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Motivation I

e Automatic translation is widely used (even Microsoft uses it to translate English
documentation into German)

e Dictionaries are very powerful word-to-word translators; leave few words
untranslated

e Outcome is nevertheless usually unhappy and ungrammatical

e Post-processing necessary

Major problem: Ambiguity of natural language

Common approach: e "Soft output” (results equipped with a probability)

e Human choses the correct translation among the more likely ones
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Motivation I

Tree series transducers are a straightforward generalization of

(i) tree transducers, which are applied in
e syntax-directed semantics,
e functional programming, and

e XML querying,

(ii) weighted automata, which are applied in
e (tree) pattern matching,

e image compression and speech-to-text processing.
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Generalization Hierarchy'

tree series
transducer
T. TZ — A TA

weighted transducej tree transducer

weighted tree
automaton

Le A<<T}:>> T: 2% — A{(A* T: Ty — IB«TA»
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* L e B(Tx)
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Y ranked alphabet, X C X symbols of rank k, X ={x; |1 € N, }

o Ty (X) set of Z-trees indexed by X,
® T}: = Tz(@),

o t € Tx(X) is linear (resp., nondeleting) in Y C X, if every y € Y occurs at most
(resp., at least) once in t,

e t[ty,...,ty] denotes the tree substitution of t; for x; in t

Examples: £ ={c(?) vy «0) RO and Y = {x71,x2}
Y

/N |
o Y o
/ \B | I\

o(o(e, B),y(x1))  Y(o(x1,%2))

1
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Semirings'

A semiring is an algebraic structure A = (A, @, ®)
e (A D) is a commutative monoid with neutral element 0,
e (A, ©®) is a monoid with neutral element 1,
e (O is absorbing wrt. ®, and

e ( distributes over @ (from left and right).

Examples:
e semiring of non-negative integers IN,, = (IN U {c0}, +, -)
e Boolean semiring B = ({0, 1}, V,A)
e tropical semiring T = (IN U {00}, min, +)

e any ring, field, etc.
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Properties of Semirings'

We say that A is
e commutative, if ® is commutative,
e idempotent, if ad a = q,
e complete, if there is an operation @, : Al — A such that
L @Dicimn @i = am & an,
2. Picrai = @jel<@ielj ai), if I= Ui 1j is a (generalized) partition of I, and
3. (@161 ai) © (@jej bi) = @iel,je](ai © bj).

Semiring Commutative Idempotent Complete
N YES no YES
B YES YES YES
T YES YES YES
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Tree Series.

A = (A, P, ®) semiring, & ranked alphabet

Mappings ¢ : Ty (X) — A are also called tree series
e the set of all tree series is A{(Tx (X)),
e the coefficient of t € Tx(X) in @, i.e., @(t), is denoted by (¢, t),
e the sum is defined pointwise (@1 P @2,t) = (@1,t) D (@2, t),
e the support of ¢ is supp(@) ={t € Ts(X) | (@,t) #0},

e @ is linear (resp., nondeleting in Y C X)), if supp(¢) is a set of trees, which are
linear (resp., nondeleting in Y),

e the series @ with supp(¢) = 0 is denoted by 0.

Example: ¢ =1 a+1p+30(ex,x)+...+30(B,B)+50(x,o(ex,x)) + ...
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Tree Series Substitution.

A= (A,®,®) complete semiring, ©,Pq,...,bx € A{(T=(X))

Pure substitution of (\1,...,{k) into @:

(pH(‘LI”)"-)ll)k): @ ((P,t)@(ll)],t1)®@(ll)k,tk)t[t],,tk]

tesupp(@),
(Vie[k]): tiEsupp(Pi)

Example: 50(x1,x1)— 2a®3p) =100(x, x) ® 15 (3, B)

0) 0) o
5 /\ ¢« 2a®3B)=10 /\ @15 /\
X1 xq X & B B
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Tree Series Transducers.

Definition: A (bottom-up) tree series transducer (tst) is a system
M — (Q)Z)A,A) F) H)

e Q is a non-empty set of states,
e 2 and A are input and output ranked alphabets,
e A=(A,®,©) is a complete semiring,

o Fc A(TA(X1))Q is a vector of linear and nondeleting tree series, also called final
output,

o tree representation i = ( py Jxen With i T — AT (X)) QXQ".

If Q is finite and puy(0)4 g is polynomial, then M is called finite.
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Semantics of Tree Series Transducers.

Mapping 7 : pos(t) — Q is a run of M on the input tree t € Ty
Run(t) set of all runs on t

Evaluation mapping: eval, : pos(t) — A{(Ta)) defined for every k € IN, lab¢(p) € i
by

eval,(p) = Uk(labt(p))r(p),r(pﬂ )..t(p-k) & (evalr(p'1 )y ... aevalr(p'k))
Tree-series transformation induced by M is |[M]| : A{(Ts)) — A{(Ta)) defined

IM||(@) @( @ eval, ( )

teTs reRun(t
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Semantics — Example I

M=(Q,X, A Ny, F u) with
e Q=1{L,x},
o = ={0®) «l®}and A =y «l0),
o F | — 0 and F, = 1x1,
e and tree representation

Holo)y =T« Ho(a)e =T o

(o)L 11 =1« H2(0) s xt = 1% H2(0)x 14 = 1%2
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Semantics — Example (cont.)

Input tree t Runront

o /*
G/ \G | \*

/A / \ / \ /N
X X O o 1 1 x 1

/\ /\ /\ / \
X X X & *x 1

IM[[(Tt) =2v(ex) D4y ()
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Extension I

(Q,Z,A, A, F 1) tree series transducer, § € Q%, g € Q, ¢ € A{T=(Xx))

Definition: We define hﬁ : Te (Xi) — A(TA(Xi))®

- ]Xi , if q = i
hﬂ(xi)q — N ~ | |
0 , otherwise
(ot t)a= @D md0)apr e — (1)1, h (B, )
P1,--s) PreQ

We define hd : AT (Xi)) — A(TA (X)) R by
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Composition Construction'

Mi=(Q1,L,AA,Fi,uq) and My = (Q2, AT, A, Fo, 1y) tree series transducer

Definition: The product of M1 and M3, denoted by M - M3, is the tree series
transducer

M — (Q] >< QZ)Z)I_‘)"A')F) LL)
® Fog = Dicq, (F2)i i, ((Fs )P)i

¢ “k(a)pq,(m qi,-- Prdx) — hﬂ;mqk (“’” )k(G)P,P1 --.Pk)q'
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Composition I

. . a/a// b//
Deletion: =, — M
t/t v
u u

-
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Composition (cont.)

On subtree: A ngoMQ /\
v

I IERERA
aa’'b'b

Deletion: = M. oM,
\ t t/ v /}\/
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Main Theorem.

A commutative and complete semiring

Main Theorem
® |-BOTts(A) 0 BOTists(A) = BOTss(A).
o BOTts-ts(-A) O db'BOTts-ts(-A) — BOTts-ts(-A).

e BOTists(A) 0d-BOTists(A) = BOTis1s(A), provided that A is multiplicatively
idempotent,
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