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U000 0dddddnndConcurrent Logic
Programming, Concurrent LPL]

cf. Algorithm = Logic + (external) Control
(Robert Kowalski, 1979)
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appenc

appenc

(L1.Y.Y).
([AIX].Y,.[AlZ]) - a

opend(X,Y,2).

D000 0o00dotdndresolutiond [

HRERERN

JoooddborL

- append(X,Y,[P,Q,R]).
— {X=[1, Y=[P,Q,R]1}, {X=[P], Y=[Q,R]},
{X=[P.Q], Y=[R]}, {X=[P,Q,R], Y=[1}.

Yes-Noll U 0 vs. U U OO O
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Y (append([],Y,Y)) O
OXOYOZ(append(X,Y,Z2) O append([A]|X],Y,[A]lZ]))

|= append([P].[Q.R].[P.Q,R])

00000 £x=[1,2], Y=[3]y 000000
N00000000000000000
{X=[P,Q], Y=[R} 00000000000
00
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1O :- append(X,Y,[P,Q,R]) U U 0O 0O 0O L
{X=[P], Y=[Q.R]} LU UOUODLOOOLOOO O
L O append(X,Y,z) U U 0O 0O O

RelREREN

2=[P.Q.Rly DL LU UL AX=[PL Y=IQ.R1S
0000000000000 000000
100000000000 00O0Onon-
deterministic0 0 000000000
00000oOC B NoOo00o0o0n
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— [ 0O cf. Comm. ACM, March 1993[]
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One-Shot Inverter iIn GHC

21

not(In,Out) :- In=0 | Out=1.
not(ln,Out) :- In=1 | Out=0.

IN Out

Or more concisely:
not(0,0ut) :- true | Out=1.
not(1,0ut) :- true | Out=0.
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One-Shot NAND Gate

nand(0,Y,Out) :- true | Out=1.
nand(X,0,0ut) :- true | Out=1.
nand(1,1,0ut) :- true | Out=0.

X— Out

Y

Which rule will be selected If both X and Y
are 07?




Cascaded Inverters

23

- module main.
main :- true | not(Y,Z), not(X,Y),
tty: ttystream(|gett(X),putt([X,Y,Z]),nl]).
not(0,O0ut) :- true | Out=1.
not(1,0ut) :- true | Out=0.

X Pt D 2
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More on Inverters

Inverter accepting a sequence of input data

...10110 > ...01101

NOts

A sequence can be represented as a list.
Examples: [0,1,1,0,1]

[0,1,1,0,1]A]

L]
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More on Inverters

nots([], Y ) :-true | Y=]].
nots(JO|X],YO) :- true | YO=[1]Y], nots(X,Y).
nots([1]|X],YO) :- true | YO=[O0]Y], nots(X,Y).

Or, using “not”,

nots(|], Y ) - true | Y=[].
nots([A]X],Y0) :- true |
not(A,B), YO=[B|Y], nots(X,Y).
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More on Inverters

~ Behavior of “nots(X,Y)":

Input Output Rest
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More on Inverters

~ Behavior of “nots(X,Y)":

Input Output Rest




Factorial

factorial(X,Y) :- X=:=0 | Y:=0.

factorial(X,Y) :- X =0 |

X1:=X-1, factorial(X1,Y1), Y

N=120

N/

[ factorial(M, N)

=X*Y1.
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Factorial

factorial(X,Y) :- X=:=0 | Y:=0.
factorial(X,Y) :- X =0 |
X1:=X-1, factorial(X1,Y1), Y:=X*Y1.

M=5 N=120

28




Factorial

29

factorial(X,Y) :- X=:=0 | Y:=0.
factorial(X,Y) :- X =0 |

X1:=X-1, factorial(X1,Y1), Y:=X*Y1.

-

M=5 N=120
~ N N
g - M1=4 N1=24 1)
Y |
k[l\/|1:=|\/|—1] factorial(M1,N1) | [N::M*Nl]/




GHC (Guarded Horn Clauses)

30

Concurrent LP
= LP + directionality (of dataflow)
= logic + embedded concurrency control

GHC = Horn Clauses + Guards

(algorithm) (logic) (control)
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1000 X000 - X=Ff(Y) - X=Ff(5)
100 XOO - X=1 - X=2
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b oddbb oo
Jopodoboddboooddb oot

main :- true | not(X,Y), not(1,X).

Jopopoddboddbobodtbodd
oo oddb oo

main :- true | not(X,Y), not(Y,X).
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oo oddbbooddb o
b oddbb oo

main :- true | not(1,X), not(2,Y).

Jobooooddoobnboil=200 0
Joooddgbodddibn
cf. DU U OO0

main :- true | not(0,X), not(1,X).




— append

- module main.

main :- true | append([1,2,3],[4.,5],X).

append([], Y,Z ) :- true | Y=Z.

append([A]X],Y,Z0) :- true |
Z0=[A|Z], append(X,Y,Z2).

cf. Prolog

append(][], Y,Y ).
append([A]X],Y,[A]lZ]) :- append(X,Y,Z2).
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— length

Jooodd

length([], N) :- true | N:=0.
length(] _|LO],N) :- true |
length(LO,NO), N:=NO+1.

Jooddubodtdbt

length(L,N) :- true | length(L,0,N).

length([], NO,N) :- true | N:=NO.

length([ _|LO],NO,N) :- true |

N1:=NO0+1, length(LO,N1,N).

40



— list reversal

Jooodd

41

nreverse([], Lr) :- true | Lr=[].
nreverse([A|LO],Lr) :- true |

nreverse(LO,Lr0O), append(LrO,[A],Lr).

Jooddubodtdbt

reverse(L,Lr) :- true | reverse(L,[],Lr).

reverse([], S,Lr) :-true | Lr=S.

reverse([A|L],S,Lr) :- true |
reverse(L,[A|S],Lr).




— Insertion sort

Jooodd

sort([], S) - true | S=[].

sort([ X|LO],S) :- true |
sort(LO,S0), insert(X,S0,S).

insert(X,[1, R) :- true | R=[X].

iInsert(X,[Y|L], R) :- X=<Y | R=[X,Y]|L].

iInsert(X,[Y|LO],R) :- X =Y |
R=[Y|L], insert(X,LO,L).

42
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— Insertion sort

Jooodd

sort([], S) - true | S=[].
sort([ X|LO],S) :- true |

sort(LO,S0), insert([X],S0,S).
iInsert([X].[1, R) - true | R=[X].
insert([X],[Y|L], R) :- X=<Y | R=[X,Y]|L].
insert([X],[Y|LO],R) :- X =Y |

R=[Y]|L], insert([X],LO,L).
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Prefix Sum

gen(100,Ms)

Ms

sum(Ms,Ns)

NS
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Prefix Sum

sum(Ms,Ns)

NS

46
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Prefix Sum

NS

sum(Ms,Ns) 4|—>

Ns=[1]|Ns’]
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Prefix Sum

NS

sum(Ms,Ns) 4|—>

Ns=[1]|Ns’]
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Prefix Sum

NS

sum(Ms,Ns) 4|—>

Ns=[1]|Ns’]
[
Ns’=[3|Ns’’]
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Prefix Sum

NS

sum(Ms,Ns) 4|—>

Ns=[1]|Ns’]
[
Ns’=[3|Ns’’]
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Prefix Sum

NS

sum(Ms,Ns) 4|—>

Ns=[1]|Ns’]
[
Ns’=[3|Ns’’]
[
Ns”’=[6]|Ns’’]
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Prefix Sum

NS

sum(Ms,Ns) 4|—>

Ns=[1]|Ns’]
[
Ns’=[3|Ns’’]
[
Ns”’=[6]|Ns’’]
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Prefix Sum

NS

sum(Ms,Ns) 4|—>

Ns=[1]|Ns’]
Ns’:[:l’>| Ns™']
Ns”=[EIS|Ns”’]

Ns”’=[1:O|Ns””]




Printing Prime Numbers

47

Ps

outconv(Ps,Os)

—{tysream(on)




Printing Prime Numbers

Ps

outconv(Ps,Os)

Os
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Printing Prime Numbers

Ps

outconv(Ps,Os)

Os

47
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Printing Prime Numbers

Ps

Os

Os=[putt(2),nl|Os’]
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Printing Prime Numbers

Ps

Os

Os=[putt(2),nl|Os’]
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Printing Prime Numbers

Ps

Os

Os=[putt(2),nl|Os’]
[
Os’=[putt(3),nl|Os”’]
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Printing Prime Numbers

Ps

Os

Os=[putt(2),nl|Os’]
[
Os’=[putt(3),nl|Os”’]




Printing Prime Numbers

47

Ps

outconv(Ps,Os)

_

Os=[putt(2),nl|Os’]

Os’=[putt(3),nl|Os”]

Os”=[putt(5),nl]Os’’]



Printing Prime Numbers

47

Ps

outconv(Ps,Os)

_

Os=[putt(2),nl|Os’]

Os’=[putt(3),nl|Os”]

Os”=[putt(5),nl]Os’’]



Printing Prime Numbers

47

Ps

outconv(Ps,Os)

_

Os=[putt(2),nl|Os’]

Os’=[putt(3),nl|Os”]

Os”=[putt(5),nl]Os’’]

Os™=[putt(7),nl|Os""]
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Twin Primes

Ps Ts
primes(Max,Ps) —» twins(Ps,Ts) —»
T Ts=[twin(3,5)]|Ts’]
Max=300

Ts'=[twin(5,7)|Ts”’]

Generate a stream
of twin primes up
to a given number.  Ts=[twin(17,19)|Ts""]
(cf. differential

programming)

Ts”=[twin(11,13)|Ts"’]



Hamming’s Problem

Generate an ascending sequence of natural

numbers (< 1000) of the form 2! x 3M x 5N
(I, m, n=0) . Do not use integer division.

49
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Prolog vs. GHC

Prolog
[ LPO

GHC
[ 1 Concurrent LPLI

N
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Tranformational vs. Reactive

00000 O deterministic 1 [
transformational [ [ [

Prolog [0 [J nondeterministic U 0 0 0 O O [
[1 transformational [ [ [J

GHC/KL1OOOOOODO O indeterminacy
10 0O reactive O O [
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Tranformational vs. Reactive

Transformational — one transaction

Reactive — possibly many tranactions
— Input may depend on output

l 3 l 3 l 3
L4 L4 L4
Yeans?® Yenns® Yeuns®

eumy eumy eumy
R S R e o s
- a | a | - |




client(Ps,...)

99



Ps

client(Ps,...)

Ps=[P|Ps’]
[

Ps’=[P’|Ps”]
[

Ps”=[P"|Ps’"]
i

ps(62)=

26



a7/

oo

[0,1,1,2,3,5,8, ...]

fi
fi

olazy(Ns) :- true | fiblazy( , ,NS).
olazy(_, ., [] :- true | true.

fi

olazy(N1,N2,[N3|Nsl]) :- true |
N3:=N1+N2, fiblazy(N2,N3,Nsl).
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Joooddbodd
Joooddbodd

counter(S) :- true | counter(S,0).
counter([],C) :- true | true.
counter(Jup(N)|S],C0O) :- true |

C:=CO+N, counter(S,C).
counter(|reset]S],C) :- true | counter(S,0).
counter([show(V)]|S],C) :- true |

V:=C, counter(S,C).




up(N): NODOOODODOODDOO

show(V): vl oddoood
Jooodgbn

- oddobbodtdibd
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OO tty:-ttystream(S) L L L
Joo0oo 10

60
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Jopopodoboddbbooddb i
HRERNRNRERE

merge([], YS, ZS) :- true | Zs=Ys.
merge(Xs, [1. ZS) :- true | Zs=Xs.
merge([A] Xs],Ys, Zs0) :- true |
Zs0=[A|Zs], merge(Xs,Ys,Zs).
merge(Xs, [A]Ys],Zs0O) :- true |
Zs0=[A|Zs], merge(Xs,Ys,Zs).
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(difference lists)

L,
L] [

]

HpEpE

L]

0L,

oo oddoboddbodd

] X1, ..., Xp(n20) 00O O
JobooodaobLd L,

HRERE

HRERN

cf. time vs. duration, position vs. displacement

Xl,...,Xn ?
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(difference lists)

.
[]
[]
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Quicksort

gsort(Xs,Ys) :- true | gsort(Xs,Ys,[]).
gsort([], Ys0O,Ys ) :- true | Ys=YsO.
gsort([ X]Xs],Ys0,Ys3) :- true |
part(X,Xs,S,L),

gsort(S,Ys0,[X]Ys2]), gsort(L,Ys2,Ys3).

part(_,[1, S, L) :-true | S=[], L=[].

part(A,[X]|Xs],SO,L ) :- A>=X | SO=[X]S],
part(A,Xs,S,L).

part(A,[X]Xs],S, LO) :- A< X | LO=[X]L],
part(A,Xs,S,L).
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Jo0ooododdoddect. Hoare 1978(
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Jo0ooododdoddect. Hoare 1978(
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Jo0ooododdoddect. Hoare 1978(

INs(5)

— @ ——8—0
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Jo0ooododdoddect. Hoare 1978(

INs(5)

E INs(5) E : :

. z z
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Jo0ooododdoddect. Hoare 1978(

INs(5)

—i—i a0

5 INs(5) E

e

- ins(6)

z . z
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Jo0ooododdoddect. Hoare 1978(
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Jo0ooododdoddect. Hoare 1978(

INS(6)

—@—8—8—0
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Jo0ooododdoddect. Hoare 1978(

INS(6)

: : E INs(8) E

z z .
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Jo0ooododdoddect. Hoare 1978(

INS(6)




Element process: .




Terminator process: ()
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Reduction of an Inverter

nots( A, B)

10
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Reduction of an Inverter

A=[1]A]

nots( A B)




Reduction of an Inverter

A=[1|A’]

nots([1]A’],B)
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Reduction of an Inverter

A=[1|A’]

nots([1]A’],B)
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Reduction of an Inverter

A=[1]|A’]

13




Reduction of an Inverter

A=[1]|A’]
B=[0]|B’]

t

{ nots(A’,B’) }

14
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00000 O 0000000 not(A,B)6
(6={A - [1|A']}) U000 not([1]P],R)
000000 o
Dol O oododbbbgddibfbbdd
LALUALB (A=[1]A’] O
[PLR(not(A,B)=not([1]|P],R)))
1oddgoooon (Maher, 1987)
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cUpboddb ot

(SO —c)
(SO c)

false true



HRERERNREREEE
10000 on

HRNRERERNREEE

store(X,5)
load (X)
store(X,6)
load (X)

HRERERERERNREEE
HRERNRERE

]

L
W 00 O
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oo dtdbb oo
10do0gogod

o000
tell(X=[2|Y]) -

X=[2]Y]
ask(X=[ 1) < v=[3]Z]
tell(Y=[3]Z]) - =L

ask(LA(X=[2]A])) <
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GHC

h:-true |B 00000000 OGHC

JUboobodbdbddnd

— cf. Plotkin, G. D., A Structural Approach to
Operational Semantics. DAIMI FN-19,
Computer Science Dept., Aarhus Univ.,

Denmark, 1981.







GHC

Configuration: B, C, V

—B:UUb0bOUObOOLDDOOOOOO O O

—C: bbb dbobodbdin

-V oo obooo o
»cf.UUOUOUOOOOO

—vars(B) U vars(C) O V

- B, UU0OOOOO initial configuration:

0 @ vars(Bg)

\*\
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PFc-c :0000000000POOO
10000000000000000

~ Plc Y. ¢ 000000
100o0o00ooood

"LE G C it cong)




HREREEE
P|-(B,CV) - (B,C'V"
P|-(B;UB,,CV) - (B{UB,,C'\V'

Jooodoodd (tell)

PH{ty=t,},CV) - @.CU{t; =t,}.V,
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000000 dddn (ask + reduction)

{h:=|B}UP |-
{b},C\V) - (B,CU{b =h},V Uvars(h :—| B),

if EFOC O Dvars(h)(b =h))

and vars(h:—|B)NV =@

II|_|I
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Jooodn —ooodd (SIMD)
Jooodo —doodd (MIMD)
MIMD U DO O OO OO O

- SIMDOUOOOOoU0oooon

Jopopoddboddbooddb i
o4 MIMD O O O O O
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oo oddtb oo

oo odddboodii
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» load, store
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» load, store
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(scalability)
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(scalability)

000 (speedup)
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(scalability)

L] [
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[]

10 (speec
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(scalability)

10 (speec

P)
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