l m 1y X aulT sl bl Gl e il Loyl SO (Stls mn 51
Dgd o Jeol b3 OVl 5 SVl oo I N VA 1 S RE-F jfa“.\gi
L,<ip,jp<U, p=1,2,..,n
hq(il,iz,...,in)=gq(jl,j2,...,jn), q=1,2,...,1’1’1
Gl 0T 05,8 0 5 gl a1 L oyl 31 ol Sl o Ss a8 o (358 dlaly o
e yatie 55 ) se 4 5P Ges 3 il o 015 0 K05 sle

Lp = Lp(il, iz, ceey ip-l),
Up =Up(i1, iz, ceey ip-l),
STp: STp(il, iz, ey ip_l), p= 1, 2, R §
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For i:=m; To m, Step m3 do Loop-Body
5 or i b e

Fori:=1 To (m; - m; + m3) div ms Step 1 do Loop_ Bodynorm

1350 S0l b b3 Sole LIST 558 o alb il odiyles & br s il 6 J521s o

m; + max ((my - m; + m3) div ms, 0) * m3
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3% Diophantine equations

37 Integer gaussian elimination

38 Zero index variable (ZIV)

3% Single index variable (SIV)

40 Multiply index variable (MIV)
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2 3 2 3 2 3 2 3 2 3 23
Ax|7 1|=(7-6 1-4|=|1 =3|=|3 2 |=|3-3 2+9|=/1 -3
3 2 3 2 3 2 1 -3 1 =3 0 11
100 100 100 100 100 100
U=010=012=012=001=01-5=2012:2
001 001 00 1 012 01-=2 01-5

(1) row, = row, - 2*rows , (2) interchange row,, rows ,

(3) row, = row, + 3*row; , (4) interchange row,, rows
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Set U<, S <A, i «0
for j:=1tondo

begin
If there is at least one non zero S; with10 <i1<m
then begin
set 1p < ip+ 1
fori:=mtonstep -1 do
while Si,j #0do
begin
set o «— sig(Si.1j* Sij)
B LISl 1Sl J
Subtract o* B* row; from row; in both the U and S matrices
Interchange row; and row;_; in both the U and S matrices
end
end\
end
44 1 100 44 1
TA=60 1 U= 010 S=A=601
432 001 432

(Dj=1,i0=1,i=3,a=+1,B=L6/4]=1

s ke

1355 oo 05 033 3l p e e G b ) SIS G Al U5l 1SS )

441 100
"S=60 1 U= 01-1
432 001
s on bl S L g3 5 s o 9
44 1 100
S=432 U= 001
60 1 01-1

(2)j=1,i0=1,i=3,a=+1,p= [42]=2

50 o0 oS 033 Sl s ol 93 55 r“u;i” 03 il o535 S5 53

44 1 100
"S=009 4 U= 0-23
2-3 -1 01-1
s on bl S b g3 5 s o 9
44 1 100
TS=2-3 -1 U= 01-1
09 4 023

(3)j=1,ip=1,i=2,a=+1,p=[42]=2
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0103 122
"S=009 4 U= 0 1-1
2-3 -1 0-23
s oo ol SO L sl s 53 e 5
2 -3 -1 0 1-1
"S=1010 3 U= 122
0 9 4 0-23

(4)j=2,ip=2,i=3,0=+1,p=10/9]=1
135h on ¢S 33 s o g Ja G b ony SN 3 ail pler 1SS s

23 -1 0 1-1
"S=010 3 U= 122
0 9 4 0-23
58 50 oS £33 5l p g o 055
23 -1 01 -1
S=0 1-1 U= 10 -1
0 9 4 0-23
ish oo bl p 93 5 p sl 55 055
23 -1 01 -1
"S=0 9 4 U= 0-2 3
0 1-1 1 0 -1

(5)j=2,i0=2,i=3,a=+1,B=9/1]=9
I.)yi@é})_,’ﬂ»j‘¢y,bﬁ‘ﬂq cé}éﬁ)ﬂ‘)swﬁj‘ﬁjs

23 -1 0 1-1
"S=0 0 13 U=9 -2 12
0 1 -1 101
ish o bl p 53 5 p s 05
23 -1 01 -1
S=0 1 -1 U= 10 -1
0 0 13 9212
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Cran S sn N e SV b s 5 Bl e s el dslas ol I ol 0lis
1 Sole 4 iba, bay eyl s oS e
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il 3 SVslee oKy > Couta

ap Xy tay Xpt .t an Xm =C
ap X tap X+ ..tamXn =C

A X1 T Ay Xp + ..ot A Xon = Co

J}.uu.a;v.&.nJ{‘JQ)M«’w;brﬁ).)g‘jdnbéyﬁ)y.ﬂ&Ao@»J

XA=C Where X= (X1, X2, ..., Xm)
C=(c1, ¢ ...y Cm)

ai; ap ... dim
dz; 422 ....Aym

dnl Ap2 ... Apm

1) e (pl 03 3 ged mlone LU B e Sle Gl (S Ol p g 4 A s Sle Jo 6l

Smxn = UlTleTlAlTlel

T

DT 558 ol 4l Ol Ol artim w57 @815 53 Okl p 3 4 o le s b

tlxm * Smxn = Clxn = tle * UmeAan: Clxn
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Unimodular Column Operations:

(a) Interchange two columns Check \
Let x,y satisfy first eqn.
[ J [ a Let X',y satisfy second eqn.
[ } X'=y, y=x

(b) Negate a column
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(c) Add an integer multiple of one column to another
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