1

                                                Chapter 9:Advanced

                             Prog ram ming T echniq ues

                       A mixed bag of differ ent methods to

                       imp rove th e efficiency of find ing a

                       solution

2

                       Advanced Programmin g

u

           Extending the C on straint Solver

u

           Combining Sym bolic an d Arithmetic

           Reasoning

u

           Programming Optimization

u

           Hig her-Order Predicates

u

           Negatio n

u

           Dynamic Sched uling

3

                       Extending  the Sol ver

u

           CLP program provides a solver for user-

           defined constraints.

u

           Efficient on ly fo r certain modes o f us age as

           opp osed to primitive constraints

u

           Sometimes worth creating u ser-defined

           cons traints  which will be efficient in all

           mo des of usage

4

                                Solver Extension Examples

       Complex numbers x + iy represented as c(x,y)

c_ add(c (R1,I1), c( R2, I2), c(R3 ,I 3)) :-

                              R3  = R1  + R2, I3  =  I1  + I2.

c_ mult( c(R1,I1),  c (R2 ,I2), c(R 3, I3)) :-

                              R3  = R1 *R2 - I1* I2 , I 3 = R1*I2  +  R2*I1.

            ¯  Efficient in all modes of usage

            ¯  Only involves a fixed number of primitive

            constraints

5

                                Solver Extension Examples

          Sequence constraints (sequences represented by lists)

          non empty sequence, and concatenation of list of

          sequences equals a sequence

no t_emp ty([_|_]) .

co ncat( [S1],S1).

co ncat( [S1,S2|Ss ], S) :-

                              ap pend( S1,T,S), co nca t([S2|Ss] ,T ).

          ¯  concat is efficient only when all the sequences

          in the first argument are fixed in length

6

                                Solver Extension Examples

       Problems with solver extensions: user-defined

       constraints that involve search m ay behave badly

       E.g. Find two sequences L1 and L2 where L2 is not

       empty but their concatenation is empty.

       no t_emp ty(L2),co nc at( [L1,L2],L ), L = [].

          No solution, but the goal runs forever.

7

                                Stronger Con straint Solvers

          u

                     Imagine solving

          u

                        (X +2)*( X+2)*(X+2 ) = 0

          u

                     Answer is unknown (from CLP(R))

          u

                     But w e can prog ram a cons tr aint solver

                     (Newton-Raph so n method) to solve th e

                     pr oblem

                                                                                                                   ( )

                                                                                                                       x

+ =
2 0

3

8

                                Newton-Raphson Method

xi
f(x)
f(xi)

xi+1

  From guess xi  determine

  wher e the line of slope f´(xi)

  that passes thro ugh ( xi,f(xi) )

  hits the x  ax is. This is the

  next guess xi+ 1

                                  f( X,F) :- F = (X +2 )*( X+2)*(X+2 ).

                                  df (X,F)  :- F = 3 *( X+2 )*(X+2).

       Need user-defined constraints for the function and its

       derivative

9

                                Newton-Raphson Pro gram

so lve_n r(E,X0,X0 ) :-

                              f( X0,F0 ), -E <= F0 , F 0 <= E.

so lve_n r(E,X0,X)  : -

                              f( X0,F0 ), df(X0, DF 0),

                              F0  = DF 0 * X0 + C,  0 = DF0 * X 1 + C,

                              so lve_n r(E,X1,X) .

     so lve_n r(E,Xo,X)

                                                                                                     returns value X  where | f(X) | <= E

     Mode of usage is first and second arg fixed.

     Note use of constraint solving to determ ine C  and X1

10

                       Combining Symbolic and

                       Arithmetic R easoni ng

u

           Tree constraints give s ym bolic reaso ning

u

           We can combine both s ymbo lic and

           arithmetic reas oning

u

           E.g. repres en ting  mathematical expres sions

               u

                        plus(x,y) ==

               u

                        minus(x,y) ==

               u

                        mult(x,y) ==

               u

                        power(x,y) ==

               u

                        etc.

                                                                                                x y

                                                                                             x y

                                                                                                      ´

                                                                                                  x y

                                                                                                           -

                                                                                             x y

                                                                                                      +

11

                       Evaluating an Expression

     ev aln(x ,X,X).

     ev aln(N ,_,N) :- ar ith metic(N).

     ev aln(p ower(X,N) ,X ,E)  :- E = p ow er(X,N).

     ev aln(p lus(F,G), X, EF+ EG) :-

                                   ev aln(F ,X,EF), e va ln( G,X,EG).

     ev aln(m ult(F,G), X, EF* EG) :-

                                   ev aln(F ,X,EF), e va ln( G,X,EG).

ev aln(T ,X,V)

                                                                         gives value V  of an expression T  in

variable x , using value X for  x.  For example

ev aln(p lus(power (x ,2) ,3),X,E)

 gives E X= +2 3

12

                       Symbo lic Differen tiation

                 de riv(x ,1).

                 de riv(N ,0) :- ar it hme tic(N).

                 de riv(p ower(x,N) ,m ult (power(x, N1 )) :-

                                               N1  = N - 1.

                 de riv(p lus(F,G), pl us( DF,DG)) : -

                                               de riv(F ,DF), der iv (G, DG).

                 de riv(m ult(F,G), D)  :-

                                               D = plu s(mult(DF ,G ),m ult(f,DG) ),

                                               de riv(F ,DF), der iv (G, DG).

  de riv(T ,DT)

                                                                     gives expression DT  which is the

  differentiation of T  wrt x . For example

          deriv(pl us (po wer(x,2), 3) ,D)

  D = plu s(power(x ,1 ),0 )

13

                                Newton-Raphson Revisited

ds olve( E,F,X0,X)  : - d eriv(F,DF ),

                              so lve_n r(E,F,DF, X0 ,X) .

so lve_n r(E,F,DF, X0 ,X0 ) :-

                              ev aln(F ,X0,F0), -E  <=  F0, F0 < = E.

so lve_n r(E,F,DF, X0 ,X)  :-

                              ev aln(F ,X0,F0), ev aln (DF,X0,DF 0) ,

                              F0  = DF 0 * X0 + C,  0 = DF0 * X 1 + C,

                              so lve_n r(E,F,DF, X1 ,X) .

     Use symbolic differentiation to determine derivative

     dsolve(0.001,plus(power(x,2),plus(mult(3,x),2),5,X)

     gives answer X = -1

14

                                Prog ram ming O ptimization

          u

                     Optimization algo rithm s can be

                     pr ogram med just as constraint solvers

          u

                     Examples

                         u

                                  Branch and Bound minimization

                         u

                                  Optimistic partitioning

15

                                Prog ram ming Branch+Boun d

          u

                     Predicate
                                                                   bo unded _prob
defines the problem

                     constraints with bounds

          u

                     minimize f subject to f < current best and bounded

                     problem (for current bounds)

          u

                     examine the solution

                         u

                                  if all integer return as new  best solutio n

                         u

                                  otherwise add new bounds th at split on first no n-integer

                                  variable, try lower bou nd sp lit then upp er bou nd sp lit

16

                                   Opti mistic Partitioning

            u

                       Rather than s earch th e en tire space

                           u

                                     first try finding a solution in the lower half of

                                     range for the objective function

                           u

                                     only if that fails try the upper half

            u

                       Can avoid  finding a long chain of s lightly

                       better answers

            u

                       Example o n the scheduling program

17

                                   Opti mistic Partitioning

  sp lit_m in(Data,M in 0,M ax0,JL0,J L)  :-

     Mid = (Min0+M ax 0)/ /2,

     (Min 0 <= End,  E nd <= Mid,

      sch edule(Dat a, End ,JL1), in do main(End)->

                                Ma x = E nd-1,

                                sp lit_m in(Data,M in 0,M ax,JL1,JL )

     ; (M id+1 <= E nd , E nd <= Max 0,

        s chedule(D at a,E nd,JL1),i nd omain(End)->

       Min  = Mid+1,  M ax = End-1,

                                    spl it_min(Da ta ,Mi n,Max,JL1 ,J L)

     ;  J L = JL0)) .

JL0  is the  current b est solution , JL  the min imal  so lution

18

                                   High er-Order Predicates

            u

                       higher-order predicates take a con straint

                       or  goal as an arg ument

                           u

                                     e.g. once, if-then-else

            u

                       goals can be represented using terms , e.g.

                           u

                                     me mber( X,L1),X=Y ,m emb er(Y,L2)

                                                                                                                 ,

                                                              member ,

member

                                                  X L1 =

X Y Y L2

19

                              Call

        u

                   built-in literal
                                                                                               call(G)

 acts like the goal G

        u

                   req uires that G  is constrained to be a term

                   with the syntax of a go al when executed

        u

                   Examples

                       u

                                X = mem ber(A,[a, b] ), call(X)

                       u

                                has answers A = a  and A = b

                       u

                                on ce(G)  :- (call (G ) - > true ; fa il).

                       u

                                defines once in terms  of if-then-else

20

                              Negation

        u

                   Important higher-order pred icate
not(G)

        u

                   Useful to have the negation  of a u ser-

                   defined predicate e.g. member, not_member

        u

                   Drawback it only works  as ex pected in q uite

                   res tr icted m odes of usage

21

                              Negation

u

           neg ative literal: not( G )

u

           if G  succeed s then fail otherwise succeed

u

           neg ation derivation step : G1  is L1, L2, ...,

           Lm, where L1  is no t( G )

u

           if  <G | C1> succeeds C2 is  false, G2 is  []

               u

                        else  C2 is  C1, G2 is  L2, ..., Lm

22

                       Negation

u

           Implementing disequality

u

           ne (X,Y)  :- not(X =Y ).

u

           Goal
                                    X = 2, Y = 3, ne(X,Y)
succeeds

u

           Goal
                                    X = 2, Y = 2, ne(X,Y)
fails

u

           Goal
                                    X = 2, ne (X,Y), Y = 3
fails!

                    n e X Y X Y

                n o t X Y X Y

                                       X Y

                         X Y X Y

                                                     f a l s e

                            ( , ) |

                           ( ) |

                               [ ] |

                                            |

                                            [ ] |

                                                          = Ù =

                                                      ß

                                      = = Ù =

                                                      ß

                                               = Ù =

                                 = = Ù =

                                                      ß

                                                                 2 3

                                                                     2 3

                                                     2 3

                                                             2 3
n e X Y Y X

n o t X Y Y X

f a l s e

X Y X

X X Y

( , ) , |

( ) , |

[ ] |

|

[ ] |

= =

ß

= = =

ß

= =

ß

= Ù =

3 2

3 2

2

2

23

                       Safe Negation

u

           A neg ative literal is gu aranteed to  act rig ht

           (as  th e n egationo f its argument) wh en the

           goal is fixed  (has  no var iables)

u

           Oth erwis e pro blems  with solver

               u

                        Y* Y=4, Y >= 0, n ot (Y >= 1)

 fails!

               u

                        X < 0, Y > 1, Z > 2, not(X=Y*Z )

 fails!

u

           One o ther u sage (testing compatibility)

               u

                        is _comp atible(G)  : - n ot(not(G) ).

               u

                        true if (non-fixed) G  is compatible with store

24

                       Dynamic Schedul ing

u

           Because answers  do not depend on the

           executio n order of literals we can relax  the

           or der of processing

u

           Dynamic s cheduling allows the ex ecution  of

           us er-defin ed constraints to be delay ed  until

           the arguments represent a safe m ode of

           us age

25

                                        Dynamic Schedul ing Exampl e

:-  dela y_until(g ro und (X) and g ro und(Y),ne(X,Y) ).

ne (X,Y)  :- not(X  =  Y) .

                 Delays the execution of ne literals until the mode of

                 usage is safe (both arguments are fixed).

                                         n e X Y X Y

                                    n o t X Y X Y

                                                               X Y

                                               X Y X Y

                                                                               f a ls e

                                                  ( , ) |

                                                 ( ) |

                                                      [ ] |

                                                                    |

                                                                     [ ] |

                                                                                     = Ù =

                                                                                ß

                                                              = = Ù =

                                                                                ß

                                                                        = Ù =

                                                        = = Ù =

                                                                                ß

                                                                                            2 3

                                                                                                 2 3

                                                                               2 3

                                                                                        2 3
n e X Y Y X

n e X Y X Y

n o t X Y X Y

X Y

X Y X Y

f a l s e

( , ) , |

( , ) |

( ) |

[] |

|

[] |

= =

ß

= Ù =

ß

= = Ù =

ß

= Ù =

= = Ù =

ß

3 2

2 3

2 3

2 3

2 3

26

                                        Delay Con ditions

                 u

                            takes a constraint and returns true  or false,

                            if true it is  s aid to ena ble  the con dition

                 u

                            primitive delay condition :

                                u

                                          gr ound( X)

                                                                                               : X  takes a fixed value

                                u

                                          no nvar( X)

                                                                                               : X  cannot take all values

                                u

                                          as k(c)

                                                                              : the constraint implies c

                 u

                            delay condition : primitiv e delay or

                                u

                                          Co nd1 a nd Cond2

: both conditions hold

                                u

                                          Co nd1 o r Cond2

: either condition holds

27

                                        Delaying Li tera ls

                 u

                            delaying literal :

                                                                                                                        de lay_u ntil(Cond ,G oal )

                 u

                            Evaluatio n of Go al  will delay u ntil the

                            cons traint store enables  Cond

                 u

                            Two f orms

                                u

                                          predicate-based : for all user-defined

                                          constraints for predicate p

                                u

                                          :-  dela y_until(

Cond
,p (X))

                                u

                                          goal-based : for a particular user-defined constr.

                                u

                                          .. ., de lay_until (

Cond
,p(X)), ...

28

                       Delaying Li tera ls

u

           Can mimic goal-based with predicate based

           and v ice-versa. Examine predicate-based

u

           How do delaying literals execute

u

           We need to slightly mo dify the executio n

           strategy

29

                       Selection Derivation

u

           A literal Li  is selected for rewriting by a

           selection strategy

u

           derivatio n step : G1  is L1,..., Li, .. ., Lm

               u

                        Li  is a primitive constraint, C2  is C1 /\ Li

                              u

                                     if  solv(C /\ Li) = false  then  G2 =  []

                              u

                                     else  G2 = L1,...,Li-1,Li+1, ..., Lm

               u

                        Li  is a user-defined constraint, C2  is C1  and G2

                        is the rewriting of G1  at Li  using some rule and

                        renaming

30

                       Selection Derivation + Delay

u

           Literal selection strategy is safe  if it only

           selects u ser-def ined cons traints
p( X)

 with a

           delay declaratio n

               u

                        :-  dela y_until(

                                                                                                                  Cond
,p (X))

u

           if the s tore enables Cond

u

           Sometimes in a s tate < G|C > no liter al can

           be selected, th e state is floundered

u

           A derivation with floundered final state is

           successfu l with answer G /\ C

31

                                          Delaying Program

          no t_emp ty([_|_]) .

          co ncat( [S1],S1).

          co ncat( [S1,S2|Ss ], S) :-

                                        ap pend( S1,T,S), co nca t([S2|Ss] ,T ).

          :-  dela y_until(n on var (X) or no nv ar(Z),

                                                                                                    ap pend( X,Y,Z))

          ap pend( [],Y,Y).

          ap pend( [A|X],Y,[ A| Z])  :- appen d( X,Y,Z).

          Th e string  con straint solver but where append  is d elayed

32

                                          Derivation with Delay

not empty L concat L L L L true

concat L L L L L

                                                                                                                      append L T L concat L T L L

append L T L L L T L

append L T L L T L L

false

_ ( ) , ([ , ], ), []|

([ , ], ) , []| [_ | _ ]

( , , ), ([ ], ) , []| [_ | _ ]

( , , ), [] | [_ | _ ]

( , , ) | [_ | _ ] []

[]|

2 1 2

1 2 2

1 2 2

1 2 2

1 2 2

=

ß

= =

ß

= =

ß

= = Ù =

ß

= Ù = Ù =

ß

Goal:

no t_emp ty(L2),

co ncat( [L1,L2],L ),

L = [].

     Note that the

     derivation runs

     forever if there is no

     delay condition.

33

                                          Floundered D eriva tion

                                                                                                      concat L L L true

                                                                              append L T L concat L T true

                                                                                                     append L T L T L

([ , ], ) |

                                                                                                        ( , , ), ([ ], ) |

( , , )|

1 2

                                                                                                                1 2

1 2
ß

ß

=

                      In the final step there is no literal that can be selected

                      Successful derivation answer

                                                    append(L1,T,L) /\ T = L2

                      or simplified  append(L1,L2,L)

34

                                   Delay for Writi ng Solvers

:-  dela y_until(( gr oun d(X) and gr ound(Y)) or

                                                                                          (g round (X) and g ro und (Z)) or

                                                                                          (g round (Y) and g ro und (Z)),

                                                                                          an d(X,Y ,Z))

an d(0,0 ,0).

an d(0,1 ,0).

an d(1,0 ,0).

an d(1,1 ,1).

  Boolean solving by local propagation. The constraint

  and(X,Y,Z) makes Z = X /\ Y it waits until two of the

  three are known before executing

35

                                   Delay for Solvers

     Goal:
                                 an d(A1, A2,0), an d( A1, 1,A3), an d( 1,0,A3)

     has 13 states in the simplified derivation tree using delay

     and 29 states without using delay

                                                    and A A and A A and A true

                                                                       and A A and A A A

                                                                                 and A A A A

                                                                                               A A A

                                                                  ( , , ), ( , , ), ( , , ) |

                                                                                    ( , , ), ( , , ) |

                                                                                              ( , , ) |

                                                                                      []|

                                                                           1 2 0 1 1 3 1 0 3

                                                                                             1 2 0 1 1 3 3 0

                                                                                                       1 2 0 3 0 1 0

                                                                                                    3 0 1 0 2 0
ß

=

ß

= Ù =

ß

                                                                                                          = Ù = Ù =

36

                                   Advanced Programmin g

                                   Techniques Summ ary

            u

                       Extending the con straint solv er is

                       straightfo rward in CLP, but us ually  they

                       have restricted m odes  of usag e

            u

                       Meta-programming and dynamic scheduling

                       pr ovide way s of m aking them  more robust

            u

                       Similarly new optimization can  be

                       pr ogram med

            u

                       Negatio n is useful is modelling b ut of

                       res tr icted usefulness  as provided in CLP