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Introduction

Introduction

@ Dependencies

@ There is a flow dependence from an array access A(l) to an
array access B(I') iff

A is executed with iteration vector |,

B is executed with iteration vector |,

A(l) writes to the same location as is read by B(I'),

A(l) is executed before B(I')

there is no write to the location read by B(l') between the

execution of A(l) and B(I').

@ Memory based Vs Value based Dependencis
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Representations and Definitions

QUAST/LWT

INTEGER rs, p, q, 1
DD ra& = 1, nrsa
DD g = 1, np
DO i =1, mb

S0: XRSIQ(i.q) = 0
END DO
END DO
DO p =1, np
DoDq =1, p
s1: Duxis:q:i’i,zl; = XRSIQCi,q) + ... for.the flakemett 52 m Flg'lll‘e ](ﬂ} s SFC(S:;[P. qlt]) -
s2: XRSIQ(i,p) = XRSIQUi,p) + ... if g=p then b[@,q,“]
END DD i )
END DO elseif ¢2) then Sifp¢-Lld) .
END D9 glse then Sﬂ[ﬁ.f]
END DO

{a) Fragment of subrountine OLDA from TRFD
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Representations and Definitions

QUAST Contd...

: (it (<k+2M+N>0)
DOD; i OOH J then it (E-2M20)
81 “2*1’?‘3) = .., then S1[MJ-2M]
E4D D0 Sre($y) = eles if ((-k+N+2(k=2)20)
BYD D0 then S[k+2,k-2(k+2)
$2: ... = A(K) dlse L
[ else L

Figure 6: Program and sour¢e function represented as a quast
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Representations and Definitions

Dependence Relation Representation

INTEGER rs, p, q, 1
DD ra& = 1, nrsa
DD g = 1, np
DO i =1, mb

$0: XRSIQCi.g) = © Silp, 0,11 = Safp,q,i] | 1<p=g<ap A 1<i<nb
END DO Slp,¢-1,1] = Safp,q,i] | 2<g<p<mp A 1<i<mb
END DO Solp,i] = Sifp,1,4] | 2<p<mp A 1<i<mb
DO p = 1, np (1)
Do q =1, p Similarly, the source function for S is:
DO i = 1, mb Sa[p.g-1,9]—Si[p, 0,4 | 2<p=g<ap A 1<i<nd
S1: XRSTQ(i,q) = XRSIQCi,q) + ... Sfp-1,¢,d]—=81[p i) [2<p<mpAg=p-1Al<i<md
82: XRSIQCi,p) = XRSIQCi,pY + ... Silp-l,q,8=S[p g1 | pLopA1<g<p-2A1<i<md
END DO Solld]  —=8i[1,1,4 [1<i<mb
END DO 2)
ERD DA
END DO

{a) Fragment of subrountine OLDA from TRFD
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Representations and Definitions

Dependence Relation Representation

DO i=0, M
DO j =0, W
S1: A(2*i+j) = ...
END DO
END DO
s2: ... = A(k)

S [M,k=2M) = Sy | 2M <k<2M+N A M >0
Si[i, k=2i] = Sy |

2ita=k A 0<a<1 A 0<k<2M+1AN>1
Sl[f,O]—’Sz)

2ta=k A 0<a<l A 0<k=26<2M A N=0
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Representations and Definitions

Vectors And Statement Instances

Lazy Array Data-Flow Dependence Analysis

statement instance : The smallest unit of computation.
Representation : W[w,s].

W: statement of the program

w : vector of loop variable values

s : symbolic constant



Representations and Definitions

Sequencing Predicate

W(w,s]< R[r,s] if and only if
w(l.n] < r[l.n] Vw[l.n] = r[l.n] AW < R
where n is the no.of common loops surrounding W,R
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Representations and Definitions

Value based dependence definition And represention

Vr,s: (V[v,s] = R.Alr,s]) € DepRel(w,x,s) &
V([v,s] = maxe(W([w,s]| we [W,s] Ar€[R,s]A
Art(W.B) = Arr(R.A) A W.B(w,s) = RA(r,s)A
W(w,s] € Rr,s])

Wi[w,s] — R.Ar,s]| DepRel,(w,r,s)
DepRel = | ...
Win[w,s]— R.A[r,s]| DepRel,(w,r,s)
where each DepRel; is a conjunction of constraints and
m
U mr.s(DepRel(w,x,5)) C [Rs].

i=1
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Algorithm

Algorithm for Value Based Dependence

Basic idea: To start searching for candidate writes in
lexicographically close proximity of a read statement for which
dependence is being computed.

1: INPUT: R.A: read reference surrounded by n loops with variables r = (ry, ..., ).
8 is a vector of symbolic constants.

2: OUTPUT: Dependence relation for the read reference R.A.
That is, {W[v,s] = Rlr,s]} € DepRel & Wiv,s]=maxg ( W[w, s][w g[Ws] Are[R,s]A
Art(W.B) = An(R.A) A WB(w,s)= RA(r,8) A Wlw,s| < R[r,s])

4: Relation DepRel := {0}; Relation WrMoz

5: Daf NofCovered(r,s) := IsExecuted(R]r, s])

B: Integer Fizloops :=n

T: Statement W:= R

8: Boolean Single Write := True; Boolean LessFlag := False
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Algorithm

Algorithm Contd...

10:While (NotCovered is feasible) do

11: W .= statement preceding statement W

12: Statement W is surrounded by m loops with variables w = (wy, ..., wp)

13: (# Here unfixed zone consists of loops with depths from FizLoops + 1 to n. *)

15: If (W is assignment statement and it writes to Arr(R.A)) then

16:  (* Find source function for instances of reference R.A[r,s] which are NoiCovered(r,s) *)
17:  Duf SameCell(w,r,s) := NotCovered(r,s) A R.A(r,s) = WB(w,s) A lsExecuted(W[w,s])
18:  Conjunct Wsub(w,r) := w(l..FizLoops] = r[1.. FizLoops] A (LessFlag = wpisLoopst1 < IPisLoopst1)
19:  Dnf DepProb(w,r,s) := SameCell(w,r,8) A Wsub(w,r)

20:  Relation Cmaz := RelMaxl¢(W[w,s] — R.A[r, s]| DepProb{w,r,s))

9% If (SingleWrite) then

23: DepRel := DepRel U Cmez

24: NotCovered := NotCovered A -range(Cmaz)
25:  Else

26: WrMaz := RelMax2¢( WrMaz, Cmaz)

27: Endlf
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Algorithm

Algorithm Contd...

30: Elself (statement W is EndDo or Do i=) then (+ Enter loop body through its end )
31:  If (SingleWrite) then

32: If (statement W is Do i=) then

33: FizLoops := FizLoops — 1; lLessFlag := True
34: W := EndDo stmt for loop with header W
35: Else ( statement W is EndDo #)

36: LessFlag := False

3T: EndIf

38: WrMaz := {0}; SingleWrite := False

39: StopLoop := Do i= stmt of the loop whose EndDo stmt is W
40:  Elself (=SingleWrite A W = StopLoop) then

41: DepRel := DepRel U WrMaz

42: NotCovered := NotCovered A —range( WriMaz)
43: Single Write := True

44: EndIf

Lazy Array Data-Flow Dependence Analysis



Algorithm

Algorithm Contd...

50:  Elself (statement 1 is entry to the subroutine) then

51:  DepRel := DepRel U {Eniry = R.A[r,s]| NotCovered(r,s)}
52:  Break out of While loop 10

55: Elself (statement W is EndIf or Else or If (...) then) then
56:  (* Do nothing #)

60: Endlf

61:EndDo

62:Return (DepRel)
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Algorithm

Example for affine fragment

INTEGER rs, p, q, 1
DD ra& = 1, nrsa
DD g = 1, np
DO i =1, mb

S0: XRSIQ(i,q) = ©
END DO
END DO
DO p = 1, np
DO g =1, p
DO i= 1, mb Co:5 =5 |Ci:5 28 C:85 -5
81: XRSIQCi,q) = XRSIQCi,q) + ... — — —
s2: XRSIQCi,p) = XRSIQCi,p) + ... w = gr Qu =4 Pu =1r
END DO iy =iy fy =iy iy =i
END DO 1<g-<pr 1<¢, <pu,pr 1<guw<gr<pr
END DJ pr<np Pw,Pr SDP pr<np
1<i,<mb | 1<i <mb 1<i, <mb
END DO

{a) Fragment of subrountine OLDA from TRFD
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Algorithm

Example Contd...

The algorithm breaks a set of write statament instances into a sum
of disjoint subsets wy(r), ...,wns(r) such that for any r such that
R[r] is executed.

u)ns(r) <. K W2(r) < R(r)
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Algorithm

Example Contd...

SulrsropriGryie) | 1< rse <nrsAN1<q, < p, <npA1< i, <mb

Wz = S?.[”mpruq:'siw} 1 1<iy <ir
Silrsr, pro @ tu] |1 S <dr
wg = Sﬂ[”r.-?n?w.iw] |159w<9r A 1<iy <mb
S1[rse, Pry oy iu] | 190 <gr A 1<4, Sb
Ws = SZ{”rppmqw‘ l.w] | ISQW <Pu<pr A IS‘.W <mb
Sl[”rspwu'fwriw]ilng SPu<pr A lslw <mb
ws = So[rér, qu,u] | 1< gw <np A 1<4, <mb
W = Salrsu, Pu, Qo ful | 1<rse <rse A
1€qu<pw Sop A 124, <mb
S1[rsw, Puy Qu, iw) | 118, <rsp A
1€qu <pu Sop A 1<y <mb
Solrsw, qu,tu] | 1S rsy <rse A
1< <np A 1<i, <mb
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Algorithm

Example Contd...

NotCovered(r,s) = (1 <g. <pr -f_::np A 1<i, <mb).

wo: wg A €7 and we A {9 have no solutions. So we
doesn't contribute to dependence.

ws: Cy A wg 18 not feasible, but Cy A wg = (1<qy <
Pu=¢r=py <np A 1<iy, =1, <mb). Computing
RelMax1g (&[Pm"?w%] — S1[pr, g, ir} | C2 A wg)

we get

SETF:'-I‘F‘ = lri?‘] — Sl[Pn r ir] l
2<pr=gr<mp A 1<, <mb
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Algorithm

Example Contd...

Now we cover area 2<p, =¢.<np A 1<i. <mb
and therefore NotCovered = (pr=¢,=1 A 1<i,. <
mb) V (1<g,<pr<np A 1<i, <mb).

wq: (C2 A wa A NotCovered) = (1< gy Spuw=¢r <
pr <mp A 1< 4, =i, <mb). Maximum of this is
Salgr, ey 8] [ 1< ¢r <pr <np A 154 <mb.
(C1 A wa A NotCovered) = (1< gp =¢r < pu <
pr <1p A 1< iy =i, <mb) leading to maximum
Silpr = 1,gr,ir] | L<gr <pr<mp A 1<, <mb.
Then we use RelMax2¢ to compute maxg of two
source functions (Appendix A.2). The result is

S![Pf_laq”"r] _’Sl[pfaq”ir] I
2<p,<np A gr=p~1 A 1< i <mb

Sl[Pi_lnﬂ'n"r]_’Sl[prsqrxir] |
PrEmpAlLgSp—2A1<i <mb

(M

NotCovered = (pr=¢r=1 A 1 < i, < mb).
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Example Contd...

ws: (Co Awg A NotCovered) = (gu=g¢r=pr=1A 1<
ty =1r < mb). This easily computes to dependence
relation Sp[l,i:] = §i[1,1,4] |1 <é <mb. Fi-
nally NotCovered = False.

After wy step all the read instances of S} are covered
and we don’t have to compute dependences for wg and
any writes which textually precede Sy. The resulting
source function for S is given in (2).
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Non Affine Fragments

Non Affine Fragments

DDi=1,n
DO j=1, n
x = F(i,j)
50: IF (x)} THEN
51: (i) = ...
ELSE
82: A(jy = ...
ENDIF
83: coe = ACH)
END DO
END DO

(a) Non-affine IF condition

Lazy Array Data-Flow Dependence Analysis



Non Affine Fragments

Non Affine Fragments

DOi=1,n
DO j=1, n
x=F(,j)
31 Alx) = ...
§2: vae = A(X)
END DD
END DO

(b) Non-affine subscript function
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Non Affine Fragments

Fixed and Unfixed Zones

e Unfixed zone: Around statement S of depth d (denoted by
Unfixed(S,d)) is a loop nest which consists of statements
belonging to d innermost loops surrounding S.

o Fixed zone: Statements not belonging to UnFixed(S,d)
affect.
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Non Affine Fragments

D0Oi=1, n
DO j=1, n
x = F(i,3) Sifij] = Sl |1 < i< Az
S0:  IF (x) THEN I i |
Sor IFCOTHEN  gfif-Sfiil1<ii<nnns
ELSE o -
82: AGY = ... iy 1) = Sali )1 <y j < A 2(ig)
ENDIF Sali 5] = Safi, ] |1 4,5 < n A =a(iyj).
83: ... = A(j)
END DO
END DO
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Non Affine Fragments

@ To expand the search space only if non covered read instances
remain.

@ Compute the Upper bound on iteration space

@ Computing the Lower and Upper bound on dependence
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Non Affine Fragments

Conclusion

e Computes exact value based(data-flow) dependences for affine
program fragments

@ And good approximations of value based dependences for non
affine program fragments

@ Independent of program size

@ Depends on how many writes reach the read and on how
complicated the dependence relation is.
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