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Software PipeliningIntrodu
tionS
heduling Cy
li
 CodeSo far only s
heduling of a
y
li
 
ode:
◮ List s
heduling of basi
 blo
ks
◮ Tra
e and superblo
k s
heduling of sequen
es of basi
 blo
ksWhat about loops? First approa
h:1. Unroll loop a number of times, obtaining an enlarged basi
blo
k as new body,2. list s
hedule this basi
 blo
k.



Software PipeliningIntrodu
tionLoop Unrollingfor (i=0; i < N; i++) {S(i)}rewritten intofor (i=0; i+4 < N; i+=4) {S(i);S(i+1);S(i+2);S(i+3)}for ( ; i < N; i++) {S(i);}Disadvantages: 
ode growth and no overlapping a
ross ba
k edge



Software PipeliningIntrodu
tionSoftware Pipelininggenerates a s
hedule that
◮ overlaps exe
ution of 
onse
utive iterations,
◮ initiates a new iteration in a �xed initiation interval, II ,
◮ respe
ts dependen
es

◮ within the same iteration and
◮ between several iterations � loop-
arried dependen
es,

◮ avoids resour
e 
on�i
ts.Advantages:
◮ higher throughput,
◮ minimal 
ode-size expansion.



Software PipeliningIntrodu
tionAnalogy to Hardware Pipelines
Instru
tion Pipeline: syn
hronous overlapped exe
ution of
onse
utive instru
tions,issue of new instru
tion in every 
y
le if no hazardsSoftware Pipeline: syn
hronous overlapping exe
ution of several
onse
utive iterations,one iteration issued every II 
y
les.



Software PipeliningIntrodu
tionA Software Pipeline � the Result of our Endeavour
Steady state

Prolog: initiates the pipeline

maximal parallelism

finishes remaining iterations

Kernel

Epilog



Software PipeliningIntrodu
tionTerminology and Generi
 NamesOperation: Ma
hine Operation, e.g. Load, Store, Addnames: a, b, 
 , . . .Instru
tion: Set of operations s
heduled at the same position,names: A,B ,C , . . .Laten
y: Exe
ution time of an operationDelay: Required distan
e between the termination of a andthe issue of b if (a → b)



Software PipeliningIntrodu
tionDelays as Fun
tions of Dependen
e TypeDelay for (a →dt b) depends on the laten
ies of a and b and dt.Assumptions:
◮ write-
y
le is the last,
◮ read-
y
les are any 
y
le but the last,
◮ in 
on
urrent reads and writes, read reads old 
ontent.delay 
onservativedu: laten
y(a) laten
y(a) a

bud: −1 + laten
y(a) − laten
y(b) 0 a

bdd: 1 + laten
y(a) − laten
y(b) laten
y(a) a

b



Software PipeliningIntrodu
tionS
hedulesS
hedule: Mapping from operations to positions (
y
les),names: σ, σ�at , σswp , . . .Note: We are overloading σ with two di�erent meanings:stati
: the s
hedule as produ
ed by the 
ompiler,dynami
: the dynami
 �unrolling� of this s
hedule.SW pipelines: loops s
heduled as SW pipelines are graphi
allyrepresented as a matrix:
◮ 
olumns for original iterations,
◮ rows for positions in the SW pipeline.



Software PipeliningIntrodu
tionA Simple Loop and Potentially Parallel Exe
ution
4: d[i] := c[i}

1: a[i+1] := a[i]+1;
2: b[i] := a[i+1]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}
od

for i:=1 to n do

1: a[i+1] := a[i]+1;
2: b[i] := a[i+1]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}

1: a[i+1] := a[i]+1;
2: b[i] := a[i+1]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}

1: a[i+1] := a[i]+1;
2: b[i] := a[i+1]/2;
3: c[i] := b[i] + 2;

for i:=1 to n do

Arrows represent dependen
es between instan
es of statements indi�erent iterations of the loop.



Software PipeliningDependen
esInter-iteration Dependen
ies (Loop Carried Dependen
ies)
Edges of the DDG are labelled with (depDist, delay)dependen
e distan
e: number of iterations between two dependenta

esses (0 for intra-iteration dependen
ies),delay: minimal number of 
y
les between the issue of twodependent operations.



Software PipeliningDependen
es

4: d[i] := c[i}

1

2

3

4

(0,1)

(0,1)

(0,1)

(1,1)

for i:=1 to n do

od

1: a[i+1] := a[i]+1;

2: b[i] := a[i+1]/2;

3: c[i] := b[i] + 2;



Software PipeliningDependen
es

}

1: a[i+1] := a[i]+1;
2: b[i] := a[i+1]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}
od

for i:=1 to n do

1: a[i+1] := a[i]+1;
2: b[i] := a[i+1]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}

1: a[i+1] := a[i]+1;
2: b[i] := a[i+1]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}

1: a[i+1] := a[i]+1;
2: b[i] := a[i+1]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}

1

2

3

4

(0,1)

(0,1)

(0,1)

(1,1)

T
I
M
E

I1:
I2:
I3:
I4:
I5:
I6:
I7:

1
2    1
3    2    1
4    3    2    1
4    3    2
4    3
4

Iterations
depDist

delay Prolog}

Epilog

for i:=1 to n do



Software PipeliningDependen
esAnother Loop
Prolog

1: a[i+2] := a[i]+1;
2: b[i] := a[i+2]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}

1

2

3

4

(0,1)

(0,1)

(0,1)

(2,1)

T
I
M
E

I1:
I2:
I3:
I4:
I5:
I6:
I7:

1    1
2    2    1    1
3    3    2    2    1    1
4    4    3    3    2    2    1    1
            4    4    3    3    2    2
                        4    4    3    3
                                    4    4  

ITERATIONS

delay

for i:=1 to n do
1: a[i+2] := a[i]+1;
2: b[i] := a[i+2]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}
od

for i:=1 to n do

depDist

1: a[i+2] := a[i]+1;
2: b[i] := a[i+2]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}

1: a[i+2] := a[i]+1;
2: b[i] := a[i+2]/2;
3: c[i] := b[i] + 2;
4: d[i] := c[i}

Epilog}

}



Software PipeliningDependen
esExamples of Dependen
esInstru
tions a and b o

ur 
onse
utively in the loop body.i is the loop 
ontrol variable.instr. a instr. b DDG ar
 Dep. type depDistm[i+2℄ := x; y := m[i℄; a −→ b du 2y := m[i+3℄; m[i℄ := x; a −→ b ud 3m[i℄ := x; y := m[i-2℄; a −→ b du 2y := m[i℄; m[i-3℄ := x; a −→ b ud 3y := t; t := x + i; a −→ b ud 0b −→ a du 1t = x + i; y := t; a −→ b du 0b −→ a ud 1y := x + i; y := t; a −→ b dd 0b −→ a



Software PipeliningDependen
esExamples of Dependen
esInstru
tions a and b o

ur 
onse
utively in the loop body.i is the loop 
ontrol variable.instr. a instr. b DDG ar
 Dep. type depDistm[i+2℄ := x; y := m[i℄; a −→ b du 2y := m[i+3℄; m[i℄ := x; a −→ b ud 3m[i℄ := x; y := m[i-2℄; a −→ b du 2y := m[i℄; m[i-3℄ := x; a −→ b ud 3y := t; t := x + i; a −→ b ud 0b −→ a du 1t = x + i; y := t; a −→ b du 0b −→ a ud 1y := x + i; y := t; a −→ b dd 0b −→ a dd 1



Software PipeliningDependen
esThe General Software-Pipeline S
heduling ProblemGiven:
◮ a loop with body L and l iterations,
◮ a p�times parallel ar
hite
ture.Wanted: E�
ient parallel s
hedule for Ll respe
ting thedependen
e and resour
e 
onstraints,
on
eptually, Ll (L unrolled l times) transformed into αKkω

K, the Kernel, body of a new loop,
α the Prelude,
ω the Postlude.A new iteration of the new loop is initiated after a �xed number of
y
les, 
alled the Initiation Interval, II .



Software PipeliningDependen
esS
heduling Constraints due to Dependen
esFor a, operation in L, let an be the instan
e of a in the n�th iterationConstraint for any s
hedule σ due to (a → b, depDist, delay):
σ(bm+depDist) ≥ σ(am) + delay

d
e
l
a
y

T

I

M

E

I t e r a t i o n s

with (a −→ b, ., delay)

with (a −→ b, ., 2)with (a −→ b, ., 1)am Earliest s
heduling positions for instru
tions binstru
tions independent of a



Software PipeliningDependen
esS
heduling due to Dependen
e Constraints 2
E

1

2

3

4

(0,1)

(0,1)

(0,1)

(1,1)

1

2

3

4

1

2

3

4

1

2

3

4

I t e r a t i o n

T

I

M

E

1

2

3

4

1

2

3

4

1

2

3

4

I t e r a t i o n

T

I

M

E

1

2

3

4

1

2

3

4

1

2

3

4

I t e r a t i o n

T

I

M

◮ dependen
e graph is unrolled, loop-
arried dependen
esinstantiated,
◮ operations are moved up while arrows still go downwards(respe
ting delays).



Software PipeliningDependen
esThe In�uen
e of the Dependen
e Distan
e
E

1

2

3

4

1

2

3

4
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T
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1
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(0,1)

(0,1)

(0,1)

(1,2)

I t e r a t i o n
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E

I t e r a t i o n

T

I

M



Software PipeliningDependen
esImpli
ations of the S
heduling Constraints
◮ bigger value of delay −→ later pla
ement of b in the s
hedule,
◮ bigger value of depDist −→ later instan
e of b 
on
erned −→more freedom to s
hedule,
◮ best a
hievable speedup depends on theslope = delay/depDist.

T

I

M

E

tthe steepest slope determines the s
hedule
amI t e r a t i o n s

am+e all instru
tions independent (doall loop)(0,1)(0,1)(0,1) (1,1)

sequential order enfor
ed the extreme 
ases
bm+dbm



Software PipeliningDependen
esRe
urren
eRe
urren
e is the dire
t or indire
t inter-iteration dependen
e of anoperation on itself (a 
y
le).Operation without re
urren
e: all instan
es 
an be exe
uted inparallel to ea
h other.Let Θ = {d1, . . . , dn} be an elementary 
y
le of the dependen
egraph on an operation a.delayΘ =
∑ni=1 delay(di )depDistΘ =
∑ni=1 depDist(di)



Software PipeliningDependen
esStrongly-Conne
ted Components in the Dependen
y GraphThe algorithm will 
onsider strongly-
onne
ted 
omponents of thedependen
y graph.Consequen
es of 
y
li
 dependen
e:
◮ any prede
essor is also a su

essor,
◮ topologi
al sorting has to be modi�ed to s
hedule operationswithout all prede
essors being already s
heduled,
◮ s
heduling an operation de�nes a deadline for all its su

essors



Software PipeliningDependen
esS
heduling Constraints due to Resour
es
Ea
h instan
e of an operation has other instan
es from su

essiveiterations exe
uted II , 2× II , 3× II , . . . 
y
les later.
=⇒ Con�i
ts on a resour
e in a single iteration must be avoided attimes that are multiples of II apart.
=⇒ Total s
hedule is 
on�i
t-free if within a single iteration noresour
e is used more than on
e at the same time modulo II .



Software PipeliningDependen
esIdentifying a KernelProblem: Dete
t a repeating pattern in a newly made s
hedule tomake it the kernel.
4: d[i] := b[i] % n;

1

2

3 4

(0,1)

(0,1) (0,1)

(1,1) I3:
I4:
I5:

1    1    1
2
3,4  2
     3,4   2
             3,4

ITERATIONS

I1:
I2:

T
I
M
E

for i:= 

1: a[i] := i * i;

2: b[i] := a[i] * b[i − 1];

3: c[i] := b[i]/n;Greedy s
heduling, i.e. s
heduling operation 1 as early as possible,does not form a kernel.



Software PipeliningDependen
esStagesS
hedule for a single iteration of the original loop, L, divided into asequen
e of stages of length II .Number of stages is the stage 
ount, SC .
Stage Count 3

1

2

3 4

(0,1)

(0,1) (0,1)

(1,1) I3:
I4:
I5:

1   
2     1
3,4   2    1
      3,4   2  
             3,4

ITERATIONS

I1:
I2:

T
I
M
E

STAGES

1
2
3,4



Software PipeliningDependen
esConstraints
1. dependen
ies and resour
e 
onstraints2. all operations from L o

ur on
e in K,3. width of K ≤ pGoal: |K| minimal



Software PipeliningDependen
esProperties of the Kernel
◮ K 
ontains operations of SC 
onse
utive iterations of L
◮ Initiation Interval, II = |K|, the distan
e between two
onse
utive iterations of the new loop,
◮ II = |K| is bounded from below by the slope, delay/depDist,where the ar
 
ontrolling the II is annotated with

(depDist, delay).Observation:
◮ Prelude starts SC − 1 iterations,
◮ Postlude �nishes SC − 1 iterations,
◮ all instru
tions of the original loop o

ur on
e in K.



Software PipeliningDependen
esExample (revisited)
Kernel

1

2

3

4

(0,1)

(0,1)

(0,1)

(2,1)

T
I
M
E

I1:
I2:
I3:
I4:
I5:
I6:
I7:

1    1
2    2    1    1
3    3    2    2    1    1
4    4    3    3    2    2    1    1
      4    4    3    3    2    2
                  4    4    3    3
                              4    4

ITERATIONS

delay Prolog}
depDist

Slope

} EpilogSlope is delay/depDist = 1/2 of loop-
arried dependen
e.



Software PipeliningDependen
esApproa
hesmove-then-s
hedule:move 
ode forwards/ba
kwards over loop ba
kedge toimprove s
hedule;Problem: whi
h operations to move and in whi
hmultipli
ity?s
hedule-then-move:�nd a s
hedule;transform 
ode a

ordingly
◮ unroll-while-s
heduling: Kernel Re
ognition
omplex bookkeeping of s
heduling staterequiredor
◮ generate and solve set of modulo 
onstraints:Modulo S
heduling



Software PipeliningModulo S
hedulingModulo S
hedulingTreats
◮ innermost loops
◮ one iteration of original loop (to start with; later tried withseveral 
opies if available parallelism allows)Basi
 steps1. 
ompute lower bound for II2. �nd s
hedule3. generate kernel 
ode4. generate prelude and postlude 
ode



Software PipeliningModulo S
hedulingLower Bound IIminIImin to be determined before s
heduling; starting value for iteration.Depends on the Resour
e Consumption of the operations and onDependen
es between the operationsIImin ≥ max {IIres , IIdep}where IIres = min{|σ| |σ 
on�i
t-free s
hedule}and IIdep = max
y
les Θ

{⌈ delayΘdepDistΘ ⌉}These terms will be explained in the following slides.



Software PipeliningModulo S
hedulingDetermining IIresReservation Table for ea
h operation O,RTO : 
y
les× resour
es → {0, 1} de�nes the resour
e
onsumption at ea
h 
y
le relative to issue time 0.Resour
es are
◮ Sour
e and Result Buses,
◮ Stages of fun
tional units.Later, during s
heduling used: S
hedule Reservation Table,(Modulo Reservation Table, MRT),re
ords whi
h resour
e is used by whi
h operation at a given timeof a s
hedule under 
onstru
tion.When an operation is attempted to be s
heduled at time t itsreservation table is translated by t anded onto the SRT to 
he
kfor resour
e 
on�i
ts.If no 
on�i
t, RTO is or'ed onto the 
urrent S
hedule ReservationTable.



Software PipeliningModulo S
hedulingComplexitiesComplexity of determining IIres depends on the type of resour
e
onsumptionSimple Reservation Tables: single resour
e in a single 
y
le at issue
y
leBlo
k Reservation Table: single resour
e for multiple, 
onse
utive
y
les starting at issue 
y
leComplex Reservation Table: all othersAlternative Reservation Tables: for operations exe
utable ondi�erent fun
tional unitsDetermining the minimal IIres is equivalent to binpa
king.



Software PipeliningModulo S
hedulingA Heuristi
sIgnore dependen
es.1. Sort operations of loop body in in
reasing order of number ofalternatives2. Take next operation a from the list; for ea
h resour
e r :add the number of times a uses r to usageCount(r),
hoose alternative with lowest (partial) maximal usage 
ountover all resour
esUsage 
ount for most heavily used resour
e 
onstitutes theapproximated IIres



Software PipeliningModulo S
hedulingDetermining IIdepLet Θ = {d1, . . . , dn} be an elementary 
y
le of the dependen
egraph delayΘ =
∑ni=1 delay(di )depDistΘ =
∑ni=1 depDist(di)Property of ea
h s
hedule σ and ea
h operation a from L

σ(am+i ) − σ(am) = II × i



Software PipeliningModulo S
hedulingDetermining IIdep (
ont'd)Resulting Constraint for IIdep: ∀Θ. depDistΘ × IIdep ≥ delayΘTransformed into:
∀Θ. IIdep ≥

⌈ delayΘdepDistΘ⌉Choose: IIdep = max
Θ

{⌈ delayΘdepDistΘ⌉}



Software PipeliningModulo S
hedulingComputing IIdep
Alternatives:

◮ Enumerate all elementary 
y
les and determinemaxΘ

{⌈ delayΘdepDistΘ ⌉}

◮ shortest-path algorithm
◮ minimal 
ost-to-time ratio 
y
le problem



Software PipeliningModulo S
hedulingAlgorithm for the minimal 
ost-to-time ratio 
y
le problemInput: IIminMinDist[i , j ] is the smallest legal interval between σ(i) and σ(j) inthe same iteration.InitializeMinDist[i , j ] =







−∞ if no edge from i to jmax(max{d |(a → b, 0, d)},max{delay(a) − depDist(e) × II | depDist(e) > 0})Iterate the minimal 
ost-to-time ratio 
y
le algorithm with in
reasingIImin:
◮ MinDist[i , i ] > 0: impossible =⇒ in
rease II
◮ MinDist[i , i ] < 0 for all i : =⇒ sla
k around every 
y
le =⇒de
rease II ;
◮ Termination, if at least for one i MinDist[i , i ] = 0.



Software PipeliningModulo S
hedulingIterative Modulo S
hedulingpro
edure ModuloS
heduleII = IImin; found := false;(* some heuristi
 
ontrol *)(* to enfor
e termination *)do if iterativeS
hedule(II,...)then found := trueelse II := II + 1until found
II := IImin

Find Schedule

Modulo

Schedule

Compute
IImin

with II

Increase
     II

valid invalid

S
heduling Priority: Basis is Height-based priority (assumesa
y
li
ity) extended for inter-iteration dependen
es.



Software PipeliningModulo S
hedulingInstru
tion S
heduling vs. Operation S
hedulingDi�eren
e: what is the subje
t of s
heduling?Instru
tion S
heduling Operation S
hedulinginstru
tion to be �lled operation to be s
heduledat ea
h point in time: sele
t an operation:sele
t max. number of 
andidateoperations that 
an be s
heduledand s
hedule them s
hedule it at a legal andpro�table positionModulo s
heduling uses operation s
heduling, sin
e operations mayhave to be s
heduled several times.



Software PipeliningModulo S
hedulingDi�eren
e of Modulo S
heduling to A
y
li
 List S
heduling
◮ Operation 
an be uns
heduled by ba
ktra
king =⇒operation 
an be s
heduled several times =⇒modulo s
heduling uses operation s
heduling.
◮ Modulo S
hedule Reservation Table,MRT [t mod II , r ] re
ords use of resour
e r at time t

=⇒ length of MRT = II
◮ 
on�i
t at time t =⇒ 
on�i
t at all times t ± n × II

=⇒ s
heduling only for a 
andidate interval
[MinTime,MaxTime] where MaxTime = MinTime + II − 1

◮ List S
heduling always �nds a time slot.Pro
edure TimeSlot might not �nd a legal s
hedule of the
urrent operation in the interval [MinTime,MaxTime] =⇒ba
ktra
king.



Software PipeliningModulo S
hedulingfun
tion IterativeS
hedule(...)fun
tion IterativeS
hedule(II, ...) boolean;var Op, Estart, MinTime, MaxTime, TimeSlot: int;begins
hedule(START, 0); (* START pseudooperation *)while list of non-s
heduled operations is not empty and ... dobeginOp := highestPriorityOperation;Estart := Cal
ulateEarliestStart(Op);MinTime := Estart;MaxTime := MinTime + II -1;TimeSlot := TimeSlot(Op, MinTime, MaxTime);S
hedule(Op, TimeSlot); (* may uns
hedule 
onfli
ting operations *)end;IterativeS
hedule := (list of non-s
heduled operations empty?)end;



Software PipeliningModulo S
hedulingfun
tion TimeSlot(...)fun
tion TimeSlot(Op, MinT, MaxT: int) int;var CurrTime, S
hedSlot: int;beginCurrTime := minT; S
hedSlot :=0;while S
hedSlot = 0 and CurrTime < MaxT doif Resour
eConfli
t(Op, CurrTime)then CurrTime := CurrTime + 1;else S
hedSlot := CurrTimefi;if S
hedSlot = 0then if (NeverS
heduled(Op) or MinT > PrevS
hedTime[Op℄then S
hedSlot := MinTelse S
hedSlot := prevS
hedTime[Op℄+1fi;TimeSlot := S
hedSlotend



Software PipeliningModulo S
hedulingHeight-based Priority and Earliest StartPriority fun
tion: height-based extended to 
y
li
 and inter-iterationdependen
es.Uses e�e
tive delay.E�Delay(p → q) = delay(p → q) − II ∗ depDist(p → q)HeightR(p) =







0 if p is STOPmaxq∈su

(p)(0,HeightR(q) + delay(p → q)
−II ∗ depDist(p → q)) otherwiseWarning: Re
ursion di�
ult to resolve!Estart(p) = maxq∈pred(p)







0 if q is non-s
heduledmax(0, S
hedTime(q)+delay(q → p) − II ∗ depDist(q → p)) otherwise



Software PipeliningModulo S
hedulingCandidate Time SlotsCorre
tness of s
hedule
◮ as for resour
e usage: guaranteed by MRT
◮ as for dependen
es: uses Estart,earliest time slot for operation to be s
heduledPe
uliarity in iterative modulo s
heduing:not all prede
essors may have been s
heduled or may have remaineds
heduledConstraints for s
heduling the 
urrent operation:
◮ dependen
es on prede
essors: Estart yields earliest slot
◮ dependen
es on su

essors: 
on�i
ts solved by uns
heduling



Software PipeliningModulo S
hedulingUns
heduling
◮ slot in [MinTime,MaxTime] found without resour
e 
on�i
t:uns
hedule operation with dependen
e 
on�i
t
◮ no slot in [MinTime,MaxTime] found without resour
e
on�i
t: 
hoose time slot + 
hoose operation to uns
hedule



Software PipeliningModulo S
hedulingIn
rease Exploitable Parallelism
◮ IF-
onversion to eliminate forward bran
hes
◮ Elimination of pseudo dependen
es introdu
ed by registerallo
ation
◮ Rotating registers or variable expansion



Software PipeliningModulo S
hedulingPredi
ated Exe
utionMotivation
◮ 
osts of spe
ulation:pro
essor speed is growingissue width is growingstati
 spe
ulation: more 
ode moved past bran
hes � more
ompensation 
ode inserteddynami
 spe
ulation: higher 
osts of mispredi
tion
◮ bran
hes limit ILP



Software PipeliningModulo S
hedulingPredi
ated Instru
tionsPredi
ated instru
tion add r1,r1,1 (P)
onditionally exe
uted depending on the value in predi
ate registerPExe
ution
◮ Normal instru
tion fet
h
◮ predi
ate true: normal exe
ution
◮ predi
ate false: instru
tion nulli�ed � no e�e
t on the state



Software PipeliningModulo S
heduling
Predi
ate-register setting instru
tionpred_<
omp> Pout,1(boolop1),Pout,2(boolop2), s1, s2, (Pin)1. Compares s1 with s2 a

ording to <
omp>,2. 
ombines the value of Pin with the result

◮ using boolean operation boolop1 to 
ompute Pout,1
◮ using boolean operation boolop2 to 
ompute Pout,2Available boolean operations: Un
onditional (U), 
onditional, NOT,AND, ANDNOT, . . .



Software PipeliningModulo S
hedulingIf-ConversionConditionals translated into predi
ated 
odeoutermost 
onditional:if-
onv( if 
omp(a,b) then e1 else e2 , true) =pred_
omp q1(U), q2(NOT U), a, b;if-
onv(e1, q1);if-
onv(e2, q2);where q1 and q2 are unused predi
atesnested 
onditionals:if-
onv( if 
omp(a,b) then e1 else e2 , p) =pred_
omp q1(AND), q2(ANDNOT), a, b, p;if-
onv(e1, q1);if-
onv(e2, q2);where q1 and q2 are unused predi
ates
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