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ATMS: Assumption-based TMS

1. Possible States
JTMS: a single consistent state ATMS: multiple
2. Contradiction Handling — e.g., “AA B D1”
JTMS: often “either A or B” ATMS: exactly
3. Context Switch or Comparison
JTMS: cumbersome ATMS: easy
4. Backtracking — JTMS: Yes. ATMS: No.
5. Redandunt Computations

JTMS: sometimes unavoidable ATMS: No

Departure from “Single Current Context” Mechanism



Problem Solving with ATMS

Problem Solving System

ATMS
Inference Engine commands _ ATMS
assumption

A I\

Ceanvaseion >

results




ATMS Node Properties

1. Premise — Node.Justification has no antecedents.
2. Contradiction — Node.Contradictory? is set.
A contradictory node becomed believed
#= JTMS informs IE.
3. Assumption — Node.Assumption? is set.

4. (Normal) Nodes — otherwise.

Justification

((consequent) (antecedents) (informant))



When a Contradiction Node becomes Believed,

what happens?

1. ATMS does not signal a contradiction to IE.
2. ATMS ensures that the set of assumptions underly-

ing contradictions will not be considered.

The more contradictions,
The less assumptions,

— the less potential solutions

— the better.



Multiple Contexts for h (1)

A )\ h follows from
( o) {A, C}
Y <D (A, B, C}
(") (ac.p)
C @ {A, B, C, D}

{B, C}
p |1 (B, C, D}




Multiple Context for h (2)

After Assumptions A and D are retracted

A h follows from
l@ (9 (A, C} ?
B f {A, B, C}7?
{A, C, D} ?
C | {A, B, C,D}?
{B, C} ?

D f (B, C,D} ?




Terminology for ATMS Label
Complex Data structure — not :IN, :0UT

1. Environment — a set of assumptions
A node holds in an env F if it is labeled :IN in a
JTMS when all assumptions of I are enabled.

2. Nogood — an env where a contradiction holds.
Otherwise, the environment is consistent

3. Context of an env —

the set of nodes which hold in the env.

How to know if a node holds in some environment.



Environment Lattice
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ATMS Label

Node: <datum, label>
Label = a set of environments.

ATMS Node Properties revisited

(

Premise: <p, {{ }}>

Assumption: <A, {{A}}>

Derived Node <data, {{A, B, E} {C, D}}>
Contradiction: < 1, {}>

\

Note e <d, {}> doesn’t mean a contradiction.

e <d, {}> doesn’t mean — d holds in Venv.



Exercise: Label all nodes including assumptions (1)

° (D




Exercise

0

Label all nodes including assumptions (2)
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Logical Specification for ATMS

S: {propositional symbols}
A: {assumption literals} s.t. AC S
C: {IE-supplied Clauses }

every contradiction node n. —> a unit clause —n.
An environment £ : £ C A

. . 1t1 11 .
n holds in F if n pmpo<81——£ma " E with C.

Nogood N is an env of assumption literals s.t.

itionall .
an empty caluse () PROPOZ2MYY N with C.

A nogood N is mimmal if VEE C N, E is not nogood.



ATMS Label Properties

Node n has the [abel, a set of envs {F,..., F.}:

e [Soundness] n holds in each E;.

e [Consistency] | cannot be derived
from any E; with C.

e [Completeness| Every consistent env F in which n
holds is a superset of some F.

e [Minimality] No F; is a proper set of any other.

n holds in £ <= F is a superset of some F.



ATMS Algorithms (Rough Sketch)

L;;. : label of :th node of kth justification for node n
kth justification (n (ny,..,n;,..) (informant))

1. Compute a tentative label L = {Ue;le; € L}
2

2. Remove all nogoods and supersets of others I'.
3. If label has not changed, then return.
4. If n is contradiction node,

(a) Mark all envs of L' nogood.

(b) Remove all new nogoods from all node labels.

5. Otherwise, recursively update all n’s consequents



ATMS Algorithms (lllusitrated)

Given e A f = g, Compute ¢’s label
<e, {4, BH{C}} >, < f,{{AHD}} >, nogood{C, D}

e {A,B) (C) f: {A) (D)

L g: {A,B} {A,B,D} {A,C} {C,D}

U nogood

subsumes



ATMS Incremental Algorithms (1)

Algorithm PROPAGE((z; A--- Axp = n),a,l)

a is some node of x{,...,z; and [ is its label.

1. [Compute incremental label update]
L = WEAVE(a,I,{z,...,xz1}). If Lis {}, return.
2. [Update label and recur.] UPDATE(L,n).



ATMS Incremental Algorithms (2)

Algorithm UPDATE(L,n)

1. If n =1, call NOGOOD(F) on VE € L and return.
2. |[Update n’s label ensuring minimality]
(a) Delete from L supersets of env of n’s label.
(b) Delete from n’s label supersets of L’s env.
(c) Add remaining env of L to n’s label.
3. For every just. J whose antecedents contain n.
(a) PROPAGATE(J,n, L)
(b) Remove from L all envs no longer in n’s label.

(c) [Early termination] If L = {}, return.



ATMS Incremental Algorithms (3)

Algorithm WEAVE(qa, I, X)

1. Repeat 2&3 for each h # a in X and return I.
2. I' = U{envs of I x h's label}.

3. Remove from I’ all duplicates, nogoods and envs

subsumed by others. Set I’ to I.

Algorithm NOGOOD(F)

1. Mark E as nogood.

2. Remove E and any superset from every node label.



ATMS Label Update (1)

Legend

TMS-node
Assumption
Justificaiton

AND nde
OR node



ATMS Label Update (2)

After a New Justification Installed

TMS-node

Assumption

Justificaiton

AND nde
OR node




Constructing Solutions — by Label computation

Pick one from each Choice-set:
{A,B},{E,F},{C,D,G} = Solutions

E
e ont
I:




Constructing Solutions — by Interpretations

e Drawbacks of Label Computations

1. Use a general label updating algorithm while jus-
tication structure is very stylized.

2. intermediate goals are constructed and discarded,
but leaving labels wastes much portion of available
memory.

interpretations

e a set of choice sets and defaults —

a set of maximal envs representing solutions



Compute Interpretations on Environment Lattice

Defaults {{A},{B},{C},{D},{F}}, nogood{ A, B}

{B,C\D,E}

{A.CD,E}

{AB,D,E}

{AB,CE}

{AB,C,D}

{AB,C,D,E}



Default Reasoning with ATMS

Treat assumptions as Defaults

Normal
Person
Nixon

Normal
Republican

nogood{ Person-Nizon, Normal-Quaker, Normal-Republican} —>
{ Person-Nizon, Normal-Quaker}, { Person-Nizon,Normal-Republican},

{ Normal-Quaker, Normal-Republican}



ATMS Interface [1]

change-atms, create—atms : create atms
tms-create-node, assume-node, remove-node (dangerous)
justify—-node, nogood-nodes

in-node?, out-node?, true—-node?, node-consistent-with
tms—-node-datum, tms—node-rules, tms-node-label
just-antecedents, just-consequence, just-informant
env-rules, explain-node, why—-node

get—-solutions, interpretations

supporting-antecedent?, in-antecedent? : search strategies



ATMS Interface [2]

(create-atms title

&key (node-string ’default-node-string)
(debugging nil)
(enqueue-procedure nil))

(change-atms atms &key node-string debugging enqueue-procedure)

(tms-create-node atms datum
&key assumptionp contradictionp)

(interpretations atms choice-sets
&optional defaults)

(in-antecedent? antecedents?)

(supporting-antecedent? node env)



Simple Example of ATMS Usage

(setq *atms* (create-atms "Simple Example"))

(setq assumption-a (tms-create-node *atms* "A" :ASSUMPTIONP t)
assumption-c (tms-create-node *atms* "C" :ASSUMPTIONP t)
assumption-e (tms-create-node *atms* "E" :ASSUMPTIONP t))

(setq node-h (tms-create-node *atms* "h"))
(justify-node "R1" node-h (list assumption-c assumption-e))

(why-node node-h)

<h {{C, E}}>

(setq node-g (tms-create-node *atms* "g"))

(justify-node "R2" node-g (list assumption-a assumption-c))

(setq contradiction (tms-create-node *atms* ’CONTRA :CONTRADICTORYP t))
(justify-node "R3" contradiction (list node-g))

(mapc #’print-env (interpretations *atms* nil (atms-assumptions *atms*)))
E-8: A, E
E-5: C, E

b



Dependency-Network for the Simple Example

A

C

g
.
LD



Implementation Techiques

(

¢ Environment «<— Bit vector

e Assumption <= Unique position in Bit vector

1 U E9 = bitor of VE17 VE2
F;q is a superset of £y = bitand of -V , Vg, =0

# of assumptions in £ —> bitcount of Vy
(called dimension)

binary nogood (env) — nogood (env) of two ass

n-ary nogood (env) — nogood (env) of n ass



Implementation Techiques for BITCOUNT

Usually BITCOUNT in Lisp is very slow.

p

e Scan every bit

e Divide a set of bytes, and add byte-wise bit

count by consulting bit-weight table for byte

—> 10 times speed-up on TAO/ELIS system.



Implementation Techniques for Nogood Check

e Assumption has a bitvector consisting of opponent
assumptions of binary nogood.
If a single nogood, the vector is -1.

e Assumption has n which is the least number of n-ary
nogoods containing it.

e Environment has its dimension.

e Environment Hash Table

e Non-Nogood Env Table indexed by n-ary.

e Nogood Table for n-ary nogoods (n > 2)



N-Queens by Label Update

1. Make assumptions Queen; ; for each position of nxn
board.

2. Make nogoods for capturing Position pair on differ-
ent rows.

3. Create nodes for 1st-row Queens Pos; ; and Justify
it with its position: Queen; ;1 = Pos; 1.

4. Repeat for 2 < k < n,
Pos; 1, Queen; j._1 = Pos;

5. Gather labels of Queen;,, for n. =—> solutions.



N-Queens by Label Update

(defun n-queens (n &aux goal goals last-goals classes
class classes-backup assumption solutions )
(setq classes (make-class n)) ; 00Oooo
(detect-capturing-pair classes) ; nogood [0
(setq classes-backup classes)
(dotimes (i n)
(setq goals nil)
(setq class (pop classes-backup))
(dotimes (j n)
(setq assumption (pop class))
(setq goal (tms-create-node *atms* (list ’queen i j)))
(if (null last-goals) ; 01000
(justify-node ’first-row goal (list assumption))
(dolist (previous-goal last-goals)
(justify-node ’compose goal
(list previous-goal assumption)) ))
(push goal goals) )
(setq last-goals goals) )
(setq solutions
(mapcan #’(lambda (x) (copy-tree (tms-node-label x))) goals))
(length solutions) ) ; 00Ooo0Dooood



N-Queens by Label Update

(defun make-class (n &aux node class classes)
(dotimes (row n)
(setq class nil)
(dotimes (column n)
(push (setq node (tms-create-node *atms* ‘(Queen ,row ,column)))
class )
(assume-node node) )
(push (nreverse class) classes) )
(nreverse classes) )

(defun detect-capturing-pair (classes)
(do ((classl (pop classes) (pop classes)))
((null classes))
(dolist (nodel classl)

(dolist (class2 classes)

(dolist (node2 class2)
(if (queens-captured? (node-datum nodel) (node-datum node2))
(nogood-nodes (list nodel node2)) ))))))

(defun queens-captured? (ql g2)
(or (= (cadr q1) (cadr q2))
(= (abs (- (cadr q1) (cadr g2))) (abs (- (caddr q1) (caddr g2))))))



N-Queens by Interpretation Construction

1. Make a set of queens of the same row a choice set
{I'ij[1 <j <nj
2. Construct Interpretations on the choice sets
(interpretations
{k-th choice set|l <k <n} )

3. Interpretations — Solutions



N-Queens by Interpretation Construction

(defun n-queens-by-IC (n &aux classes solutions)

(setq classes (make-class n)) ; choice set
(detect-capturing-pair classes) ; nogood
(setq solutions ; oo

(interpretations *atms* classes) )

(length solutions) )



Organizing ATMS-based Problem Solver

o Many-Worlds Strategy: Work in all consistent con-
texts at once, seek possible solutions.
Node is :IN if the label is non-empty, and
: OUT if the label is empty.

e Focused Strategy: Work in single context (or small
number of contexts) at a time to find a good solu-
tion. Switch contexts opportunistically.

The environment for context is called focus.
Node is :IN if it is implied by the focus, and

:0UT otherwise.



ATMS OO O

disjunctive normal form 00 0000000000000
O ATMSO0OO.

Problem Solving System

comm- ATMS

Inference Engine |29 g?]mm- ATMS

contradiction J= nogood

Wwia1SAs Buloepaul

results results




Disjunction 0000 0O 0O O

choose{C,C>, ...}

p

e Hyperresolution 00 00O

e JIOOOODOO — NATMS

\

disjunction 000000 6 00 hyperresolution
A: 0071y “<n, 000 >: 000 n0O0O00O0

choose{A}: OO
nogood{A}: [



Hyperresolution [0 0 [J

OO0 H1
00000000, nogood 000,

000 H2
Jubogubogtd, gdbootdbn.

OO0 H3

OO000000, disjunction 0000,

OO0 H4
2 [0 disjunction [ negative [ [ [,
000 nogood [0 0.

choose{ A}

nogood[{A} U q]

nogood|a]

choose{ A}
<n,{{A}Ualug>

<n,{a}Upg>

nogood{ A}
choose{A, Ay, As, ...}

choose{ A1, Ag,...}

choose{ A, B}
nogood|[{A} U a| where B € «

a= B



Hyperresolution 000 (0O 0)

OO0 H5 OO0 nogood I disjunction 0O 00O 0OOO,
000 nogood [0 0.

choose{ A1, Ag,...}
nogood «a; where A; € a; and A;; ¢ «; for all ¢

nogood U; |ov; — {A;}]

ODOOH6OODOOOOOOO, 000 nogood [
disjunction O 0000 O000O0O0O0OO.

choose{ A1, Ag, ...}
< B, >
nogood[A4; U ;] or {A;} Ua € X\ and A, & «; for Vi

< B,{U;a; } UNF >

000, X0 AN00 U, 0000000000000,



Negated assumption ATMS — 000000000

NATMS OO OOOO: hyperresolution [0 [0 [
Oo0dodo, obooooo,oonooon

disjunction 0 0 choose{A, B, C} 00000 OO:
A, B, -C = L

[D0]kOO0OOO0O (wAV-Bv~-C)DO kODOOO

(ANB—-~CO0)000000OO.

nogood{ A, Ay,..., Ar}

HRNRERERERNRNRERERERE
Jouooot
Jotd, ddbbooobn.

Aq,..., A = A



Jooddduoon

1. choose, control OO 0000000 [de Kleer]
2. 000 ATMS —OO0oooQo oo

(a), (b) = ¢ (a: INOOO b: OUTOODO)
a’laa’27'°°7OUT(61)7OUT(Z)2)7”' = C
L O O

O/ 0Tweety 00000, OTweety D OO0 O0O0O0O0OOO

OOoo0d, Tweety D00 OO0OO0OOO

ea:UTweety IO OOOOOOMO.
en:UOTweety D0 DOOOOOOMO.



ATMS D000 O0O0O0ooOoooad

OO0 Ir',0 A0O,000 v OaOOO

e JOATMS N O n 00000000000
a, N' =n
ignore{ N’}
ignore 000 N 0000000000000O0O0OO
Juobobt, dgobotdduood.
e OO ATMS DOOOOOOODOOOO.
a, OUT(—n) = n



Jodddduobobooooboooggdddt

default logic D OO0 O0O0: deKleer DOOOOO:

Republican O00: Ny, N,

Quaker {republican, N1} = hawk

Republican : M Hawk {quaker, N5} = dove
Hawk nogood{N{, Ny}

Quaker : M Dowve ignore{N{}, ignore{Né}
Dove

Dove& Hawk O False



OO0Od ATMSOUOOGOOoooo

O00: OUT(—dove), OUT(—-hawk)
{republican, OUT (-hawk)} = hawk
{quaker, OUT (—dove)} = dove
nogood{OUT (—~dove), OUT (—hawk)}

) -
000000 @
i >—e

{OUT (—dove)} O

{OUT (=hawk)} >




ATMS D000 O0o0oooooood

1.

INTERNOO —0O0O0OO0OO0OO0OO0O0OOINOOOO, OO
Juoogubogtdb. bbb og, bgdboogdd,
Juoogubogdood.

ANDOD —O0000000000o0 INODOOooooo,

Juobggogtdn.

. ADDB (Assumption-based Dependency-Directed Back-

tracking) — 0000000000000 O0O0OOOO
OO0ood, INODOOOoODooooood. INOODDOO
Joddd. g ooong.

.dmplied-By 00 —0O000000O0000O focus envi-

ronment D 000000000000, 000000. fo-
cus environment [0 nogood D 00O OOOOOOOO
00O,



ATMS 0DO0O0OO

e JUUUIDLUOUUOL —UHUOLODLODOUOOUOODLOOOON
Jogddduuooboooon, oL, gt
Joggooooooooo, oottt
Ooooooo ATMSOO0O.

o OO OUUOUOODDOOOODOULO —OODOOO, O
Jouoooodb, cugddggooooooo, oud
Juguo, bbbt ooogutdd
Oo0dddooooooooooono ATMS O O O.

e JUUUDDOUUOUOLODODOUUOL —UOoboogd
Jdguooobood, oot bobooogudd
Oooooc ATMS OO0,



ATMS 0DO0O0OO

1.

000000: QPE (Qualitative Physics Engine) (U-

niv. of Northwestern)

Lgoodoooooo: ATMSOOOOODOoOooooa,

bbbttt tgtdoodn.,

Luogouduooodgoon, bobdtd:-gobooddd

000 (Oregon State Univ.) circumscription theo-
rem prover (Stanford Univ.), 0000000000
Joddodtdboodbobotdootdo-oodo, odd
0 (00)

. 000000 (Yale Univ., Linkding Univ., NTT)
., 00000000 (0O0)



ATMS D OO04O0Oooon

a: BNy
o

disjunction-free [ Default OO0 0O n O

1. 0000:
0000000 (extension) DO ODODOO.

2. 000000000 (booooog):
0000000 (DCO000) 00000 extension OO O
L.

3. 00 (entailment) 00O (DOOCOOOOOO):
0000000 (DCO000) 00000 extension 00O O
oo,



ATMS D OO04O0Oooon

1. 0000:
o000000 000000 disjunction-free O 00 [0 [
00 (unary) O, NPOO (NP-hard), DOOOO0OO
000o0o0oo o(n?).

2. 00000oooo:
Horn 0 O ordered unary OO OO0 0O0O O(n) O, OO
O0O00ooo NPODO.

3. 00O (entailment) O :
~vOOOunaryDOO0OOO0 O3 000, 0000
O0000ooooood co-NPOOOODO.



Ooooooooooooo [Stillman, AAAI-90]

Joooooobodd
o, dbbobbh.

default D OO0 OO OO Disjunction-free

DDDDDDDDDDDPraeq(D;Ord/e;d Unary

D . DF-Normal ‘\PFUnary
PFOrdered

O. Horn OO O OQOO Ordered Unary ‘
PF Normal

00000 decidable. Horn PFOrdered Unary
0000000 default Norma; Unary/
OO0 0000nnn PF Normal Unary

OJO0O0o0oddo NPO
L]



ATMSOOO — ATMSOOOOOGOO —

7

o UUUDOLOUOUOL, 0D0OODOOION
e ATMS OODUOO,00O0OOO

\

Juogdn

1. or, not 0 choose OO OOOOOMOO
Dddooddoooooobooooooao.
D00, 0000ooooooooooooon.

2. J00d00ooooooooood
QPECO0O0OOO0OO, 0000O0OoOoOoon



CMSOOUOO —CMSOO0OO0O0O0 <= NP-OOODO

Joobobooobobodddoooonbn

1. 0000 = 000000 (PROLOGOODO)
OJO00000ooo0oooo (BCP, Boolean Constrain-
t Propagation)
Jodddd, bbooobbbtd

2. 00 (prime implicates) 00000 BCP
Joooodooooo,ooooo (Av-ADOO0O)

3. 00000000000 (Binary Decision Diagram) O
000, 0000000000000000. [0O]



OJOoooooo (BDD) (Bryant, 1986)

l. 000000 ooooooooooooooon
f=0zfl,_ )V f,_)
2. 000O0OoOoOod
— 0000000 (Unique) O0ODO.
3. 000000oooooooooon.
4. 00000 oooooooboad.

— VLSI CAD OO OOdogoono.
— DD 000000 T™MS OO0

OO00O: 0oood, 36(8), 35 (5); bit, '970 40 0
ftp://eda.kuee.kyoto-u.ac.jp /pub/cad/Bemll.tar.Z



0000000 (BDD) — z175 + 3

0. !
(a) D000 o ©

00 @\ @% @% 2
y y ; ;
0 1 0 1 1 1 0 1

r1xr3 T1TQ+ T3 T2+ I3
1
0
v

(b) 000 = ROBDD (c) 00O = SBDD



Ooood TMS O BDDOOOOoDOOOooOoooo

1. BDDOOOOOoOooooooooo (NPOOOO)
Jobob. ogdobootddooott.

2. 00000doooooooooooon
Juobogtubtgtdbotbootdgbbogubgtdog.
Juoogubgdon.

3. 0000dooooooooooooooon
BDDUOOOGOGOGOO.

4. D0 O0O00oooooon
OO0o0oooooooooOoOod Plug and Playd



BDDOOODODOOOOOO TMS (BMTMS)

00000000000 (@, ®, ©)

Problem Solving System

BDD-based Multiple-context TM S

o |

| nference
Engine

—

e —

interface

d

-

ATMS

>.

. I A

contradiction %

[
-~

BDD
in Common Lisp
-
SBDD
graph
< —
BDD

m = e inC, BEM, ..

SBDD
graph




BMTMS OO0 (®and ®)

®
000000

®
NOOODOOO

—~ - S
i= 10000.0 = F100.00 = XxX——x BMTMS with BDD in C
E ' 0——0 BMTMS with BDD in Lisp
r [ O——0 Madre and Coudert [IJCAI-91]
1000.0 = L
N 10.00
100.0 = E
100 & 1.00 +
104 L
= x——x BMTMS with BDD in C 010+
B O——0 BMTMS with BDD in Lisp [
0.1 m——n Label Update with ATMS r
o e - — —« Interpretation Construction with ATMS L
N [OREEES O Madre and Coudert [IJCAI-91] B
0.0 | | | | | | | | | | 0.01 I 1 I [ N R |
3 4 5 6 7 8 9 10 11 12 1 1 10 b

Number of Queens Number of supporting environments



BMTMSO OO (©)— QPEOCOOOODOOOOOODOO

{ 77 \ dP,| — [dPp| = [dQ aR],
} }

\ &) | dPp| — [dP¢c| = [dQpc);

A B c dQ 4] = [dQRc),

r+y=00000000: (y_ATTATGAT-—AzsAzg)V(T-A

Y+ AYo AT ANTx Axg)V (= AYF Ayo ANT— ATF A xq)
[dPA] 1+, [dpcf] (1 OO,

BMTMS 0,0000000000000:
0[dQapl O [dQ@pc| B0 +0



BMTMS 000 (©)

QPE 0O OO0
Juogubgun
oot

e ATMS OOUOO QPECO, 2,814 0000 0OONO.
O0ooOod 50.38 0.

e BMTMS DO QPE OO, BDD OO O 132.
OO0o0odo 0.28 sec.



Juogubgun

1. 000000 ooooooooon

2. 000000oooooooon

. Oooooooooooooooooooono
ATMS DOdOdooooo, CMS O OO0

4. 0000000000 O0DOOO (Doooooon)

5. l0ddoonooooooooooon

6. 1000000 —OOOOOODODODODODODOO
Juogubutdbootdboouty, gubgdogd
Jooguoogdo, gogd, ggoogood, «--



Jubogubogdboodoogd

1. 000000000
Jdooouuooog,
Juogubotgdogd
U4, ogduoog.
2. 000000000
Juoouuoog,
Juogubotgdogd AlDOO0OOoOooon
U, dooggoogd ooooo [oOo]
Juogubotgdogd
Juoon.



Jo0000 (1) —000000. 000000

1. 0000000000000 00000000000oOoad
Juoogboo, ooy,

00 A4 40

2. |00 |BPS ODOO0ODODOO0OOO, DOoOboOoooooon
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000000 (2) 000000

OO (bemll OOOOO SUN OO.

http://winnie.kuis.kyoto-u.ac.jp/~okuno/bemll.tar.gz
1. SEND + MORE = MONEY

2. CROSS + ROAD = DANGER

3. FOUR + FIVE = NINE

4. NEWTON + KLEIN = KEPLER

5. MAN + WOMAN = CHILD

6. ONE + TWO 4+ FOUR = SEVEN



