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Roadmap

Theory of Tree Automata
Parsing — Basics and Evaluation

Parsing — Advanced Topics
Machine Translation — Basics and Evaluation

Theory of Tree Transducers
A Machine Translation — Advanced Topics

Always ask questions right away!
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Motivation

From Extracted Rules to Tree Transducers
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Syntax-based Machine Translation

Extracted rules

Yugoslavﬂ AlywgwslAfy President 3£ Alr}ys
Voislav 3~ fwysIAf for 2= En
Serbia 2= SrbyA

NML(qy, gp) ™ NP(gp, qy) NP(gs) 22 NP(qs)

PP(gr, gne) 22 PP(qy, ane)

NP-SBJ(gnmL, qv) ™= NP-SBJ(gnmi, NP(qv))
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From Automata to Transducers

Graphical representation

aNP-sBJ
\ NP-SBJ
NP-SBJ / \
/ \ gnve NP
anve Qv |

Qqv
corresponds to two productions

anp-se) — NP-SBJ(gnmL, qv)
anp-sey — NP-SBJ(agnme, NP(qv))
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From Automata to Transducers

General idea

Synchronous grammars are essentially two grammars
over the same nonterminals whose productions are paired

Convention

same nonterminals are synchronized (or linked)
and develop at the same time

Lecture V: Tree Transducers A. Maletti - 6



From Automata to Transducers

Approach

m join two productions g4 — r and go — r» to
(91,G2) = (1, 12)
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From Automata to Transducers

Approach

m join two productions g4 — r and go — r» to
(91,G2) = (1, 12)
m demand g; = q = g for simplicity and write r; = r,
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From Automata to Transducers

Approach

m join two productions g4 — r and go — r» to
(G1,9q2) — (11, 12)
m demand g; = q = g for simplicity and write r; = r,
m paired productions develop input and output tree
at the same time
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From Automata to Transducers

Used rule: Next rule:
S

9] < conﬁ@

wa
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From Automata to Transducers

S
4 \
CONJ [4]
v
Used rule: Next rule:
/S s
(9] < cony \@
i @ . * i
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From Automata to Transducers

S
\ CONJ \S
q1| VP
/\ AN
7 wa [P
Used rule: Next rule:

ﬁi N
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From Automata to Transducers

S
\ CONJ/ \S
qi| VP
/) do v/ @
V
| |
saw ra’aa
Used rule: Next rule:
[ \ }\l < NP
sa‘lw " raaa DT ar i
| 7]
the
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From Automata to Transducers

S
VAN
NP VP CONJ S
/N /N | |\
DT \|/ wa Vv~ NP
the saw ra’'aa
Used rule: Next rule:
NP N N
/ NP | = ]
DT @ i boy atefl
|

the
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From Automata to Transducers

S S
RN RN
Ko TN
D|T T \|/ wa \|/ N|P
the boy saw ra’laa N
atefl
Used rule: Next rule:
N N NP
by " abf of = ¥
oy ate r| 92
|
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From Automata to Transducers

S S
PN RN
NP VP CONJ S
/ N\ /N | ]
DT N \Y NP wa V NP NP
I /\ I
the boy saw D|T ra’aa T
the atefl
Used rule: Next rule:

NP N N
/ i NP [ \
DT 73 i door albab

|

the
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From Automata to Transducers

S S
- \VP CONJ/ \S

/ \ /N | RN
DT N \Y, NP wa V~ NP NP
| | | /' \ | | |
the boy saw DIT T ra'laa N N

the door atefl albab
Used rule: Next rule:

N N

s \

door albab
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From Automata to Transducers

m synchronization breaks almost all existing constructions
(e.g., the normalization construction)

— the basic grammar model very important
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From Automata to Transducers

m synchronization breaks almost all existing constructions
(e.g., the normalization construction)

— the basic grammar model very important

Major models

linear top-down tree transducer
m input-side grammar: TA normalized RTG
m output-side grammar: RTG
linear extended top-down tree transducer
m input-side grammar: RTG
m output-side grammar: RTG
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Tree Transducers

Lecture V: Tree Transducers

Top-down Tree Transducers
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Rule Transformation

Synchronous grammar rule:

VP
VP / \
YARN 49 Q@ VP
g1 Q2 Q3 / \
g1 Q3
Top-down tree transducer rule:
VP
q /N
| g2 VP
VP - / \
VAN X2 g1 Q3
X1 Xo X3 |
X1 X3
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Top-down Tree Transducer

m variables X = {xg, Xq,...,} = {xj | i € N}
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Top-down Tree Transducer

m variables X = {xg, X1,...,} = {xj | i € N}
m unary top-concatenation set Q; T C Tx(V)

Q(T)={q()[qeQ tcT}
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Top-down Tree Transducer

m variables X = {xg, X1,...,} = {xj | i € N}
m unary top-concatenation set Q; T C Tx(V)

Q(T)={q()[qeQ tcT}

m var(t) = {x € X | x occurs in t} te Tx(X)
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Top-down Tree Transducer

m variables X = {xg, X1,...,} = {xj | i € N}
m unary top-concatenation set Q; T C Tx(V)

Q(T)={q()[qeQ tcT}

m var(t) = {x € X | x occurs in t} te Tx(X)
m t € Tx(X) linear if each x € var(t) occurs at most once
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Top-down Tree Transducer

Definition (THATCHER, 1970)
A top-down tree transducer is a tuple (Q, %, A, I, R)

m alphabet Q states
m alphabets ¥ and A input/output symbols
m/CQ initial states
m finite set R C Q(X(X)) x Ta(Q(X)) rules
m var(r) C var(¢) forall (¢,r) € R
m /is linear forall (¢,r) € R
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Top-down Tree Transducer

Mirror-image top-down tree transducer (Q, X, X, Q, R) with

= Q={q}
mY={0a}
m the following rules in R
q v q o
| | | /\ q
v — q c — 9 q | = «
| | /\ || !
X1 X1 X1 Xo Xo Xq
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Top-down Tree Transducer

Definition (Derivation)
Sentential forms &, ¢ € TA(Q(Tx))

§=mC

if there exist ¢ — r € R, position w € pos(¢),
substitution 8: X — Tx

u {:f[ﬁe]w
u C:f[l’@]w
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Top-down Tree Transducer
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Top-down Tree Transducer

M={(t,u)ye Tx x Ta | 3q € I: q(t) =} u}
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Top-down Tree Transducer

M={(t,u)ye Tx x Ta | 3q € I: q(t) =} u}

Top-down tree transducer N with

{<0(t7 U), O’(U, t)) ‘ tue T{'y,a}} CcN

q v q o

| | | /\ q

¥y — q o) - q q | = «
| | /\ ||

X1 Xq X1 X0 Xo Xq
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Top-down Tree Transducer

Definition (Syntactic restrictions)
Transducer (Q, X, A, I, R) is

m |inear if ris linear forevery¢{ —re R
m nondeleting if var(r) = var(¢) forevery/ - reR
m strict if r ¢ Q(X) forevery/ - reR
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Top-down Tree Transducer

Definition (Syntactic restrictions)
Transducer (Q, X, A, I, R) is

m linear if ris linear forevery/ —re R
m nondeleting if var(r) = var(¢) forevery/ - reR
m strict if r ¢ Q(X) forevery/ - reR

Mirror-image transducer is linear, nondeleting, and strict

(Ins-TOP)
q v q g
| | | /\
v = q g — q g | = «
| \ /\ || o
X4 X4 X1 X2 X2 X1
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Top-down Tree Transducer

Properties [ENGELFRIET, 1975]

T1 “Copying of an input tree and
and processing the copies differently”

T2 “Cannot inspect deleted input tree”
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Top-down Tree Transducer

Properties [ENGELFRIET, 1975]

T1 “Copying of an input tree and
and processing the copies differently”

T2 “Cannot inspect deleted input tree”

REINES

T2 has been addressed
~> top-down tree transducers with regular look-ahead
[ENGELFRIET, 1977]
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Top-down Tree Transducer

Regular look-ahead

Can be simulated by allowing un-linked nonterminals on the

input side
VP
VP / \
AR 9 MD s
g G G |
Q2

m these develop without effect on the output
m can generate any regular tree language
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Top-down Tree Transducer

Definition (COMP)

T C T):XTAandT/gTAXTr

7,7 ={(s,u) | 3te Ta: (s,t) e, (tu)er}

Example (Double mirror-image)

N;N=id
q v q o
| | | /\ q
¥y — q o — q q | = «a
| | /\ ||
X4 X4 X1 X2 Xo X
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Top-down Tree Transducer

m TOP = class of tree transformations computable by
top-down tree transducers

m TOPR = class of ... transducers with regular look-ahead
m x-TOP®) = class of ... transducers with properties x

In-TOP = class of tree transformations computable by
linear and nondeleting top-down tree transducers
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Top-down Tree Transducer

TOPR,

-

TOP,, I-TOPR

/

-TOP,  Is-TOPR

Is-TOP,  In-TOP,

|

Ins-TOP;

composition closure indicated in subscript
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Top-down Tree Transducer

RoT = {<O‘(U(t1,t2), t3), O‘(t1,0(t2, t3))> | 4, b, t3 € Tz}

/\ /\
/\ /\
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Top-down Tree Transducer

RoT = {<(7(O‘(t1,t2), t3), O‘(t1,0‘(t2, t3))> | ty, bo, t3 € Tz}

/\ /\
/\ /\

Preservation of regularity (PRES)

Given 7 C Ty x Ta and L C Ty regular, is 7(L) regular?

r(L)={u|3tel: (t,u)er)

Lecture V: Tree Transducers A.Maletti - 24



Top-down Tree Transducer

Model \ Criterion | RoT SYym PRES PRES~' ComP
Ins-TOP X X

In-TOP X X

Is-TOP X X X2
[-TOP X X X2
Is-TOPR X X

I-TOPR X X

TOP X X Xo
TOPR X X Xoo

(SYM = symmetric)
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Tree Transducers

Extended Top-down Tree Transducers
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Extended Top-down Tree Transducer

Definition (GRAEHL et al., 2009)

A top-down tree transducer is a tuple (Q, X, A, I, R)
m finite set Q states
m alphabets ¥ and A input/output symbols
mE/CQ initial states
m finite set R C Q(X(X)) x Ta(Q(X)) rules

m var(r) C var({) forall (¢,r) € R
m /s linear forall (¢,r) e R
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Extended Top-down Tree Transducer

Definition (GRAEHL et al., 2009)
An extended top-down tree transducer is a tuple (Q, X, A, I, R)

m finite set Q states
m alphabets ¥ and A input/output symbols
mE/CQ initial states
m finite set R C Q(Tx(X)) x Ta(Q(X)) rules
m var(r) C var({) forall (¢,r) € R
m /s linear forall (¢,r) e R
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Extended Top-down Tree Transducer

as
S !
q as q \ S AN
= | = CONJ s /N v awe awe
X4 X1 Xy | \ Xy VP | | \
wa- Xy / \ X X1 X3
X2 X3
ane ane
\ NP \ NP
| N NP | NP \
v — /N — N N — N
| ra'aa DT N \ DT N
saw \ \ atefl \ \ albab
the boy the door
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Extended Top-down Tree Transducer

Definition (same as before)
Sentential forms &, ¢ € TA(Q(Tyx))

§=mC

if there exist ¢ — r € R, position w € pos(¢),
substitution 6: X — Tx

m { = {[l0]w
u C:f[l’ﬁ]w

Lecture V: Tree Transducers A.Maletti - 29



Extended Top-down Tree Transducer

Definition (same as before)
Sentential forms &, ¢ € TA(Q(Tyx))

§=mC

if there exist ¢ — r € R, position w € pos(¢),
substitution 6: X — Tx

m = ¢[l0]w
u C:f[l’ﬁ]w
M= {{t,u) € Tx x Ta | 3g € I: q(t) =, u}
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Extended Top-down Tree Transducer

T
S AN

/ \ — Qv GNP gNP

X1 VP | | |
/\ X2 X1 X3
Xo X3

as
| s
S AN
/\ =M Qv GNP GNP =M
tt VP | | |
/\ b 4 f3
b I3
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Extended Top-down Tree Transducer

gs s anp
| AN Qv I anp
— Qv GNP GNP VP — | VP = |
/\ | | /\ X1 /\ X2
X1 X2 X2 X{ X2 X1 X2 X1 X2
Simulation by top-down tree transducer
qS S/ /
AN VAN s’
S Qv gne o GNP Qv gne GNP | N\
/ \ =M =M | =M Qv ave Onp
ti VP VP VP Lt VP
/\ /\ /\ /\ bt B
L B b 3 b &3 L &
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Extended Top-down Tree Transducer

Definition (Syntactic restrictions)

Extended top-down tree transducer (Q, X, A, I, R) is
m linear, nondeleting, strict as before
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Extended Top-down Tree Transducer

Definition (Syntactic restrictions)

Extended top-down tree transducer (Q, X, A, I, R) is
m linear, nondeleting, strict as before
m c-freeif £ ¢ Q(X) forevery/ - reR
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Extended Top-down Tree Transducer

Definition (Syntactic restrictions)

Extended top-down tree transducer (Q, X, A, I, R) is
m linear, nondeleting, strict as before
m c-freeif £ ¢ Q(X) forevery/ - reR

Example

Our example transducer is linear, nondeleting, striet, and =free

gs e ane

S | s v | NP | NP
s q / \ S AR | v NP | NP |
= | — CONJ Gs /\ 7 av awe G v = | /\ = N /N = N
X1 X4 X1 | | Xt VP | | | | ra'aa DT N DT N
wa- X /\ X2 Xi Xs saw | | atefl | | albab
X2 X the boy the door
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Extended Top-down Tree Transducer

Properties [~ et al., 2009]

X1 Finite look-ahead
X2 Deep attachment of variables
X3 Infinitely many outputs for one input
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Extended Top-down Tree Transducer

Properties [~ et al., 2009]

X1 Finite look-ahead
X2 Deep attachment of variables
X3 Infinitely many outputs for one input

m T1 and T2 still apply
m XTOP = class notation
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Extended Top-down Tree Transducer

XTOP,, ——————XTOPR,
I-XTOP., I-XTOPR,
In-XTOP,, £-XTOP+ TOPR,
/ /
Ins-XTOP 1e-XTOP, 1e-XTOP§
/
Ine-XTOP._ Is=-XTOPS
/
Inse-XTOP, Ise-XTOP; I-TOP§ I-TOPT
TOP.
Is-TOP, I-TOP,
/
/ In-TOP;
/
OP

Ins-TOP4
composition closure indicated in subscript

Lecture V: Tree Transducers A. Maletti - 34



Extended Top-down Tree Transducer

Model \ Criterion | ROT SYm PRES PRES~' COMP
In-TOP X X

I-TOP X X X2
I-TOPR X X

TOPR X X Xoo
Inse-XTOP X2
Ins-XTOP X X
Ise-XTOP®R) X X2
le-XTOP X X4
le-XTOPR X X3
(s)I-XTOP® X Xso
XTOP X X Xoo
XTOPR X X Xoo
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Tree Transducers

Extended Multi Bottom-up Tree Transducers
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Extended Multi Bottom-up Tree Transducer

Definition (ENGELFRIET et al., 2009)
An extended multi bottom-up tree transducer (Q, X, A, F, R)

m alphabet Q states
m alphabets ¥ and A input/output symbols
BEFCQ final states
m finite set R C Ty q(X) x Taua(X) rules
m var(r) C var(¥) forall (¢,r) € R
m /is linear forall (¢,r) € R

B g € Q occur in £ only directly above elements of X
B g € Qoccurs in r only at the root
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Extended Multi Bottom-up Tree Transducer

Definition (ENGELFRIET et al., 2009)
An extended multi bottom-up tree transducer (Q, X, A, F, R)

m alphabet Q states
m alphabets ¥ and A input/output symbols
BEFCQ final states
m finite set R C Ty q(X) x Taua(X) rules
m var(r) C var(¥) forall (¢,r) € R
m /is linear forall (¢,r) € R

B g € Q occur in £ only directly above elements of X
B g € Qoccurs in r only at the root

linear, nondeleting, strict, e-free as before
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Extended Multi Bottom-up Tree Transducer

Example (Duplication)

Extended multi bottom-up tree transducer (Q, X, ¥, {f}, R)
m Q={qg,fland X ={0,a,b, e}
m R contains exacily:

a q b q f
q | /\ \
e— /\ — a a
e

q q
e /\ | /\ |

X1 X2 X1 Xo X1 X2 X1 Xo X1 X2
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Extended Multi Bottom-up Tree Transducer

Example (Duplication)

Extended multi bottom-up tree transducer (Q, X, ¥, {f}, R)
m Q={qg,fland X ={0,a,b, e}
m R contains exacily:

a q b q f
| / \ \

qQ —a a q
/N /N |

X1 X2 X1 Xo X1 X2 X1 Xo X1 X2

linear, nondeleting, strict, and =free

q
e— /\
e e

Lecture V: Tree Transducers A. Maletti - 38



Extended Multi Bottom-up Tree Transducer

Rule:

7 N T\
q/ \p X \. — ?\X1
3 X4
/\ X2 Xq4 X3
X1 Xo

—
@A &7
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Extended Multi Bottom-up Tree Transducer

a q b q f
| /\ \ \ q |
e— /\ qa - a qa —b b - g
/\ || /\ || X1 X2 /\
X1 Xo Xy Xo Xy Xo X1 Xo X1 X2

Derivation

a

|
b

|
b

e
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Extended Multi Bottom-up Tree Transducer

a q b q f
| /\ | q |
e— /\ q9 - a g —b b - g
/\ || /\ || X1 X2 /\
X1 Xo Xy Xo Xy Xo X1 Xo X1 X2

|
T
b:>Ml|)
|
b q
| /\
e e e
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Extended Multi Bottom-up Tree Transducer

a q b q f
| /\ | q |
e— /\ q9 - a g —b b - g
/\ || /\ || X1 X2 /\
X1 Xo Xy Xo Xy Xo X1 Xo X1 X2

T
ol
b =m b =M g
| | /\
b q b b
| /\ |
e e e e e
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Extended Multi Bottom-up Tree Transducer

a q b q f
| /\ \ / q |
e— /\ qa - a qa —b b - g
/\ || /\ || X1 X2 /\
X1 Xo Xy Xo Xy Xo X1 Xo X1 X2

i i i
a b b q
| | | /\
b=mM b =M g =Mb b
| | /\ |
b q b b b b
| /\ | |
e e e e e e
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Extended Multi Bottom-up Tree Transducer

a q b q f
| /\ | q |
e— /\ q9 - a g —b b - g
/\ || /\ || X1 X2 /\
X1 Xo Xy Xo Xy Xo X1 Xo X1 X2

i i i A
a b b q a/\a
| | /\ |
b=M b =M q =Mbp b=>>Mb b
| | /\ | |
b q b b b b b b
| /\ | | |
e e e e e e e e e
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Extended Multi Bottom-up Tree Transducer

a q b q f
| /\ | q |
e— /\ q9 - a g —b b - g
/\ || /\ || X1 X2 /\
X1 Xo Xy Xo Xy Xo X1 Xo X1 X2

Derivation

f

i T Y N

/\ /\
? ? b q a a a ?
b=M b =M g =Mbpb b= Mb b=M b b
| | /\ | | |
b q b b b b b b b b
| /\ | | | ||
e e e e e e e e e e e
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Extended Multi Bottom-up Tree Transducer

m={(tu)eTsxTa|Iqge F:t=)q(u)}
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Extended Multi Bottom-up Tree Transducer

m={(tu)eTsxTa|Iqge F:t=)q(u)}

Example (Duplication)

(o)
It computes {(t, /\ )|te T}
t t

Its image is not a regular tree language

Lecture V: Tree Transducers A. Maletti - 41



Extended Multi Bottom-up Tree Transducer

Extended multi bottom-up tree transducer (Q, X, A, F,R) is

m extended bottom-up tree transducer (XBOT)
if R C Tx(Q(X)) x Q(Ta(X))

m multi bottom-up tree transducer (MBOT)
if¢eX(To(X))forall¢ - reR

m bottom-up tree transducer (BOT) if both conditions hold
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Extended Multi Bottom-up Tree Transducer

Extended multi bottom-up tree transducer (Q, X, A, F,R) is

m extended bottom-up tree transducer (XBOT)
if R C Tx(Q(X)) x Q(Ta(X))

m multi bottom-up tree transducer (MBOT)
if¢eX(To(X))forall¢ - reR

m bottom-up tree transducer (BOT) if both conditions hold

Example (Duplication)

a q b q f
q | /\ | /\ q |
e— /\ qQ — a a q9q — b b /\ — o
e e /\ | /\ | Xy X /\
X1 Xo Xy Xo Xy Xo X1 Xo X1 X2
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

I-XTOPR = |-XBOT

Standard construction trading input-deletion for output-deletion
see |-TOP C I-BOT by [ENGELFRIET '75] O
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

I-XTOPR = |-XBOT

Standard construction trading input-deletion for output-deletion

see |-TOP C I-BOT by [ENGELFRIET '75] O
In-XMBOT
In-XBOT I-XBOT
In-X"l'OPil-X'I"OP
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

XMBOT = n-XMBOT
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

XMBOT = n-XMBOT

m guess subtrees that will be deleted
m process them using look-ahead O
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

XMBOT = n-XMBOT

m guess subtrees that will be deleted

m process them using look-ahead O
In-XMBOT
In-XﬁOT I-XE‘?;OT
In-XTOP ——I|-XTOP
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

XMBOT = n-XMBOT

m guess subtrees that will be deleted

m process them using look-ahead O
In-XMBOT
In-XBOT I-XBOT In-MBOT
In-XH’OPil-X'I"OP I-MﬂOT
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

e-XMBOT = MBOT
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m decompose large left-hand sides using “multi”-states
m attach finite effect of e-rules O
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

e-XMBOT = MBOT

m decompose large left-hand sides using “multi”-states

m attach finite effect of e-rules O
In-XMBOT
] T~
In-XBOT I-XBOT In-MBOT
In-XM‘OP—I-X'I"OP |-MEH;OT
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Extended Multi Bottom-up Tree Transducer

Theorem [ENGELFRIET et al., 2009]

e-XMBOT = MBOT

m decompose large left-hand sides using “multi”-states

m attach finite effect of e-rules O
In-XMBOT
] T~
In-XBOT I-XBOT In-MBOT
In-XM‘OP—I-X'I"OP |-MEH;OT
Is—XI\/‘I‘BOT
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Extended Multi Bottom-up Tree Transducer

tree transformation = sensible
if [pos(u)| € O(|pos(t)|) for all (t,u) € 7 (linear i-o size relation)
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tree transformation = sensible
if [pos(u)| € O(|pos(t)|) for all (t,u) € 7 (linear i-o size relation)

Theorem [~, 2012]

sensible XTOP C In-MBOT
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Extended Multi Bottom-up Tree Transducer

tree transformation = sensible
if [pos(u)| € O(|pos(t)|) for all (t,u) € 7 (linear i-o size relation)

Theorem [~, 2012]

sensible XTOP C In-MBOT

m use construction of [ENGELFRIET, MANETH, 2003]

m obtain finitely copying e-XTOP

m apply [ENGELFRIET et al., 2009] to obtain le-XMBOT

m previous theorems yield In-MBOT O
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Extended Multi Bottom-up Tree Transducer

Corollary

All SMT-relevant extended top-down tree transducers
can be simulated by linear and nondeleting
extended multi bottom-up tree transducers
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Extended Multi Bottom-up Tree Transducer

In-MBOT ¢ XTOPR

Lecture V: Tree Transducers A. Maletti - 48



Extended Multi Bottom-up Tree Transducer

In-MBOT ¢ XTOPR

Theorem [GILDEA, 2012]

yd,,(In-MBOT) = LCFRS
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Summary

Model \ Criterion RoT Sym PRes PREs™' Comp
In-TOP X X

I-TOP X X X2
I-TOPR X X

TOPR X X Xoo
Inse-XTOP X2
Ins-XTOP X Xoo
Ise-XTOP®) X X2
le-XTOP X Xa
le-XTOPR X X3
(s)I-XTOP® X Xeo
XTOP®) X X Xoo
I(n)-XMBOT X X

XMBOT X X Xoo
reg.-preserving I-XMBOT X

invertable I-XMBOT
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