Reversible Domains



First we start with a data structure you might not have heard of ...



sparsesets



Consider this:

* Avariablehas a domain of values

* Thisisfixed at the top of search

* Going down a branch of search the domain may decrease

 Goingdown a branchin search a domain never increases

* On abacktrack (up a branch) deleted values might be returned to the domain
 The sparse set goes some way to allowing this
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We represent a (unordered) set using two arraysand one pointer

value[i] = x : the ith element of the set is x

location[x] = i: x is the i!" valuein the set

last: is the position of the last value in the set

Values are removed from the set by swapping, and returned by resetting a pointer



last =4

location 0 1 2 3 4
value 0 1 2 3 4

new Domain(pb,0,4)




location
new Domain(pb,0,4)
value
location
remove(3)
value

last =4

3 4
3 4
last =3

4 3




last = 4

location 0 1 2 3 4

new Domain(pb,0,4)

value 0 1 2 3 4

location 0 1 2 L 3

remove(3)
value 0 1 2 4 3

We have swapped the values 3 and 4, i.e. the value 3 with the last valuein the set

e value: 4 goes where 3 was

* Jlocation:the value4 is now in the 3d position of the set
* location:the value 3 is now in the 4t position of the set
* |ast positionin the set is position 3

 Thevalue 3is notin the set!




_ location
new Domain(pb,0,4)
value
location
remove(3)
value
location
remove(1)
value

last =4

2 3 4
2 3 4
last =3
2 4 3
2 4 3
last =2
2 4 1




_ location
new Domain(pb,0,4)
value
location
remove(3)
value
location
remove(1)
value

location of value 0 is O
location of value 1 is 3
location of value 2 is 2
location of value 3 is 4
location of value 4 is 1

last = 4

2 3 4
2 3 4
last =3

2 4 3
2 4 3
last =2

2 4 1
2 1 3




_ location
new Domain(pb,0,4)
value
location
remove(3)
value
location
remove(1)
value

location of value 0 is O
location of value 1 is 3
location of value 2 is 2
location of value 3 is 4
location of value 4 is 1

last = 4

2 3 4
2 3 4
last =3

2 4 3
2 4 3
last =2

2 4 1
2 1 3

last positionis 2




_ location
new Domain(pb,0,4)
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_ location
new Domain(pb,0,4)
value
location
remove(3)
value
location
remove(1)
value

location of value 0 is O
location of value 1 is 3
location of value 2 is 2
location of value 3 is 4
location of value 4 is 1

last = 4

last positionis 2

Any thing beyond position 2 is not in the set




_ location
new Domain(pb,0,4)
value
location
remove(3)
value
location
remove(1)
value
location
remove(0)

value

last =4

1 2 3 4
1 2 3 4
last =3
1 2 4 3
1 2 4 3
last =2
3 2 4 1
4 2 1 3
last=1
3 0 4 1
4 0 1 3




Complexity:

remove(x) is O(1)

* aswap operation
contains(x) is O(1)

* islocation[x] <= last?
removeAllBut(x) is O(1)

e swap between x and whatis inlocation0

e setlasttobeO

* used for instantiation of a variable
removeBelow(x) is O(n) (amortised O(1))
removeAbove(x) is O(n) (amortised O(1))
min and max as above...




How could I go back to the way things were ... for example back to where we
were before we did all those removals?

location 2 3 0 L 1
value 2 4 0 1 3




How could I go back to the way things were ... for example back to where we
were before we did all those removals?

That’s how!

last =4

location 2 3 0 L 1
value 2 4 0 1 3




How could I go back to the way things were ... for example back to where we
were before we did all those removals?

O(1)

last =4

location 2 3 0 4 1
value 2 4 0 1 3




reversible variables



reversible variables

It’s all done with stacks



A reversible variable & a reversible integer

public class ReversibleVar 4

Problem pb;
int wvalue;
Stack<Integer> whenChanged;
Stack<Integer> priorValue;

public void restoreValue(){
whenChanged. pop();
value = priorValue.pop();




A reversible variable & a reversible integer

int wvalue;

public class ReversibleVar 4

Problem pb;

Stack<Integer> whenChanged;

value

Stack<Integer> priorValue;

public void restoreValue(){
whenChanged. pop();

= priorValue.pop();

A stack

of “worlds”




A reversible variable & a reversible integer

public class ReversibleVar 4

Problem pb;
int wvalue;
Stack<Integer> whenChanged;

Stack<Integer> priorValue;

public void restoreValue(){
whenChanged. pop();

—_

A trail (history) of values

value = priorValue.pop();




A reversible variable & a reversible integer

public class ReversibleVar 4

Problem pb;
int wvalue;
Stack<Integer> whenChanged;
Stack<Integer> priorValue;

public void restoreValue(){

whenChanged. pop();
value = priorValue.pop();




A reversible variable & a reversible integer

public class ReversibleVar 4

Problem pb;
int wvalue;
Stack<Integer> whenChanged;
Stack<Integer> priorValue;

public void restoreValue(){
whenChanged. pop();
value = priorValue.pop();

Backtrack ©




A reversible variable & a reversible integer

public class Reversiblelnt extends ReversibleVar {

public ReversibleInt(Problem pb,int initialValue)q{

this.pb = pb;

whenChanged = new Stack«<Integer:();
priorValue = new Stack<Integer:>();
value = initialValue;
whenChanged. push(pb.world);

h

public int getValue(){return wvalue;}

public void setValue(int x){
if (value != x && whenChanged.peek() != pb.world){
pb.trail.peek().add(this);
whenChanged.push(pb.world);
priorValue.push(value);

h

value = x;




A reversible variable & a reversible integer

public class Reversiblelnt extends ReversibleVar {

public ReversibleInt(Problem pb,int initialValue)q{

this.pb = pb;
whenChanged = new Stack«<Integer:();
priorValue = new Stack<Integer:>();

whenChanged. push(pb.world)
I

public int getValue(){return wvalue;}

public void setValue(int x){
if (value != x && whenChanged.peek() != pb.world){
pb.trail.peek().add(this);
whenChanged.push(pb.world);
priorValue.push(value);

h

value = x;




A reversible variable & a reversible integer

when[hanged.pu5h(pb.wnr1d];



A reversible variable & a reversible integer

whenihanged.pu5h{pb.wnrld};

pb is a Problem and world is just an integer, nothing fancy.
We might think of “world” as depth in search.
Top of search is world zero.



A reversible variable & a reversible integer

public class Reversiblelnt extends ReversibleVar {

public ReversibleInt(Problem pb,int initialValue)q{

this.pb = pb;

whenChanged = new Stack«<Integer:();
priorValue = new Stack<Integer:>();
value = initialValue;

whenChanged. push(pb.world);
'

public int getValue(){return wvalue;}

public void setValue(int x){

pb.trail.peek().add(this);
whenChanged.push(pb.world);
priorValue.push(value);

h

value = x;

if (value != x && whenChanged.peek() != pb.world){




A reversible variable & a reversible integer

public class Reversiblelnt extends ReversibleVar {

public ReversibleInt(Problem pb,int initialValue)q{

this.pb = pb;

whenChanged = new Stack«<Integer:();
priorValue = new Stack<Integer:>();
value = initialValue;

whenChanged. push(pb.world);
'

public int getValue(){return wvalue;}

public void setValue(int x){
if (value != x && whenChanged.peek() != pb.world){
pb.trail.peek().add(this);
whenChanged.push(pb.world);
priorValue.push(value);

h

value = x;




A reversible variable & a reversible integer

Is this a new (different) value and is it the first time the value has changed in this “world”?

public void setValue(int x){
|if (value != x && whenChangEd peek() != pb.world){|
pb.trail.peek().add(this);
whenChanged. push(pb.world);
priorValue.push(value);

}

value = x;




A reversible variable & a reversible integer

If “yes” ... the problem (pb) has a trail (and that’s a stack) push this reversible integer
onto the list that is at the top of the trail (this is the list of reversible that have changed
in this world).

public void setValue(int x){
if (value != x && whenChanged.peek() != pb.world){
| pb.trail.peek{}.add{thiE};I
whenChanged. push(pb.world);
priorValue.push(value);

}

value = x;




A reversible variable & a reversible integer

If “yes” ... on this reversible integer record when (what world) it changed and save of f
the value it had before making the change (yet another stack)

public void setValue(int x){
if (value != x && whenChanged.peek() != pb.world){
pb.trail.peek().add(this);
whenChanged. push(pb.world);
priorValue.push(value);

}

value = x;




A reversible variable & a reversible integer

Change that value (off coarse)!

public void setValue(int x){
if (value != x && whenChanged.peek() != pb.world){
pb.trail.peek().add(this);
whenChanged. push(pb.world);
priorValue.push(value);

I

I value = x;l

h



A problemis a problemis a problem



A problem (from the point of view of reversibles & worlds)

public class Problem {

S5tring name;

public Arraylist<IntVar»> wvariables;
Arraylist<Constraint» constraints;

public LinkedlList<Constraint>» revisionQueue;
public 5Stack<Arraylist<ReversibleVar»»> trail;
public Var{rdHeur wvoh;

public boolean trace;

public int world, solutions, nodes, falls;
public long cpulime;

IntVar[] var;

int[] wval;

public boolean firstProbe, propagationOn;
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A problem (from the point of view of reversibles & worlds)

public class Problem {

S5tring name;
public Arraylist<IntVar»> wvariables;
Arraylist<Constraint» constraints;
public LinkedlList<Constraint>» revisionQueue;
public 5Stack<Arraylist<ReversibleVar»»> trail;
public Var{rdHeur wvoh;
public boolean trace;

|public int world, |solutions, nodes, falls;
public lIong cpulime;
IntVar[] var;
int[] wval;
public boolean firstProbe, propagationOn;




A problem (from the point of view of reversibles & worlds)

public void pushWorld(){

trail.push(new Arraylist<ReversibleVar>());
world++;

h

public void poplorld(){
ArraylList<ReversibleVar:> current = trail.pop();

for (ReversibleVar v : current) v.restoreValue();
world--;



A problem (from the point of view of reversibles & worlds)

When we are going to try something ... that might not work

public woid pushWorld(){
trail.push(new Arraylist<ReversibleVar>());
world++;




A problem (from the point of view of reversibles & worlds)

Undoing all changes! Typical use is a backtrack.

public void popWorld(){
ArraylList<ReversibleVar:> current = trail.pop();
for (ReversibleVar v : current) v.restoreValue();
world--;




A constrainedinteger variable, IntVar, is then ...




A constrainedinteger variable, IntVar, is then ...

public class IntVar extends Var implements Iterable<Integer» {

public 5tring name;

public Arraylist<Constraint>» constraints;
public LinkedlList<Integer>» deletions;
Problem pb;

public Domain domain;

public IntVar(String name,int lwb, int upb,Problem pb){

this.name = name;

this.pb = pb;

domain = new Domain(pb,lwb,upb);
constraints = new Arraylist<Constraint>();
deletions = new LinkedlList<Integer:();

pb.variables.add(this);




A constrainedinteger variable, IntVar, is then ...

public class IntVar extends Var implements It~ X@\(

\\

public 5tring name;

public Arraylist<Constraint>» - C)SX:

public LinkedList<Integer*

Problem pb;

public Domain dom=" S;;

publlc Int"’ \('(Z) «c lwb, int upb,Problem pb){

new Domain(pb,lwb,upb);
-nts = new Arraylist<Constraint:>();
/<2t7 -EiﬂﬂS = new LinkedlList<Integer>();

ob.variables.add(this);



Implementation of Domain



d.remove(x)

public boolean remove(int x){
if (x < lwb || x > upb || 'contains(x)) return false;
int v = x - lwb;
int w = value[last.getValue()];
swap(value,last.getValue(),location[v]);
location[w] = location[v];
location[v] = last.getValue();
last.setValue(last.getValue() - 1);
if (isEmpty()) throw new CPException(“remove: "+ x +" The domain is now empty."”);
if (x == min.getValue()) min.setValue(getNewMin());
if (x == max.getValue()) max.setValue(getNewMax());
return true,



d.remove(x)

public boolean remove(int x){
if (x < lwb || x > upb || 'contains(x)) return false;
int v = x - lwb;
int w = value[last.getValue()];
swap(value,last.getValue(),location[v]);
location[w] = location[v];
location[v] = last.getValue();

= o L1 . W L] = T 3
if (x == max.getValue()) max.setValue(getNewMax());
return true,;



d.remove(x)

public boolean remove(int x){
if (x < lwb || x > upb || 'contains(x)) return false;
int v = x - lwb;

int w = value[last.getValue()];
swap(value,last.getValue(),location[v]);

location[w] = location[v];
location[v] = last.getValue();
last.setValue(last.getValue() - 1);

" The domain is now empty."”);

return true,;

int getNewMin(){
if (isEmpty()) throw new CPException(”Domain is empty.");
for (int i=min.getValue()-lwb;i<n;i++)
if (location[i] <= last.getValue()) return i + lwb;
return Integer.MAX VALUE;




d.remove(x)

Amotrized O(1)
public boolean remove(int x){

if (x < lwb || x > upb || 'contains(x)) return false;
int v = x - lwb;

int w = value[last.getValue()];
swap(value,last.getValue(),location[v]);

location[w] = location[v];
location[v] = last.getValue();
last.setValue(last.getValue() - 1);

" The domain is now empty.™);

return true,

int getNewMin(){
if (isEmpty()) throw new CPException(”Domain is empty.");
for (int i=min.getValue()-lwb;i<n;i++)
if (location[i] <= last.getValue()) return i + lwb;
return Integer.MAX VALUE;




d.removeAllBut(x)

public boolean removeAllBut(int x){
if (x < 1lwb || x > upb || !contains(x))
throw new CPException("removelll: The wvalue "+ x +" is not in the domain.™);
if (size() == 1) return false;
int v = x —|lwb;
int w = value[@];
swap(value,®,location|[v]);
location[w] = location[v];
location[v] = 8;
last.setValue(8);
min.setValue(x);
max.setValue(x);
if (isEmpty()) throw new CPException("Domain is empty.");
return true,;



d.removeAllBut(x)

int v
int w
swap(value,®,location|[v]);
location[w] = location[v];
location[v] = 8;

last.setValue(8);

min.setValue(x);

max.setValue(x);

if (isEmpty()) throw new CPException(
return true,

= X —|1wb;

Il
e
Qi
[
=
m

-
=
[—
ha w

"Domain is empty.");



d.removeAllBut(x)

O(1)

public boolean removeAllBut(int x){
if (x < 1lwb || x > upb || !contains(x))
throw new CPException("removelll: The wvalue "+ x +" is not in the domain.™);
if (size() == 1) return false;
int v = x —|lwb;
int w = value[@];
swap(value,®,location|[v]);
location[w] = location[v];
location[v] = 8;
last.setValue(8);
min.setValue(x);
max.setValue(x);
if (isEmpty()) throw new CPException("Domain is empty.");
return true,;



d.removeBelow(x)

public int min(){return min.getUalue{};H

public boolean removeBelow(int x){
boolean changed = false;
for (int wv=min();v<x;v++)
changed = remove(v) || changed;
if (isEmpty()) throw new CPException("removeBelow: "+ x +" The domain is empty.");
return changed;



d.removeBelow(x)

public int min(){return min.getUalue(];H

public boolean removeBelow(int x){
boolean changed = false;
for (int wv=min();v<x;v++)




d.removeBelow(x)

Amortized O(m)

public int min(){return min.getUalue{};H

public boolean removeBelow(int x){
boolean changed = false;
for (int wv=min();v<x;v++)
changed = remove(v) || changed;
if (isEmpty()) throw new CPException("removeBelow: "+ x +" The domain is empty.");
return changed;



d.removeAbove(x)

Amortized O(m)

public boolean removelbove(int x){
boolean changed = false;
for (int wv=max();vex;v--)




There are only 3 places weeSeepy throws exceptions

In Domain:a domain becomes empty
In Problem: search finds a solution
In IntVar: attempt to get the value of an uninstantiated variable




Everything should be made
as simple as possible,
but not simpler.

Albert Einstein




Code, notes, papers
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- des.gla.ac.uk/~pat/weeSee, X ) 5 heck: Declarative Testi

import
import
import
importc

pukblic

package weeSeepy.domain;

java.util.*®;
weeSeepy.prokblem. #;
weeSeepy.reversibles. *;
weeSeepy.exceptions. *;

class Domain {

Prokblem pb;

int[] wvalue;

int[] location;

pukblic int lwk, upk, n:
ReversikbleInt last, min, max;

public Domain(Problem pk,int lwk, int upb){

thi=.pb = pb;

this.lwk = lwbk:

thi=s.upk = upb:;

n = upk - 1wk + 1:

wvalue = new inc[n]:

location = new int[n]:

last = new Reversibkblelnt (pb,n-1);
min = new Reversibklelnt (pk, lwk);
max = new Rewversiblelnt (pk,upk):
for (int i=0;i<n;i++) walue[i] = i;
for (int i=0;i<n;i++) location[i] = i:

vold swap(int[] array,int i,int j){

int temp = arrav[i]:
arrav[i] = arrav[dil:
array[j] = temp:

pubklic boolean remove (int x) {

if (x < 1wk || X > upk || 'contains(x)) return false;
int v = x - lwb:

int w = value[last.getValue()]:

gwap (value, last.getValue (), location[v]):

B

nains and Spars

v @

location[w] = location[v]:

location[v] = last.getValue():

lastc.secValue (last.getValue () - 1):

if (isEmptv(})) throw new CPException("remove: "+ x +" The domain is now empty."):
if (x == min.getValue()) min.setValue (getHewMin()):

if (X == max.ogetWValue(l) max.setValues (getNewMax i)l :

4
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