Sequential to Concurrent Transformation
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Sequential to Concurrent Transformation

x=y. xi=x+1. zi=y
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Sequential to Concurrent Transformation

x=y. xi=x+1. zi=y

start—— x:= y—> xi=x+1 —— z:= y——> finish
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Sequential to Concurrent Transformation

x=y. xi=x+1. zz=y

= x=y. (x=x+1 || z=y)

start—— x:= y—> xi=x+1 —— z:= y——> finish
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Sequential to Concurrent Transformation

x=y. xi=x+1. zz=y

= x=y. (x=x+1 || z=y)

start—— x:= y—> xi=x+1 —— z:= y——> finish

x:=x+1

e ~
N

start—— x:=y finish
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Sequential to Concurrent Transformation

x=y. xi=x+1. zz=y

= x=y. (x=x+1 || z=y)

start—— x:= y—> xi=x+1 —— z:= y——> finish

/\
\/

6/65



Sequential to Concurrent Transformation

x=y. xi=x+1. zi=y
= x=y. (x=x+1 || z=y)

= (x=y. xx=x+1) || z=y

start—— x:= y—> xi=x+1 —— z:= y——> finish

/\
\/
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Sequential to Concurrent Transformation

rules
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Sequential to Concurrent Transformation
rules

Whenever two programs occur in sequence, and neither assigns to a variable appearing in the

other, they can be placed in parallel.

example x=z y=z becomes x=z | y=z
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Sequential to Concurrent Transformation
rules

Whenever two programs occur in sequence, and neither assigns to a variable appearing in the

other, they can be placed in parallel.
example x=z y=z becomes x=z | y=z

Whenever two programs occur in sequence, and neither assigns to a variable assigned in the
other, and no variable assigned in the first appears in the second, they can be placed in

parallel.

example x=y. y:=z becomes x=y || y:=z
10/65



Sequential to Concurrent Transformation
rules

Whenever two programs occur in sequence, and neither assigns to a variable appearing in the

other, they can be placed in parallel.
example x=z y=z becomes x=z | y=z

Whenever two programs occur in sequence, and neither assigns to a variable assigned in the
other, and no variable assigned in the first appears in the second, they can be placed in
parallel; a copy must be made of the initial value of any variable appearing in the first and

assigned in the second.

example x=y. y:=z becomes ci=y. (x=c || y:=2)
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Buffer

produce = e b= peeeeeee
consume T ceescese X:= b. .......
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Buffer

prgduce —  eeeeens brm @eeeeeees
consume T ceescese X:= b ........

control = produce. consume. control

13/65



Buffer

produce = e b= peeeeeee
consume T ceescese x:: b ........
control = produce. consume. control
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Buffer

prgduce —  eeeeens brm @eeeeeees
consume T ceescese X:= b ........

control = produce. consume. control
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Buffer

produce = e b= peeeeeee
consume T ceescese X:= b ........
control = produce. newcontrol

newcontrol = consume. produce. newcontrol
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Buffer

produce = e b= peeeeeee
consume T ceescese X:= b ........
control = produce. newcontrol

newcontrol = (consume || produce). newcontrol
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Buffer

produce = e b= peeeeeee
consume T ceescese Xi= C*** e
control = produce. newcontrol

newcontrol = c¢:=b. (consume || produce). newcontrol
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Buffer

produce = e b= peeeeeee

consume T ceescese Xi= C*** e

control = produce. newcontrol

newcontrol = c:=b. (consume || produce). newcontrol
P

NN NN NN NS
NN NSNS NS
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Buffer

produce = oo bwi=e. wi= w1
consume = e x=br. ri=r+l-
control = w:=0. r:=0. newcontrol

newcontrol = produce. consume. newcontrol
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Buffer

produce = - bw=e. wi=w+]1:
consume = - x=br. ri=r+l---

control = w:=0. r:=0. newcontrol
newcontrol = produce. consume. newcontrol

P P P P P P P P P
NN N N N N N N N
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Buffer

produce = - bw=e. wi=w+]1:
consume = - x=br. ri=r+l---

control = w:=0. r:=0. newcontrol
newcontrol = produce. consume. newcontrol

|

P P P P P P P P P
SN N N N N N N

!
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Buffer

produce = - bw=e. wi=w+]1:

consume = - x=br. ri=r+l---

control = w:=0. r:=0. newcontrol

newcontrol = produce. consume. newcontrol
|

P

P
™~

!

P P P P P P P
NN N N N N N N
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Buffer

produce = - bw=e. wi=w+]1:
consume = - x=br. ri=r+l---

control = w:=0. r:=0. newcontrol
newcontrol = produce. consume. newcontrol

|

P P P P P P P P P
SN N N N N N N

!
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Buffer

produce = - bw:=e. w:=mod (W+1) n-+-----
consume = - x=br. rr=mod (r+1) n------
control = w:=0. r:=0. newcontrol

newcontrol = produce. consume. newcontrol
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Buffer

produce = - bw:=e. w:=mod (W+1) n------
consume = - x=br. rr=mod (r+1) n------
control = w:=0. r:=0. newcontrol
newcontrol = produce. consume. newcontrol
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L)
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od
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Insertion Sort

define

sort = (n- Vi,j:0,.nisj=Li<L}))
sort' (#L) <= sort0 = sort (#L)
sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=

31/65



Insertion Sort
define
sort = (n- Vi,j:0,.nisj=Li<L}))
sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=

if n=0 then

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=

if n=0 then

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=

if n=0 then

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=

if n=0 then ok

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=
if n=0 then ok

else

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=
if n=0 then ok

else if L (n—1) < L n then ok

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=
if n=0 then ok
else if L (n—1) < L n then ok

else

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define

sort = (n* Vi,j:0,.nisj=Li<L))

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=
if n=0 then ok
else if L (n—1) < L n then ok

else swap (n—1) n.

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define
sort = (n* Vi,j:0,.nisj=Li<L))

swap = {(i,j:0,.#L- Li:=Lj|| Lj:=L1i)

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=
if n=0 then ok
else if L (n—1) < L n then ok

else swap (n—1) n.

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

define
sort = (n* Vi,j:0,.nisj=Li<L))

swap = {(i,j:0,.#L- Li:=Lj|| Lj:=L1i)

sort' (#L) <= sort0 = sort (#L)

sort 0 = sort’ (#L) <= for n:=0;.#L do sort n = sort’ (n+1) od

sort n = sort' (n+l) <=
if n=0 then ok
else if L (n—1) < L n then ok

else swap (n-1) n. sort (n-1) = sort' nfifi

|

[LO ;L1 ;L2 ;L3 ;L4 ]
0 1 2 3 4 5
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Insertion Sort

S
C2—>852—Cl—>S1
D

gC3%S3%C2%52%C1%Sl>

gC4%S4%C3%S3%CZ S2 Cl S1
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Insertion Sort

S
C2—>852—Cl—>S1
D

gC3%S3%C2%52%C1%Sl>

gC4%S4%C3%S3%CZ S2 Cl S1

If abs (i—j)>1 then Si and S/ in parallel
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Insertion Sort

S 2—§2——C1——=S§1
C S S

gC3%S3%C2%52%C1%Sl>

gC4%S4%C3%S3%CZ S2 Cl S1

If abs (i—j)>1 then Si and S/ in parallel

If abs (i—j)>1 then Si and Cj in parallel
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Insertion Sort

S
C2—>852—Cl—>S1
D

gC3%S3%C2%52%C1%Sl>

gC4%S4%C3%S3%CZ S2 Cl S1

If abs (i—j)>1 then Si and S/ in parallel
If abs (i—j)>1 then Si and Cj in parallel

Ci and Cj in parallel
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Insertion Sort

S
C2—>852—Cl—>S1
D

gC3%S3%C2%52%C1%Sl>

gC4%S4%C3%S3%C2 S2 Cl S1

If abs (i—j)>1 then Si and S/ in parallel
If abs (i—j)>1 then Si and Cj in parallel

Ci and Cj in parallel

Cl=§1 Cl—=S§1 Cl=§1 Cl1-=S51

\C 2—S 2/ \C 2—S 2/’ \C 2—S 2/’
C3—=S53 C3—=§53

C 4—S 4
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Dining Philosophers
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life =

Pi
up i
down i

eat i

think i

Dining Philosophers

PO|P1|P2|P3|P4

think i. (up i|| up(i®1)). eati. (down i || down(i®1)). P i

chopstick i:= T
chopstick i:= L
(uses chopstick i and chopstick(i®1) )

(does not use any chopstick )
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Dining Philosophers

life = PO|P1||P2||P3|P4 <—

Pi = thinki. (upil|up(i®l)). eati. (downi || down(i®1)). Pi
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )
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life =

Pi
up i
down i

eat i

think i

Dining Philosophers

PO|P1|P2|P3|P4

think i. (up i|| up(i®1)). eati. (down i || down(i®1)). P i

chopstick i:= T
chopstick i:= L
(uses chopstick i and chopstick(i®1) )

(does not use any chopstick )
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life =

Pi
up i
down i

eat i

think i

Dining Philosophers

PO|P1|P2|P3|P4

think i. (up i|| up(i®1)). eati. (down i || down(i®1)). P i

chopstick ii=T €—
chopstick i:=1 <€—
(uses chopstick i and chopstick(i®1) )

(does not use any chopstick )
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life =

Pi
up i
down i

eat i

think i

Dining Philosophers

PO|P1|P2|P3|P4

think i. (up i|| up(i®1)). eati. (down i || down(i®1)). P i

chopstick i:= T

chopstick i:= L

(uses chopstick i and chopstick(i®1) )

(does not use any chopstick )

<—

<
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life =

Pi
up i
down i

eat i

think i

Dining Philosophers

po|p1||P2|P3|Ps X

think i. (up i|| up(i®1)). eati. (down i || down(i®1)). P i

chopstick i:= T
chopstick i:= L
(uses chopstick i and chopstick(i®1) )

(does not use any chopstick )
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life

Pi

up i
down i

eat i

think i

Dining Philosophers

(POvPl1vP2vP3vP4). lfe

thinki. upi. up(i®1). eati. downi. down(i®l)
chopstick i:= T

chopstick i:= L

(uses chopstick i and chopstick(i®1) )

(does not use any chopstick )
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life

Pi

up i
down i

eat i

think i

Dining Philosophers

(POvPl1vP2vP3vP4). life <—
thinki. upi. up(i®1). eati. downi. down(i®l)
chopstick i:= T

chopstick i:= L

(uses chopstick i and chopstick(i®1) )

(does not use any chopstick )

56/65



Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l) <—
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )
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Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l)
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )

(think i. think j) becomes (think i || think j) .

(think i. up j) and (up j. think i) become (thinki|| up j) .

(think i. down j) and (down j. think i) become (think i || down j) .
(think i. eat j) and (eat j. think i) become (think i || eat j) .

If i*j, (upi.upj) becomes (upil|upj).

If i*j, (upi.downj) and (down j.up i) become (up i|| down ).

If i*j, (downi.down j) becomes (downi || down j) .

If i*jAi®l%j, (eati.upj) and (upj.eati) become (eati| up j) .

If i+j A i®1%j, (eati.downj) and (down j.eat i) become (eati|| down ).
If i#j A i®1+j A i+j®1, (eati.eatj) becomes (eati || eatj) .
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Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l)
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )

(think i. think j) becomes (think i || thinkj) . <—

(think i. up j) and (up j. think i) become (thinki|| up j) .

(think i. down j) and (down j. think i) become (think i || down j) .
(think i. eat j) and (eat j. think i) become (think i || eat j) .

If i*j, (upi.upj) becomes (upil|upj).

If i*j, (upi.downj) and (down j.up i) become (up i|| down ).

If i*j, (downi.down j) becomes (downi || down j) .

If i*jAi®l%j, (eati.upj) and (upj.eati) become (eati| up j) .

If i+j A i®1%j, (eati.downj) and (down j.eat i) become (eati|| down ).
If i#j A i®1+j A i+j®1, (eati.eatj) becomes (eati || eatj) .
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Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l)
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )

(think i. think j) becomes (think i || think j) .

(think i. up j) and (up j. think i) become (thinki| upj). <—

(think i. down j) and (down j. think i) become (thinki|| downj). <—
(think i. eat j) and (eat j.think i) become (thinki || eatj). <—

If i*j, (upi.upj) becomes (upil|upj).

If i*j, (upi.downj) and (down j.up i) become (up i|| down ).

If i*j, (downi.down j) becomes (downi || down j) .

If i*jAi®l%j, (eati.upj) and (upj.eati) become (eati| up j) .

If i+j A i®1%j, (eati.downj) and (down j.eat i) become (eati|| down ).
If i#j A i®1+j A i+j®1, (eati.eatj) becomes (eati || eatj) .
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Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l)
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )

(think i. think j) becomes (think i || think j) .

(think i. up j) and (up j. think i) become (thinki|| up j) .

(think i. down j) and (down j. think i) become (think i || down j) .
(think i. eat j) and (eat j. think i) become (think i || eat j) .

If i*j, (upi.upj) becomes (upillupj). <—

If i*j, (upi.downj) and (down j.up i) become (up i|| down ).

If i*j, (downi.down j) becomes (downi || down j) .

If i*jAi®l%j, (eati.upj) and (upj.eati) become (eati| up j) .

If i+j A i®1%j, (eati.downj) and (down j.eat i) become (eati|| down ).
If i#j A i®1+j A i+j®1, (eati.eatj) becomes (eati || eatj) .
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Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l)
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )

(think i. think j) becomes (think i || think j) .

(think i. up j) and (up j. think i) become (thinki|| up j) .

(think i. down j) and (down j. think i) become (think i || down j) .
(think i. eat j) and (eat j. think i) become (think i || eat j) .

If i*j, (upi.upj) becomes (upil|upj).

If i+j, (upi.downj) and (downj.up i) become (upil| downj). <—
If i*j, (downi.down j) becomes (downi || down j) .

If i*jAi®l%j, (eati.upj) and (upj.eati) become (eati| up j) .

If i+j A i®1%j, (eati.downj) and (down j.eat i) become (eati|| down ).
If i#j A i®1+j A i+j®1, (eati.eatj) becomes (eati || eatj) .
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Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l)
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )

(think i. think j) becomes (think i || think j) .

(think i. up j) and (up j. think i) become (thinki|| up j) .

(think i. down j) and (down j. think i) become (think i || down j) .
(think i. eat j) and (eat j. think i) become (think i || eat j) .

If i*j, (upi.upj) becomes (upil|upj).

If i*j, (upi.downj) and (down j.up i) become (up i|| down ).

If i#j, (downi.down j) becomes (downi | downj). <—

If i*jAi®l%j, (eati.upj) and (upj.eati) become (eati| up j) .

If i+j A i®1%j, (eati.downj) and (down j.eat i) become (eati|| down ).
If i#j A i®1+j A i+j®1, (eati.eatj) becomes (eati || eatj) .
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Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l)
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )

(think i. think j) becomes (think i || think j) .

(think i. up j) and (up j. think i) become (thinki|| up j) .

(think i. down j) and (down j. think i) become (think i || down j) .
(think i. eat j) and (eat j. think i) become (think i || eat j) .

If i*j, (upi.upj) becomes (upil|upj).

If i*j, (upi.downj) and (down j.up i) become (up i|| down ).

If i*j, (downi.down j) becomes (downi || down j) .

If i*jAi®l%j, (eati.upj) and (upj.eati) become (eati| upj). <—

If i+j A i®1%j, (eati.downj) and (down j.eat i) become (eati|| down ).

If i#j A i®1+j A i+j®1, (eati.eatj) becomes (eati || eatj) .

<
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Dining Philosophers

life = (POvP1vP2vP3vP4.lfe

Pi = thinki. upi. up(i®l). eati. downi. down(i®l)
up i = chopsticki:=T

downi = chopsticki:=_1

eat i = (uses chopsticki and chopstick(i®1) )

thinki = (does not use any chopstick )

(think i. think j) becomes (think i || think j) .

(think i. up j) and (up j. think i) become (thinki|| up j) .

(think i. down j) and (down j. think i) become (think i || down j) .
(think i. eat j) and (eat j. think i) become (think i || eat j) .

If i*j, (upi.upj) becomes (upil|upj).

If i*j, (upi.downj) and (down j.up i) become (up i|| down ).

If i*j, (downi.down j) becomes (downi || down j) .

If i*jAi®l%j, (eati.upj) and (upj.eati) become (eati| up j) .

If i+j A i®1%j, (eati.downj) and (down j.eat i) become (eati|| down ).
If i#j A i®l+j A i+j®1, (eati.eat j) becomes (eati | eatj). <—
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