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The constraints are defined by predicates, py(xy;, X, ---» X;)
where each p, is the function
Px: Dy X Dy X ... X Dy —> {0, 1}
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A centralized

depth first search algorithm
for the csp. Variable g
holds the partial assign-
ment of variable values.
The algorithm is called with

_ DEPTH-FIRST-SEARCH-CSP(1, ().
DEPTH-FIRST-SEARCH-CSP(%, g)

if 1 >n
then return g
for v € D;
do if setting x; «+ v does not violate any constraint in P given g
then ¢’ « DEPTH-FIRST-SEARCH-CSP (¢ + 1,9 + {z; < v})
if g £ 10

then return ¢’

© 00 J O T = Wi+~

return ()
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FILTERING ALGORITHM

FILTERING() The filtering algorithm.

1 for j € {neighbors of i} > 7 is this agent. Bach agent i executes
FILTERING ().

2 do REVISE(x;, x;)

HANDLE-NEW-DOMAIN(j, D)

1 Dj — D’

2 REVISE(z;, ;) ans o ¢ sl ilaalues sladsle 1, Galels Jole ,a

REVISE(Ii, ZI?j) LS po Baa iG]y )

1  old-domain <+ D,

2 for v, € D;

3 do if there is no v; € D, consistent with v;
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4 then Dz — Dz — V;
5 if old-domain # D;
6 then V¢ neighbors of i} k- HANDLE-NEW-DOMAIN (%, D;)
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9 1: REVISE(z1, 3)
Filtering exam- L3
ple. The agents start out with
some prohibited colors as in- @

dicated by the black crosses.
On the first step x1 does his
REVISE and eliminates the
color gray from considera-

tion. It then tells everyone @ @

else about this. Then x5 does

its revise and eliminates the ® ® O ® O O
color gray from its domain. T T

X9 X2

T3 I3

2: REVISE(x3, T3)
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Example of a
problem that does not have
a solution and the filtering
algorithm cannot that fact.
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HYPER-RESOLUTION BASED CONSISTENCY ALGORITHM

X1 X2 X3

r1=0Vr =@ To=0OVIs =@ r3=0V2r3=@
(11 =0A22=0) (21 =0A22=0) —(z1=0Ax3=0)
Time —l(azl :./\332:.) _'(5131 :./\332:.) _|(5131 =X FAW :.)
1 —l(xz—O/\l’gz.) _I(SIL‘QZQ/\Qfgz.) _|(£U2—Q/\£E3:.)
2 —l(x2:./\1:3:O) _1(33'3:.) ﬁ(ﬂ?g :./\33320)

3 (12 =@ Ax3=0) —(z3 =0)

4 —(z3 =0) ~(z3 = @)
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Example databases

for a sample run of the hyper-
resolution based consistency
algorithm as applied to the
graph of figure 2.5. Only a
few of the nogoods produced
by the graph’s constraints
are shown due to space con-
straints. You can infer the
rest. New statements are
added starting at time 1.
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HYPER-RESOLUTION BASED CONSISTENCY ALGORITHM

procedure ReviseHR(N G, NG7Y)
repeat
let NG denote the set of new Nogoods that 7 can derive from NG; and
his domain using hyper-resolution
if NG is nonempty then

send the Nogoods NG to all neighbors of %

if {} € NG then

| stop

until there is no change in i’s set of Nogoods N G

o
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THE ASYNCHRONOUS BACKTRACKING ALGORITHM

. Try . .
bl bl
possible A & e impossible
value v
Extract & record
v conflicts
Change value
Broadcast es
' NO_SOLUTION {¢—
Send OK? messages and terminate
no
Send BACKTRACK messages
Y
OK? message ‘it YBACKTRACK message -+ 19 no
NEW_LINK | NO SOLUTION yes
Add child [« » Terminate Record new constraint
— Send OK? o5
NEW_LINK
) » Update view [+ Wait no
If the agent receives a
NO _SOLUTION message, X
it terminates good /check\ violation!
view
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Try

45.;;Sgo?l$33\)|4§.o&:suz):\ih6lﬁkj,ab
to choose

S L) 1 el (550585 J s <€ lanss
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Try

ossible
P to choose

A 4

Change value
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possible Try

A 4

Change value

A 4

Send OK? messages

to choose
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possible

Change value

\ 4

Send OK? messages

Try
to choose
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possible

Try A’s view

A

Change value

A 4

Send OK? messages

to choose

OK? message “yyait
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A 4

Update view
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) .
possible Wy A’s view
to choose

B 1

4 ()

Change value C )

D | 3

A 4

Send OK? messages E 4

F ?

G | ?

OK? message Wait H 9
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A 4

Update view
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possible Try

A 4

Change value

A 4

Send OK? messages

to choose

Y

OK? message @

A’s view
B 1
C ?
D 3
E 4
F ?
G ?
H ?

e sadls 5l 5 9ia cowlgdT J ghane Jole <€ slanss s4an S

Update view

good check

View
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Try A’s view

ossible
P to choose

Change value

4

Send OK? messages

Y

OK? message @
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A 4

Update view

i

good /check\ violation!

view
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possible g

A 4

Change value

A 4

Send OK? messages

impossible

to choose
value

Y

OK? message @

culih GEouite (sl 1 sleaii€ls ) Lluke Jale S

A 4

Extract & record
conflicts
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A 4

Update view

l

oood check

violation!

view
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possible

A 4

Change value

A 4

Try . .
impossible
to choose P
value
Broadcast

NO_SOLUTION

and terminate

Send OK? messages

Y

OK? message @

.JJ‘J)J\P‘QDCSPG‘).)UJAJJW

A 4

good

Update view

l

check

violation!

A 4

Extract & record

conflicts

yes

483 0 LA | IS g u3S 2o i 1, NO_SOLUTION absy s Jole

view
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A 4

Change value

A 4

Send OK? messages

. Try . .
ossible impossible
D to choose D
value v
Extract & record
conflicts
Broadcast
es
NO_SOLUTION {2

and terminate

no
Send BACKTRACK messages

Y

OK? message @

BACKTRACK aly S5 csan
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Update view

l

good check

violation!

view
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A 4

Change value

A 4

Send OK? messages

. Try . .
ossible impossible
P to choose P
value v
Extract & record
conflicts
Broadcast
es
NO_SOLUTION [+~
and terminate
no
Send BACKTRACK messages
A 4

OK? message (‘yyait YBACKTRACK message

atch?

(3 @3l 59 1, BACKTRACK oLy & Jole I

ety é.)Ua:t J.ALC- (EYRP) L\ JA‘J: uTLc‘
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.J‘):Su_c o.A:sJU b BACKTRACK ‘sl:x,) Sy

A 4

Update view

l

oood check\ violation!
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no

view
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. Try . .
ossible impossible
P to choose P
value !
Extract & record
v conflicts
Change value
Broadcast
es
i NO_SOLUTION ¢
Send OK? messages and terminate
no
Send BACKTRACK messages
A
? . no
OK? message Wait BACKTRACK message , atch?
yes

(3,8 @il 501, BACKTRACK aly &5 Jule S
PR é.)‘.h:t Jole «asuy L‘ JAlss o
ol Jleel bl wis w3 S

A 4

Update view

l

oood check

violation!

Record new constraint

view
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. Try . .
ossible impossible
D to choose D
value v
Extract & record
v conflicts
Change value
Broadcast
es
, NO_SOLUTION [+
Send OK? messages and terminate
no
Send BACKTRACK messages
A 4
? . no
OK? message (‘yy,it YBACKTRACK message . ¢19
yes
FURLIRRYO le .
‘ ‘“‘5"" e o9 Je Record new constraint

S po il sa ;o NEW_LINK waa 0 50 SO

NEW _LINK [«

!

Update view +— Wait no

A 4

Y

good check\ violation!
view
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. Try . .
ossible impossible
P to choose P
value !
Extract & record
v conflicts
Change value
Broadcast
es
v NO_SOLUTION [+

Send OK? messages and terminate

no
Send BACKTRACK messages
Y

OK? message no

[
I, NEW_LINK aly & Jole S5 385
QA&JQ‘JGJLJ.&(J—\SGA&‘:\JJ
S oo 3l S alaand  pafatl
—1 Send OK?

NEW_LINK
Add child

Record new constraint

NEW LINK {8

.

Update view [« Wait no

A 4

Y

good check\ violation!
view
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possible . ;lilro}]ose impossible
value v
Extract & record
v conflicts
Change value
Broadcast es
, NO_SOLUTION [+
Send OK? messages and terminate
no
Send BACKTRACK messages
A 4
OK? message (yyait YBACKTRACK message . ¢19 ho
NEW _LINK | NO SOLUTION yes
Add child Terminate Record new constraint
A
— Send OK? es
NEW_LINK
» Update view [«— Wait no
NO_SOLUTION 4Ly & Jale <I
.MJL;AMSL&(ASSCAJ?L:JJL) X
l good /check’\ violation!

view
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Constraints:

X,FX,

Constraints:

X F X5, X4 FXy, X4FX
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NAME VALUE DOMAIN
VIEW CHILDREN PARENTS
KNOWN CONFLICTS
CONSTRAINTS TO ENFORCE

S
&



Prepared by Kazim Fouladi | Fall 2022 | 4t Edition

YA

alSaals o Sede Aty ) oSl

roleais> slaminmmy

(F+ 51F) QD18 (g5l &5, Jlie
THE ASYNCHRONOUS BACKTRACKING ALGORITHM

* 0

7Y



Y4

alSaals o Sede Aty ) oSl

-

roleais> slaminmmy

(F+ 510) BIS (s 3mal&s, : Jlie

THE ASYNCHRONOUS BACKTRACKING ALGORITHM

‘\ Prepared by Kazim Fouladi | Fall 2022 | 4t Edition

o
&

(OK?, x,=B)

Send OK? messages

X X,
(OK?, x,=QG)
G ——B
X A3
4

(OK?, x,=B)

Each agent sends OK? messages to its children
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(OK?, x,=B)

(OK?, x,=B)

(OK?, x,=QG)

View:

X,=B, X,=Q, x;=B

o)

(OK?, x,=B)

Update view

Agent x, and Agent x, update their view

View:

X1~
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View:
X,=B

Constraints:

X, FX,

Constraints:

X4 F X5, XyZEXy, X4FX

1eW:

X4
X,=B, X,=Q, x;=B

@ Agent x, and Agent x, check their view against their
constraints, and Agent x, discovers a violation
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Constraints:

X F X3, XyZFXo, X4FX

1ew:

X4

Try
to choose

Agent x, tries to change its assignment,
which 1s impossible

L]
’U};b/
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Conflicts:
{x,=B, x,=G, x;=B}

Constraints:

X F X5, XuZFXo, X4FX|

1ew:

X4
X,=B, X,=G, x,=B

panacrecod | Agent x, extracts and records the conflicts

conflicts
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Conflicts:
{x,=B, x,=G, x;=B}

Constraints:

X4 F X3, X4Z X, Xﬁéx1

lew
X,=B, X,=G, X3_B

Send BACKTRACK messages

Q—Q

X4 (BACKTRACK,
{x,=B, x,=G, X3=B})

{} 1s not among the new conflicts, so
Agent x, sends BACKTRACK messages
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View:

¥

X X3
4 (BACKTRACK,
{x,=B, x,=G, X3:B})

Agent x, recetves the message and checks

the conflict against its view
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Record new constraint

View:

¥

X3 Constraints:
{x,#B or x,#G or x,#B

*4  (BACKTRACK,
{x,=B, x,=G, x,=B})

Agent x; records the conflict as a new constraint
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X, X3 Constraints:
{x,#B or x,#G or x,#B

Agent x, checks if it needs new links to enforce it
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NEW_LINK

X2
(NEW_LINK)
X, X3 Constraints:

Agent x; sends NEW_LINK requests

{x,#B or x,#G or x,#B
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Xy o
New child: % New child:
Agent X, Agent X,
(NEW_LINK)
X3
Addchild | Agents x,; and X, receive the NEW_LINK requests

and add Agent x, to their children list
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Xy L
New child: New child:
Agent X, Agent X,

(OK?, x,=G)
SendOK? | Agents x, and x, send OK? to confirm new links
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Update view

View:
X,;=B, x,=G

Constraints:
{x,#B or x,#G or x,#B

Agent x, receives messages and updates its view
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View:
X,;=B, x,=G

X
X4 3

Constraints:

( {x,#B or x,#G or x,#B

Agent x; checks its view, and discovers that

one constraint (the new one) 1s violated
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View:
X,=B, x,=G
X, X3 Constraints:
( {x,#B or x,#G or x,#B

Try
to choose

Agent x, tries to change its value to R
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X4 (OK?, x:=R) Xy Constraints:
{x,#B or x,#G or x,#B

Send OK? messages|  There 1s no more violation, so Agent X,
communicates its new value to its children
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—©

X4 (OK?, x,=R) %3

Update view

Agent x, receives the OK? message
and updates its view
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X4
Constraints:
X47£X3, X, FX,, X475X1
View:
X4 X3

X,=B, X,=Q, X;=

Agent x, checks its view against its constraints
and sees the violation has not been resolved. ..
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Constraints:

X4 FX3, XyF Xy, X4FX]

Agent x, tries to change its value, but
this 1s impossible
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Conflicts:
{x,=B, x,=G, x;=B}
{x,7B, x,=G, x;=R}

Constraints:

X X3, XXy, X47X
\%

1ewW:

X,=B, X,=G, X;=

Pamatderecord | Agent x, extracts and records the conflicts

conflicts
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Conflicts:
{x,=B, x,=G, x;=B}
{x,=B, x,=G, x;=R}

Constraints:

X4 F X5, XyFXn, X4FX|

View:

X,=B, X,=Q, X;=

Send BACKTRACK messages

X X3
4 (BACKTRACK,
{x,=B, x,=G, X3=R})

{} 1s not among the new conflicts, so
Agent x, sends BACKTRACK messages
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X X3
4  (BACKTRACK,
{x,=B, x,=G, X3=R})

Agent x, receives the message and checks
the conflict against its view
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Record new constraint

View:
X,=B, x,=G

< X3 Constraints:
4 (BACKTRACK, {x,#B or x,#G or x,#B}
{x,=B, x,=G, x,=R}) X, 7B or x,#G or x;#R

Agent x, records the conflict as a new constraint
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Constraints:

3
{x,#B or x,#7G or x;£B}
{x,#B or x,#7G or x;#R

Agent X, needs no new link to enforce it
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@ Agent x, checks its view, and discovers that
one constraint (the new one) 1s violated

X1
2 View:
- x,=B, x,=G
) Constraints:
- X, 3
5 {x,#B or x,#7G or x;#B}
3 {x,#B or x,#G\or x;#R
E
L/

o
&
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X1
View:
X,=B, x,=G
Constraints:
X4 3
{x,#B or x,#G or X;#B}
{x,#B or x,ZG\or X;#R

Try
to choose

Agent x, tries to change its value, but no value
satisfies all the constraints
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Conflicts:
{x,=B, x,=G}

Pama record | Agent X5 extracts and records new conflicts

conflicts
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Send BACKTRACK messages

Conflicts:
{x,=B, x,=G}

(BACKTRACK,
{x,=B, XzzG})

{} 1s not a new conflict, so Agent x,
sends BACKTRACK messages
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(BACKTRACK,
{x,=B, XzzG})

Agent x, receives the message and checks
the conflict against its view

\ 2
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Record new constraint

Constraints:

XXy
{x,#B or x,#G}

View:

Agent x, records the conflict as a new constraint
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Constraints:

X, FX,

{x,#B gr x,#G}
X1 7 ~
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View:

X1~

@ Agent x; checks its view, and discovers that
one constraint (the new one) is violated
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Constraints:

View:

Try
to choose

Agent X, tries to change its value to B,
but it would violate the first constraint
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Constraints:

X,FX

Try
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e Y
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Send OK? messages

Constraints:

X, FX,
{x,#B or x,7G}

View:

The constraint is no longer violated, so Agent x,
chooses value R and communicates it to its children
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View:

X,;=B, X,=R, x;=

X4

Update view

Agent x, and Agent x, receive the messages
and update their views
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Constraints:

X FXs3, X F Xy, X4 FX

View:

X,=B, X,=R, X3=

SOLVED!

Constraints:
{x,#B or x,#G or x,#B}
{x,#B or x,#G or x;#R

View:
X;=B, X,=R

® Agent x5 and Agent x, check their view against
their constraints, and no violation is discovered
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. Try . .
ossible impossible
P to choose P
value v
Extract & record
conflicts
Change value
Broadcast
es
NO_SOLUTION [«

Send OK? messages and terminate

no
Promotion [« Send BACKTRACK IF NEW
Y

. no
OK? message Wait BACKTRACK m
NEW_CONST | NO_SOLUTION
Record constraint |_ » Terminate Record new constraint
and neighbor
A 4
Send OK? I
Send
» Update view [« Wait [« NEW_CONST
l messages

good /check\ violation!
view
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possible

A

Change value

A 4

Send OK? messages

[

=

N

Try . .
impossible
to choose P
value v
Extract & record
conflicts
Broadcast
€s
NO_SOLUTION [+—2
and terminate
no
Send BACKTRACK messages

i€ o L

5o dsladdls 4l by
S o Jla|

\

K | NO_SOLUTION

yes

_

Terminate

A

Record new constraint

NEW_LINK

.

A 4

Update view «— Wait

no

Y

good check

L]
’U};b/

view

violation!
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. Try . .
ossible impossible
P to choose P
value !
Extract & record
v conflicts
Change value
Broadcast
es
NO_SOLUTION [+—2

Send OK? messages and terminate

no
Send BACKTRACK messages

/

Jole (d3dy Hd LA‘t:sL.....‘.A.A C%JJJ‘ VK | NO_SOLUTION yes
Terminate Record new constraint

4

.JJ_CBL;AJJ‘J

— < NEW_LINK fe-CS
|

Update view < Wait no

Y

good check\ violation!
View
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possible i ;rgose impossible
value v
Extract & record
v conflicts
Change value
Broadcast o
NO_SOLUTION [+~
Send OK? messages and terminate
no
Send BACKTRACK IF NEW
] P
no
OK? message W sage atch’
NEW_LINK | N(  alaslo Se S5)gm Ha g
Add child [ S o9l oo
] sl 3858 o 3l Gl JAISS
— Send OK? cadls suds
v
» Update view [« Wait no

Y

good check\ violation!
View
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possible iy

A 4

Change value

to choose
value

pd

Send OK? messages

Ghed © s sl Hlade
L8 5 oo sala g M) Ladsliian
(..s:m.} sladalas gl L:u)

and terminate |
no

Promotion [« Send BACKTRACK IF NEW

/

N

Ladglwon (sdan oo gl ol ans SLo
S5 oo daalas
S R
L3 g aala L8 YL )
(..s:m.? slaJalss 6‘)—.‘ ..L::u)

| SOLUTION yes

— Terminate Record new constraint

NEW LINK €8

!

iew <« Wait no

Y

good check

violation!

View
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L]
’U};b/

possible 18

impossible

to choose

/

Gk 3 a3

slaaad slasd (g 5lwaass oo
lols sladale L st a8

Sk el

/ )

\

42 g5
(saa 51wl & 5T adale

el puite Jolds &€ lanss

A.\.J.nL\ Ny

OK? message (‘yait YBACKTRACK message ¢ 9 ‘m/

NEW_LINK ‘ NO_SOLUTION yes
Add child [« » Terminate Record new constraint
Send OK?
NEW_LINK
» Update view [« Wait no

Y

good check\ violation!

view
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. Try . .
ossible impossible
P to choose P
value
Extract & record
v conflicts
Change value
Broadcast
es
v NO_SOLUTION |-

Send OK? messages and terminate

no

Promotion [« Send BACKTRACK IF NEW

Y

no

OK? message S BACKTRACK message

NEW _LINK | NO SOLUTION yes
Add child [« » Terminate Record new constraint
A\ 4
— Send OK?

NEW LINK [«¥&8

.

» Update view [+— Wait no

:

good /check\ violation!
View
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. Try
1
possible to choose
value
A 4
Change value
Send OK? messages

Yy |

OK? message Waif

NEW LINK | NO™

Add

impossible

A4
Extract & record
conflicts

Broadcast 1 A \

crdalasl pis 13 S S Sl 5

O Jsadio slaJole (sdan 4
NEW_CONST slaabs 3o b 5|

-3 gn o 80la £ M

A

child

A

y

Send

OK?

A
inate \(Record new constraint

»
»

A 4

A

Send
Update view «— Wait ¢ NEW_CONST
l messages

good check

View

violation!
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possible
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9 aas i «(NEW_CONST
S5 oo o i shlines
(as poY¥ waa Ben S SI)

N

\

‘al:g &S:\ CAé‘:in {.\lg.\.A o

Try

impossible

to choose
value

A

Extract & record
conflicts

K? m

a

and neighbor

Wait

NEW_CONST | NO

~ .
Record constraint |

Broadcast 1

A

\

crdalasl pis 13 S S Sl 5

O Jsadie slaJole (sdan <

-3 gn o 80la £ M

I NEW_CONST (slaalyy 3,k 5l

+ AR

A 4

Send OK?

inate \(Record new constraint

A 4

Update view

A 4

A

<+« Wait

good

l

check

violation!

Send
NEW_CONST
messages

view
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. Try . .
ossible impossible
P to choose P
value v
Extract & record
conflicts
Change value
Broadcast
es
NO_SOLUTION [«

Send OK? messages and terminate

no
Promotion [« Send BACKTRACK IF NEW
Y

. no
OK? message Wait BACKTRACK m
NEW_CONST | NO_SOLUTION
Record constraint |_ » Terminate Record new constraint
and neighbor
A 4
Send OK? I
Send
» Update view [« Wait [« NEW_CONST
l messages

good /check\ violation!
view
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Constraints: Constraints:

X #X,, X7y X, X1, X)FXy

Constraints:

Xy X3 Constraints:
X4 FX5, X4FXy, X4 FX|

X37Xy
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X

0

0 G < B, R 0
Xy X3

Initial priority values are all set to 0. Two agents
with 1dentical priorities are ordered with respect
to their index
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Each agent chooses an assignment to its variable
(at the first time step, we cannot use the heuristic
because agents still have empty views)

Try
to choose

L]
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(OK?, x3=(B, 0))

Send OK? messages | Each agent sends OK? messages to ALL of
1ts neighbors

* 0

7Y



Ay

plSasls unid ugald 5 gaiua als ) oSl

-

roleais> slaminmmy

(Y4 31 %) Jba

THE ASYNCHRONOUS WEAK-COMMITMENT SEARCH ALGORITHM

‘\ Prepared by Kazim Fouladi | Fall 2022 | 4t Edition

o
&

View:

X2:(G9 O): X4:(G9 O)

(B, 0))

¢
s
<)
_ 0
View:
x,=(B, 0), x,=(G, 0) [ X,
XQZ(Ba O)
Update view All agents update their view

Xlz(Ba O): X4:(G9 O)

View:
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Constraints:

X FX,, X FXy

View:
XIZ(Ba O)a X4:(G7 O)

&
0 R
B y » B, Constraints:

X2

Xzﬂp X2¢X4
Constraints:
X4ZX3, X472 Xy, X47X|
: 0
1CW.
x,=(B, 0), X,=(G, 0) [ X4 Constraints:
x,=(B, 0) X4FXy

All agents check their view against the
constraints they are responsible for,

and Agent x, discovers a violation
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Constraints:
XXz, XX, X 7K,
; 0
1eW:
x,=(B, 0), x,=(G, 0) [ X4 X3
x,=(B, 0)

Try
to choose

Agent x, tries to change its assignment,
which is impossible
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Conflicts:

{x,=B, x,=G, x;=B}

View:

x,=(B, 0), x,=(G, 0) [ X4 X3

x,=(B, 0)

Extract & record
conflicts

Agent x, extracts and records the conflicts
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Conflicts:
{x,=B, X2:G X,=B}

Send BACKTRACK messages

Q—Q

4 (BACKTRACK,
{x,=B, x,=G, X3—B})
{} 1s not among the new conflicts, and no new

conflict has already been sent, so Agent x,
sends BACKTRACK messages
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Promotion

(G—®;

X4+ (BACKTRACK,
{x,=B, x,=G, X3—B})

Agent x, promotes itself, changing its priority
value from 0 to 1
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Send OK? messages

X X3
4 (BACKTRACK,
{x,=B, x,=G, X3=B})

Agent x, communicates its new priority value to
ALL its neighbors
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X4 (BACKTRACK, 3
{x,=B, x,=G, X3=B})
CONCURRENTLY, Agent x, receives the
BACKTRACK message and checks the conflict

against its view
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(OK?, x,=(G, 1))

Record new constraint

*4  (BACKTRACK,
{x,=B, x,=G, X3=B})

View:
X4:(G9 O)

Constraints:

§3ﬂ4
x,#ZB or x,7G or x,#B}

Agent x; records the conflict as a new constraint

1t will be responsible for
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View:
x,=(G, 0), x,=(G, 1)
—=2 2
0

OBy

(OK?, x,=(G, 1))

messages and update their view

View:
Xlz(Ba O): X4:(G9 1)

Update view CONCURRENTLY, all agents receive the OK?
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View:

x,=(G, 0), x,=(G, 1)

— =X

X1

OBy

View:
Xlz(Ba O): X4:(G9 1)

View:
X4:(G9 1)

(Only the priority changed, so no new violation

1s discovered)
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Send
NEW_CONST
messages

(NEW_CONST,

{x,#B or x,#G or x;#B})

Constraints:

§3ﬂ4
x,#B or x,#G or x, 7B}

CONCURRENTLY, Agent x, sends NEW_CONST
messages to all agents involved in the new constraint
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Constraints: Constraints:
X #Xp, XXy X ZX |, XoFXy
{x,#B or x,#G or x;#R {x,#B or x,#G or x;#R
X1
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New neighbor: 0 B,R

Agent x, ‘ Agent X,
(NEW_ CONST,
v {x,#B or x,#G or x3;éB})
1 G . B o 0
X4 %3
Re;zgdnz?gﬁggrint Agents x, and x, receive NEW_CONST messages

and record new constraint and new neighbor
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X #Xp, XXy X ZX |, XoEXy
{x,#B or x,#G or x;#R {x,#B or x,#G or x;#R

‘\ Prepared by Kazim Fouladi | Fall 2022 | 4t Edition

o
&

X1

New neighbor: 0 B,R
Agent X, A

Agent X,

Send OK? messages

Agents x, and x, respond to the NEW_CONST

through OK? messages
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Update view

View:
XIZ(Bo O): X2:(G9 O)
x,=(G, 1)

Agent x, recetves messages and updates its view
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Constraints:

§3ﬂ4
x,#B or x,#G or x, 7B}

View:
XIZ(Bn O)a X2:(G9 O)
x,=(G, 1)

Agent x, checks its view, and discovers that
one constraint it is responsible for (the new one)

1s violated
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Constraints:

§3H4
#B or X, £G or x,ZB}

View:
x,=(B, 0), x,=(G, 0)
x,=(G, 1)
Agent x, tries to change its value to R, deleting all

violations of constraints it is responsible for, and
minimizing the number of violations of others

,B,R 0

Try
to choose
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Send OK? messages

1

X4 (OK?, x;=(R, 0))

(OK‘?a XSZ(Ra O))
Constraints:

§3H4
x,#B or x,#G or x, 7B}

View:
Xlz(Ba O)a X2:(G9 O)
x,=(G, 1)

There 1s no more violations of constraints it is
responsible for, so Agent x; communicates its

new value to ALL neighbors
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View: View:
X3:(R9 0)9 X4:(Ga 1) Xlz(Ba (1)9 X4:(Ga O)
X1 X, x,=(R, 0)
0 B R 0

1 . 0
View: CG/ —\ 5 R

x=(B,0),x,=(G,0)[ X4  (OK?, x,=(R,0)) 3
x,=(R, 0)

Updateview | All agents receive the OK? messages
and update their view
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View: View:
x;=(R, 0), x,=(G, 1) x,=(B, 0)(,;4;)(G, 0)
X2: )

Constrair?
Xzﬂl s X07FXy

{x,#B or x,#G or x;#R

: X
Constraints: 0
X17Xy, X17Xy B, R

{x,#B or x,#G or x;#R

Constraints:
X, FX3, X4F Xy, X4 FX| )
1 . 0
View: G B, R
x,=(B, 0), x,=(G, 0) [ X4 X3
XQZ(Ra O)

Agent x,, X, and x, check their view against the

constraints they are responsible for, and
Agent x, discovers a violation
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1 G :B,RO

X
Xy 3

Try
to choose

View:
x,=(B, 0), x,=(G, 0)
XQZ(Ra O)

Constraiy
Xzﬂ 1> X0FXy

{x,#B or x,#G or x;#R

Agents X, tries to change its value to R, deleting all
violations of constraints it is responsible for, and

‘\ Prepared by Kazim Fouladi | Fall 2022 | 4t Edition
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minimizing the number of violations of others
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Send OK? messages

View:
x,=(B, 0), x,=(G, 0)
X1 OK?, x,=(R, 0)) X =R, 0)
Constraints:

Xzﬂp §2ﬂ4
{x,#B or x,#G or x;#R

(OK?, x,=(R, 0))

1 . 0
G 5 R
X
Xy 3
There 1s no more violations of constraints it 1s

responsible for, so Agent x; communicates its
new value to ALL neighbors
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View:
X,=(R, 0), x;=(R, 0)
=G 1) X, OK?, x,=(R, 0)) X,
0 B R 6. B, 0
(OK?, x,=(R, 0))
1
View: G View:
XIZ(B, 0)9 X2=(R, O) X4 X1:(Ba O), XZZ(R9 O)
x.=(R, 0) x,=(G, 1)

Updateview | All agents receive the OK? messages
and update their view
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View:

x,=(R, 0), x;=(R,

x,=(G, 1)

0) SOLVED!

Constraints:

X17Xy, X17Xy

X1
0 B«
{x,#B or x,#G or x;#R -

Constraints:

X, FX3, X4F Xy, X4 FX|

LG

View:

XIZ(Ba 0)9 X2:(R:

x,.=(R, 0)

0) [ X4

:B,R 0

Constraints:

§3ﬂ4
x,#B or x,#G or x, 7B}

View:
Xlz(Ba 0)9 XZZ(Ra O)
x,=(G, 1)

Agents x,, X; and x, check their view against the
constraints they are responsible for, and no new

violation 1s discovered
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DISTRIBUTED CONSTRAINT OPTIMIZATION PROBLEMS

Given
Variables {x,, x,, ..., x,}, each assigned to an agent
Finite, discrete domains D, D,, ... , D,

For each x;, x;, valued constraint f: D; X D; — N.
Goal

Find complete assignment A that minimizes F(A) where,

F(A) =2 f(d,d), x;<=d;, x;<=d;in A

Constraint Graph @

HaGH 0 ol Fa) = 0

2
- IPTAR
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ADOPT (ASYNCHRONOUS DISTRIBUTED OPTIMIZATION)

|
/@\ ©
© O © O

Constraint Graph Tree Ordering
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ADOPT (ASYNCHRONOUS DISTRIBUTED OPTIMIZATION)

* Agents are ordered in a tree
* constraints between ancestors/descendents
* no constraints between siblings

* Basic Algorithm:
e choose value with min cost

* Loop until termination-condition true:
*  When receive message:

* choose value with min cost

— — VALUE messages

» send VALUE message to descendents

* send COST message to parent — — COST messages
* send THRESHOLD message to child
— — THRESH messages
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Chapter 4
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Search Algorithms for Agents

Makoto Yokoo and Tora [shida

4.1

Introduction

In this chapter, we introdoe
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Multiagent Systems

Algorithmic, Game-Theoretic, and Logical Foundations

YOAV SHOHAM
KEVIN LEYTON-BROWN

Yoav Shoham and Kevin Leyton-brown,

Multiagent Systems: Algorithmic, Game-Theoretic,
and Logical Foundations,

Cambridge University Press, 2009.

Chapter 1
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Distribured Constraint Satisfaction

In this chapter and the next we discuss cooperative simations in which agents col-
laborate to achisve 3 commeon geal. This gozl can be viewed as shared between
the agents or, altemnadvely, as the goal of a cenmal desizner who is desizning the
wvarious agents. Of course, if such a designer exists, 3 nammral guestion is why it
maters thar there are multple agents; they can be viewed merely as end sansors
and efectors for executing the plan devisad by the designer However, there exist
simatons in which a problam needs to be solved in a distibuted fashion eithar
because 3 central controller is not feasible or becanse one wants to make good
nse of the distibuted resources. A zood example is provided by sensor nenwarks.
Such networks consist of multiple processing units, each with local sensor capabil-
itles, limited processing power, limited power supply, and limited commmnication
bandwidth. Despite these limitations, these networks aim to provide some global
service. Figure 1.1 shows an example of a fielded sensor network nsed for mon-
itoring environmental quanttes like homidity, temperamre and pressure in an of-
fice emvironment Each sensor can monitor only its local area and, similarly, can
commuuicate only with other sensors in its local vicmity. The guestion = what al-
gorithm the individual sensors should mn so that the center can sl piece togsther
a reliable global picture.

Distribated algorithms have been widely stodied in computer science. We con-
cenTaie on distributed problem-solving alporithms of the sort studied in artificial
imtelligence. We divide the discussion imbo two paris. In this chapier we cover
distibuted consoaint satsfaction, where agents sttempt in a distributed fashion to
find a feasible solution to a problem with global constramts. In the next chapter
we look at agents who try not only to satisfy constraints, but also to optimize some
objective fimcton subject to these constraints.

Later in this book we will encounter addinonal examples of distmbuted problem
solving. Each of them requires specific background, however, which is why they
are not discussed here. Two of them stand out in particular
* In Chapter 7 we encounter a family of technignes that imolve leaming, some

of them targeted at purely cooperatve simations. In these simations the agents
learn through repeated imteractions how to coordinate a choice of acton. This
material requires some discussion of noncooparative game theory (disoussed in
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Chapter 2
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Chapaer 2

Distributed Constraints

Most multiagent systems are characterized by a set of avtonomous agents each
with local mformation and ability to perform an action when the set of actions of
all st be coordinated so as to achieve a desired global behavior. In all these cases
you own all the agents in question and can program them to do whatever you want.
Thus, there 15 oo nesd o properly incentivise them as there would be in an open
system, which we study in later Chapters. However, there is still the problem of
coordimation. Since each agent anly has local mformation it might be hard for it to
decide what to do.

ol bl et e Mol ek sincsis ‘g b e e Bty ehnkoab st vt
cooperative multingent systems where each agent has some local information and
where the goal is to get all the agents to set themselves to 2 state such that the set
of states in the system is eptimal. For example, imagine a group of small sensars in
a fiel
decide which of its modalities to use {sense temperature, point radar Norcth, poimnt
radar Seath, ete.) so that the groug of sensors gets 2 complete view of the important
events in the field. Or, imagine 2 group of kids who have been told to stand in a circle,
each one must move find 2 spot to stand on but the posttion of that spot depends
omn everyone elss’s location. In these examples the agents have local information, can
take any one of their mailable actions at any time, bot the atility of ther actions
depends on the actions of others. We find that many multiagent problems cn be
reduced to a detributed construnts problem. Thus, the alporithms we present in
this chapter have many different applications.

h sensor can communicate only with those that are near him and has to

21 Disoibuted Constraint Sarisfaction

We start by formally describing the problem. In a constraint satisfaction prob-
lem (csP) we are given a set of varsables, each with its own domain along with 2
set of constraints. The goal is to set every varable to 2 walue from its domain such
that no constraints are violated. Formally,

Definition 2.1 (Constraint Satisfaction Problem). Given o sef of variables z,
Ty, .. T, with domaine Dy, Dy .., D, ond o set of boolaen constroinis P of the
form pu(Tass Tin.- - xeg) — (0,1}, find assignments for oll the voriables such that

no constroints are vialated

The mast widely studied instance of a constramt satisfaction problem @ the
graph colodng problem, shown in fgere 2.1 In this problem we are given a graph
and a et of colors. The problem is to find out if there 15 2 way to color each nede
with one of the given colors such that no two nodes that are connected by an edge
kave the same color. We can eamly map the graph coloring problem to the formal
definition of 2 C3P by conssdering each node to be a vanable, the domains to he
the set of colors, and each edge becomes a constraint between its two nodes that is
true only if their values are different. Notice that, in graph coloring constramts are
oaly aver two varinhles instead of over any set of varinbles as we find in the general
commb it stk attore el

The constrant satisfaction problem = NP-complete, As such, me use search
algorithms to find a solution and bope that the actual runming time will be bess than

L]

CONSTRAINT SATISFACTION
FROBLEM
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