Spectral Learning of Latent-Variable PCFGs

Shay B. Cohen', Karl Stratos', Michael Collins', Dean P. Foster?, Lyle Ungar3
!Dept. of Computer Science, Columbia University

’Dept. of Statistics/>Dept. of Computer and Information Science, Univer-
sity of Pennsylvania

{scohen,stratos,mcollins} @cs.columbia.edu, foster@wharton.upenn.edu, ungar@cis.upenn.edu

Abstract

We introduce a spectral learning algorithm for latent-variable PCFGs (Petrov, Barrett,
Thibaux, & Klein, 2006; Matsuzaki, Miyao, & Tsujii, 2005). Under a separability (singular
value) condition, we prove that the method provides consistent parameter estimates. Our
result rests on three theorems: the first gives a tensor form of the inside-outside algorithm
for PCFGs; the second shows that the required tensors can be estimated directly from
training examples where hidden-variable values are missing; the third gives a PAC-style
convergence bound for the estimation method.

1. Introduction

Statistical models with hidden or latent variables are of great importance in natural language
processing, speech, and many other fields. The EM algorithm is a remarkably successful
method for parameter estimation within these models: it is simple, it is often relatively
efficient, and it has well understood formal properties. It does, however, have a major
limitation: it has no guarantee of finding the global optimum of the likelihood function.
From a theoretical perspective, this means that the EM algorithm is not guaranteed to give
consistent parameter estimates. From a practical perspective, problems with local optima
can be difficult to deal with.

Recent work has introduced a polynomial-time learning algorithm (and a consistent es-
timation method) for an important case of hidden-variable models: hidden Markov models
(Hsu, Kakade, & Zhang, 2009). This algorithm uses a spectral method: that is, an algorithm
based on eigenvector decompositions of linear systems, in particular singular value decom-
position (SVD). In the general case, learning of HMMs is intractable (e.g., see Terwijn,
2002). The spectral method finesses the problem of intractibility by assuming separability
conditions. More precisely, the algorithm of Hsu et al. (2009) has a sample complexity that
is polynomial in 1/0, where o is the minimum singular value of an underlying decomposi-
tion. The HMM learning algorithm is not susceptible to problems with local maxima, and
gives consistent parameter estimates.

In this paper we derive a spectral algorithm for learning of latent-variable PCFGs (L-
PCFGs) (Petrov et al., 2006; Matsuzaki et al., 2005). Our method involves a significant
extension of the techniques from Hsu et al. (2009). L-PCFGs have been shown to be a very



effective model for natural language parsing. Under a separation (singular value) condition,
our algorithm provides consistent parameter estimates; this is in contrast with previous
work, which has used the EM algorithm for parameter estimation, with the usual problems
of local optima.

The parameter estimation algorithm (see figure 7) is simple and efficient. The first step
is to take an SVD of the training examples, followed by a projection of the training examples
down to a low-dimensional space. In a second step, empirical averages are calculated on
the training example, followed by standard matrix operations. On test examples, simple
(tensor-based) variants of the inside-outside algorithm (figures 4 and 5) can be used to
calculate probabilities and marginals of interest.

Our method depends on the following results:

e Tensor form of the inside-outside algorithm. Section 6.1 shows that the inside-outside
algorithm for L-PCFGs can be written using tensors. Theorem 1 gives conditions
under which the tensor form calculates inside and outside terms correctly.

e QObservable representations. Section 7 shows that under a singular-value condition,
there is an observable form for the tensors required by the inside-outside algorithm.
By an observable form, we follow the terminology of Hsu et al. (2009) in referring to
quantities that can be estimated directly from data where values for latent variables
are unobserved. Theorem 2 shows that tensors derived from the observable form
satisfy the conditions of theorem 1.

e FEstimating the model. Section 8 gives an algorithm for estimating parameters of the
observable representation from training data. Theorem 3 gives a sample complexity
result, showing that the estimates converge to the true distribution at a rate of 1/v/M
where M is the number of training examples.

The algorithm is strikingly different from the EM algorithm for L-PCFGs, both in its
basic form, and in its consistency guarantees. The techniques developed in this paper are
quite general, and should be relevant to the development of spectral methods for estimation
in other models in NLP, for example alignment models for translation, synchronous PCFGs,
and so on. The tensor form of the inside-outside algorithm gives a new view of basic
calculations in PCFGs, and may itself lead to new models.

2. Related Work

For work on L-PCFGs using the EM algorithm, see Petrov et al. (2006), Matsuzaki et al.
(2005), Pereira and Schabes (1992). Our work builds on methods for learning of HMMs (Hsu
et al., 2009; Foster, Rodu, & Ungar, 2012; Jaeger, 2000), but involves several extensions: in
particular in the tensor form of the inside-outside algorithm, and observable representations
for the tensor form. Balle, Quattoni, and Carreras (2011) consider spectral learning of finite-
state transducers; Lugue, Quattoni, Balle, and Carreras (2012) considers spectral learning
of head automata for dependency parsing. Parikh, Song, and Xing (2011) consider spectral
learning algorithms of tree-structured directed bayes nets.



3. Notation

Given a matrix A or a vector v, we write AT or v! for the associated transpose. For any
integer n > 1, we use [n] to denote the set {1,2,...n}.

We use R™*! to denote the space of m-dimensional column vectors, and R to denote
the space of m-dimensional row vectors. We use R to denote the space of m-dimensional
vectors, where the vector in question can be either a row or column vector. For any row or
column vector y € R™, we use diag(y) to refer to the (m x m) matrix with diagonal elements
equal to yp for h = 1...m, and off-diagonal elements equal to 0. For any statement I', we
use [[[']] to refer to the indicator function that is 1 if I' is true, and 0 if I is false. For a
random variable X, we use E[X] to denote its expected value.

We will make (quite limited) use of tensors:

Definition 1 A tensor C € RU"X™MXM) 4s g set of m3 parameters Cijk fori,j,k € [m].
Given a tensor C, and vectors y' € R™ and y* € R™, we define C(y',y?) to be the m-
dimensional row vector with components

CW L v)i= Y. Cijnvjvi
jelmlkelm]

Hence C can be interpreted as a function C : R™ x R™ — RY™ that maps vectors y' and
y? to a row vector C(y',y?) € R1*™,

In addition, we define the tensor C(y 5y € Rmxmxm) for any tensor C € RIMXmxm) 4o
be the function C(y gy : R™ X R™ — R™1 defined as

[0(1,2) (ylayz)]k = Z CZJkyzly?
i€[m),j€[m]
Sumilarly, for any tensor C' we define C(y 3) : R™ X R™ — R™* s
Can@Whvi= > Cijwvivi
1€[m],k€[m]

Note that Cq o) (y*,y?) and Cl1,3) (y*,y?) are both column wvectors.

Finally, for vectors z,y,z € R™, xy' 2! is the tensor D € R™*™X™ where D; k= wiyjzk
(this is analogous to the outer product: [zy'];; = ;y;).

4. L-PCFGs

In this section we describe latent-variable PCFGs (L-PCFGs), as used for example by
(Matsuzaki et al., 2005; Petrov et al., 2006). We first give the basic definitions for L-
PCFGs, and then describe the underlying motivation for them.

4.1 Basic Definitions

This section gives a definition of the L-PCFG formalism used in this paper. An L-PCFG is
an 8-tuple (N, Z, P, m,n,t,q,m) where:



N is the set of non-terminal symbols in the grammar. Z C A is a finite set of in-
terminals. P C N is a finite set of pre-terminals. We assume that N’ = Z U P, and
Z NP = (. Hence we have partitioned the set of non-terminals into two subsets.

e [m] is the set of possible hidden states.
e [n] is the set of possible words.

eFtorallaeZ beN,ce N, hi,ha,hs € [m], we have a context-free rule a(hy) —
b(hg) C(hg).

e For all a € P, h € [m], x € [n], we have a context-free rule a(h) — .

e For all a € Z,b € N,c € N, and hy,he,hs € [m], we have a parameter t(a —
bc7h27h3|h17a)‘

e For all a € P, z € [n], and h € [m], we have a parameter ¢(a — z|h,a).

e For all a € 7 and h € [m], we have a parameter m(a,h) which is the probability of
non-terminal a paired with hidden variable h being at the root of the tree.

Note that each in-terminal a € Z is always the left-hand-side of a binary rule a — b ¢;
and each pre-terminal a € P is always the left-hand-side of a rule a — x. Assuming that the
non-terminals in the grammar can be partitioned this way is relatively benign, and makes
the estimation problem cleaner.

For convenience we define the set of possible “skeletal rules” as R = {a = bc:a €
Z,be N,ce N}

These definitions give a PCFG, with rule probabilities

p(a(hl) — b(hg) C(hg)’a(hl)) = t(a — b C, hg, hg’hl, a)

and
pla(h) = zla(h)) = q(a — z[h,a)

Remark 1 In the previous paper on this work (Cohen, Stratos, Collins, Foster, & Ungar,
2012), we considered an L-PCFG model where

p(a(hy) — b(ha) c(hs)|a(h1)) = p(a — b clhi,a) x p(halh1,a — b c) x p(hs|hi,a — b c)

In this model the random wvariables ho and hs are assumed to be conditionally independent
given hy and a — b c.
In this paper we consider a model where

p(a(hl) — b(hg) C(hg)’a(hl)) = t(a — b c, hg, hg, ]hl,a) (1)

That is, we do not assume that the random variables hy and hs are independent when
conditioning on hy and a — b c. This is also the model considered by (Petrov et al., 2006;
Matsuzaki et al., 2005).

Note however that the algorithms in this paper are the same as those in (Cohen et al.,
2012): we have simply proved that the algorithms give consistent estimators for the model
form in Eq. 1.



S, rr =S — NP VP
/\ ro=NP - DN
NP, VPs rg = D — the

Py PG ry = N — dog
D;y N, Vg P- rs = VP - VP

| | | | r¢g = V — saw
the dog saw him ry = P — him

Figure 1: An s-tree, and its sequence of rules. (For convenience we have numbered the nodes in
the tree.)

As in usual PCFGs, the probability of an entire tree is calculated as the product of its
rule probabilities. We now give more detail for these calculations.

An L-PCFG defines a distribution over parse trees as follows. A skeletal tree (s-tree) is
a sequence of rules r1...ry where each r; is either of the form ¢ — b ¢ or a — z. The
rule sequence forms a top-down, left-most derivation under a CFG with skeletal rules. See
figure 1 for an example.

A full tree consists of an s-tree r1...7y, together with values hy...hy. Each h; is the
value for the hidden variable for the left-hand-side of rule r;. Each h; can take any value in

Define a; to be the non-terminal on the left-hand-side of rule r;. For any i € [N] such
that a; € Z (i.e., a; is an in-terminal, and rule 7; is of the form a — b ¢) define hgz) to be the
hidden variable value associated with the left child of the rule r;, and hgg) to be the hidden
variable value associated with the right child. The probability mass function (PMF) over
full trees is then

p(T‘l...’r’N,hl...hN):F(al,hl) X H t(T‘i,hl(-2),h§3)|hi,ai) X H q(ri|hi,ai) (2)

i:a; €L i:a; EP

The PMF over s-trees is p(ry...7rN) = Zhlth p(ri...rn,h1 ... hy).
In the remainder of this paper, we make use of matrix form of parameters of an L-PCFG,
as follows:

e For each a — b ¢ € R, we define T%7? ¢ € R™X™*™ t0 be the tensor with values

TE3b G, = tla — b e, ha, hsla, hy)

e For each a € P, z € [n], we define g, ,, € R™™ to be the row vector with values

[Qa—>m]h = Q(a — $|h’ a)

for h=1,2,...m.

e For each a € Z, we define the column vector 7% € R™*! where [79];, = 7(a, h).



4.2 Application of L-PCFGs to Natural Language Parsing

L-PCFGs have been shown to be a very useful model for natural language parsing (Mat-
suzaki et al., 2005; Petrov et al., 2006). In this section we describe the basic approach.
We assume a training set consisting of sentences paired with parse trees, which are
similar to the skeletal tree shown in figure 1. A naive approach to parsing would simply
read off a PCFG from the training set: the resulting grammar would have rules such as

S — NP VP
NP —- DN
VP — V NP
D — the
N — dog

and so on. Given a test sentence, the most likely parse under the PCFG can be found using
dynamic programming algorithms.

Unfortunately, simple “vanilla” PCFGs induced from treebanks such as the Penn tree-
bank (Marcus, Santorini, & Marcinkiewicz, 1993) typically give very poor parsing perfor-
mance. A critical issue is that the set of non-terminals in the resulting grammar (S, NP,
VP, PP, D, N, etc.) is often quite small. The resulting PCFG therefore makes very strong
independence assumptions, failing to capture important statistical properties of parse trees.

In response to this issue, a number of PCFG-based models have been developed which
make use of grammars with refined non-terminals. For example, in lexicalized models
(Collins, 1997; Charniak, 1997), non-terminals such as S are replaced with non-terminals
such as S-sleeps: the non-terminals track some lexical item (in this case sleeps), in addition
to the syntactic category. For example, the parse tree in figure 1 would include rules

S-saw — NP-dog VP-saw
NP-dog — D-the N-dog
VP-saw — V-saw P-him

D-the — the

N-dog — dog

V-saw — saw

P-him — him

In this case the number of non-terminals in the grammar increases dramatically, but
with appropriate smoothing of parameter estimates lexicalized models perform at much
higher accuracy than vanilla PCFGs.

As another example, Johnson (1998) describes an approach where non-terminals are
refined to also include the non-terminal one level up in the tree; for example rules such as

S — NP VP

are replaced by rules such as
S-RO0OT — NP-S VP-S



Here NP-S corresponds to an NP non-terminal whose parent is S; VP-S corresponds to a VP
whose parent is S; S-R00T corresponds to an S which is at the root of the tree. This simple
modification leads to significant improvements over a vanilla PCFG.

Klein and Manning (2003) develop this approach further, introducing annotations cor-
responding to parents and siblings in the tree, together with other information, resulting in
a parser whose performance is just below the lexicalized models of Collins (1997), Charniak
(1997).

The approaches of Collins (1997), Charniak (1997), Johnson (1998), Klein and Manning
(2003) all use hand-constructed rules to enrich the set of non-terminals in the PCFG. A
natural question is whether refinements to non-terminals can be learned automatically.
Matsuzaki et al. (2005), Petrov et al. (2006) addressed this question through the use of L-
PCFGs in conjunction with the EM algorithm. The basic idea is to allow each non-terminal
in the grammar to have m possible latent values. For example, with m = 8 we would replace
the non-terminal S with non-terminals S-1, S-2, ..., S-8, and we would replace rules such
as

S — NP VP

with rules such as

S-4 — NP-3 VP-2
The latent values are of course unobserved in the training data (the treebank), but they can
be treated as latent variables in a PCFG-based model, and the parameters of the model can
be estimated using the EM algorithm. More specifically, given training examples consisting

of skeletal trees of the form (9 = (ry), Téi), e ,7"](\2), fori =1...M, where NN; is the number
of rules in the i’th tree, the log-likelihood of the training data is

M M
Zlogp(rgz) ... 7‘5\2) = Zlog Z p(rgz) i ..r](\lfz,hl ... hny)
i=1 i=1  h

1..hn;

where p(r%l) e r](\l,z, hi...hy,) is as defined in Eq. 2. The EM algorithm is guaranteed to
converge to a local maximum of the log-likelihood function. Once the parameters of the
L-PCFG have been estimated, the algorithm of Goodman (1996) can be used to parse test-
data sentences using the L-PCFG: see section 4.3 for more details. Matsuzaki et al. (2005),

Petrov et al. (2006) show very good performance for these methods.

4.3 Basic Algorithms for L-PCFGs: Variants of the Inside-Outside Algorithm

Variants of the inside-outside algorithm (Baker, 1979) can be used for basic calculations in
L-PCFGs, in particular for calculations that involve marginalization over the values for the
hidden variables.

To be more specific, given an L-PCFG, two calculations are central:

1. For a given s-tree r1 ... 7y, calculate p(ry...ry) = Zhlth p(ri...rn,hi...hN).

2. For a given input sentence x = x; ...z, calculate the marginal probabilities

:u(a7i7j) = Z p(T)

T€T (x):(a,i,j)eT

7



Inputs: s-tree r1...rn, L-PCFG (N, Z, P, m,n,t,q,m), with parameters
e t(a—bc,ha,hslhi,a) for all a — bc € R, hi,ha, hs € [m].
e g(a — x|h,a) for all a € P,z € [n],h € [m)]
o 7(a,h) for all a € Z, h € [m].
Algorithm: (calculate the b* terms bottom-up in the tree)
e For all i € [N] such that a; € P, for all h € [m], b}, = q(r;|h, a;)

e For all i € [N] such that a; € Z, for all h € [m], b}, = > by s t(m,hg,hg|h,ai)b§2bz3 where 3 is the
index of the left child of node i in the tree, and ~ is the index of the right child.

Return: Y, bim(a,h) = p(r1...rn)

Figure 2: The conventional inside-outside algorithm for calculation of p(ry ...7xn).

for each non-terminal a € N, for each (4, ) such that 1 <7 < j < N.

Here 7T (x) denotes the set of all possible s-trees for the sentence z, and we write (a,i,j) € T
if non-terminal a spans words z; ...x; in the parse tree 7.

The marginal probabilities have a number of uses. Perhaps most importantly, for a
given sentence x = xj ...y, the parsing algorithm of Goodman (1996) can be used to find

arg max a,t, )
g max > nlaij)
(ajij)er
This is the parsing algorithm used by Petrov et al. (2006), for example.! In addition,
we can calculate the probability for an input sentence, p(z) = EreT(x) p(7), as p(x) =
ZCLEZ lu(a7 17 N)

Figures 2 and 3 give the conventional (as opposed to tensor) form of inside-outside
algorithms for these two problems. In the next section we describe the tensor form. The
algorithm in figure 2 uses dynamic programming to compute

p(Tl...TN) = Z p(Tl...TN,hl...hN)
hi...hn

for a given parse tree r1...ry. The algorithm in figure 3 uses dynamic programming to
compute marginal terms.

5. Roadmap

The next three sections of the paper derive the spectral algorithm for learning of L-PCFGs.
The structure of these sections is as follows:

e Section 6 introduces a tensor form of the inside-outside algorithms for L-PCFGs. This
is analogous to the matrix form for hidden Markov models (see (Jaeger, 2000), and in
particular Lemma 1 of (Hsu et al., 2009)), and is also related to the use of tensors in
spectral algorithms for directed graphical models (Parikh et al., 2011).

1. Note that finding arg max, e () p(7), where p(r) = 3=, p(7,h1...hy), is NP hard, hence the use
of Goodman'’s algorithm.



Inputs: Sentence z1 ...zy, L-PCFG (N,Z,P,m,n,t,q,r), with parameters
e t(a—bc,ha,hslhi,a) for all a — bc € R, hi,ha, hs € [m].
e g(a — x|h,a) for all a € P,z € [n],h € [m)]
o 7(a,h) for all a € Z, h € [m].
Data structures:
e Each a*™ e R™™ fora e N, 1<i< j < N is a row vector of inside terms.
e Each g% ¢ R™! for a € N,1<1i<j< N isa column vector of outside terms.
e Each ji(a,i,j) € R fora € N, 1 <i < j < N is a marginal probability.

Algorithm: N
(Inside base case) Ya € P,i € [N],h € [m] a3"" = q(a — xi|h,a)
(Inside recursion) Va € Z,1 <i < j < N,h € [m]

’a” E E E E a—>bc,h2,h3|h,a)xafjkx&ﬁf“”

k=i a—b c hg€[m] hg€[m

(Outside base case) Va € Z,h € [m] B""™ = m(a,h)
(Outside recursion) Va € N,1 <1< j < N, h € [m)]

aLJ ZZ Z Z b—>CQh37h|h27)><B v]X—Cr;kLl

k=1b—c a hoe[m] hg€[m]

+Z Z Z Z b—>achh3|h27)xﬂbLk —CJ+1k

k=j+1b—a c hg€[m] hge[m
(Marginals) Va e N1 <i < j <N,

Alaij) =a" gt = 30 apt gt

he[m]

Figure 3: The conventional form of the inside-outside algorithm, for calculation of marginal terms
ﬂ(a7 i? ])'

e Section 7 derives an observable form for the tensors required by algorithms of section 6.
The implication of this result is that the required tensors can be estimated directly
from training data consisting of skeletal trees.

e Section 8 gives the algorithm for estimation of the tensors from a training sample,
and gives a PAC-style generalization bound for the approach.

6. Tensor Form of the Inside-Outside Algorithm

This section first gives a tensor form of the inside-outside algorithms for L-PCFGs, then
give an illustrative example.



Inputs: s-tree r1...7ry, L-PCFG (N, Z, P, m,n), parameters
o Cobe c RUWX™MX™M) oy alla s beceER
e ¢, e RY™™ forallaeP,x e [n]
o ¢l e R™Y forall a € 7.

Algorithm: (calculate the f* terms bottom-up in the tree)
e For all i € [N] such that a; € P, f* =¥

e For all i € [N] such that a; € Z, f* = C"i(f”, f7) where $ is the index of the left child of node i in
the tree, and < is the index of the right child.

Return: flc}l1 =p(ri...7n)

Figure 4: The tensor form for calculation of p(ry ...ry).

6.1 The Tensor-Form Algorithms

Recall the two calculations for L-PCFGs introduced in section 4.3:
1. For a given s-tree ry...ry, calculate p(ry...7ry).

2. For a given input sentence x = x; ...z, calculate the marginal probabilities

:u(a7i7j) = Z p(T)

T€T (x):(a,i,j)eT

for each non-terminal a € N, for each (i,7) such that 1 < i < j < N, where T (z)
denotes the set of all possible s-trees for the sentence x, and we write (a,i,j) € 7 if
non-terminal a spans words x; ...z, in the parse tree 7.

The tensor form of the inside-outside algorithms for these two problems are shown in
figures 4 and 5. Each algorithm takes the following inputs:

1. A tensor 47t ¢ ¢ R(MXmxm) for each rule a — b c.
2. A vector ¢2°,, € RUX™) for each rule a — z.
3. A vector ¢l € R™D) for each a € T.

The following theorem gives conditions under which the algorithms are correct:

Theorem 1 Assume that we have an L-PCFG with parameters qo—g, T*70¢, 7%, and that
there exist matrices G* € R™*™) for gll a € N such that each G is invertible, and such
that:

1. For all rules a — b c, Co70¢(yt, y?) = (TP (y* G*,y2G°)) (G*) !
2. For all rules a — x, ¢°,, = oz (G*) ™1

3. For alla € T, ¢k = Gn®

10



Then: 1) The algorithm in figure 4 correctly computes p(ry...rn) under the L-PCFG. 2)
The algorithm in figure 5 correctly computes the marginals p(a,i,j) under the L-PCFQG.

Proof: see section A.1. The next section (section 6.2) gives an example that illustrates
the basic intuition behind the proof. [J

Remark 2 It is easily verified (see also the example in section 6.2), that if the inputs to
the tensor-form algorithms are of the following form (equivalently, the matrices G* for all
a are equal to the identity matrix):

1. For all rules a — b e, Co70¢(yl, 42) = To7be(yl 4?)
2. For all rules a = z, ¢i°,, = Qu—x
3. Foralla€Z, cl=mn°

then the algorithms in figures 4 and 5 are identical to the algorithms in figures 2 and 3
respectively. More precisely, we have the identities

i g
h=1Ih
for the quantities in figures 2 and 4, and
_aiihj J— a7i7j
Qp "~ =

Bz,i,j _ ﬁz,i,j
for the quantities in figures 3 and 5.

The theorem shows, however, that it is sufficient® to have parameters that are equal to
T qusp and @ up to linear transforms defined by the matrices G* for all non-terminals
a. The linear transformations add an extra degree of freedom that is crucial in what follows
in this paper: in the next section, on observable representations, we show that it is possible
to directly estimate values for C7b ¢, ¢° °. . and c\ that satisfy the conditions of the theorem,
but where the matrices G* are not the identity matrix.

The key step in the proof of the theorem (see section A.1) is to show that under the
assumptions of the theorem we have the identities

fi — bi(Ga)—l
for figures 2 and 4, and
aa,i,j — da,i,j(Ga)—l
Ba’i’j — GaBavivj
for figures 8 and 5. Thus the quantities calculated by the tensor-form algorithms are equiv-
alent to the quantities calculated by the conventional algorithms, up to linear transforms.

The linear transforms and their inverses cancel in useful ways: for example in the output
from figure 4 we have

w(a,i,j) = aa’i’jﬂa’i’j — @a’i’j(Ga)_lGaﬁa’i’j _ &Z,i,jBZ,i,j
h

showing that the marginals calculated by the conventional and tensor-form algorithms are
identical.

2. Assuming that the goal is to calculate p(r1...rn) for any skeletal tree, or marginal terms p(a, 3, 7).

11



Inputs: Sentence 7 ...zn, L-PCFG (N, Z,P,m,n), parameters C*° ¢ € RO™™*™) for all q — bc e R,
., e R foralla e P,z € [n], ¢l € R™*Y for all ¢ € 7.
Data structures:

e Each a®* e R™™ for a € N,1<i<j<N is arow vector of inside terms.
e Each g% ¢ R™! for a € N,1<1i<j< N isa column vector of outside terms.
e FEach p(a,i,5) € R fora € N, 1 <4 <j <N is a marginal probability.

Algorithm: N
(Inside base case) Ya € P,i € [N], a®"" =c32,,,
(Inside recursion) Va € Z,1 <i < j < N,

j—1

aa,i,j :z : z : Oa%b‘:(ab,i,k7ac,k+l,j)

k=ia—bc

(Outside base case) Va € Z, gt = ¢l
(Outside recursion) Va € N',1 <i<j <N,

azg § : § : Cb%ca k,j ac,k:,ifl)

k=1b—ca

+ Z Z Cé);)gc;c b,i, k: cj+1,k)

k=j+1b—ac
(Marginals) Va € N;1 <i < j < N,

pla,i, j) = a™M BT = 3 7 el gt

he[m]

Figure 5: The tensor form of the inside-outside algorithm, for calculation of marginal terms

p(a, i, 7).
51 rn=8—=NPV
1 pr—
NP/\V rg=NP - DN
/i |5 r3 = D — the
Ds Ny sleeps ry = N — dog
l|1 d| rs = V — sleeps
the og

Figure 6: An s-tree, and its sequence of rules. (For convenience we have numbered the nodes in
the tree.)

6.2 An Example

In the remainder of this section we give an example that illustrates how the algorithm in
figure 4 is correct, and gives the basic intuition behind the proof in section A.1. While we
concentrate on the algorithm in figure 4, the intuition behind the algorithm in figure 5 is
very similar.
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Consider the skeletal tree in figure 6. We will demonstrate how the algorithm in figure 4,
under the assumptions in the theorem, correctly calculates the probability of this tree. In
brief, the argument involves the following steps:

1. We first show that the algorithm in figure 4, when run on the tree in figure 6, calculates
the probability of the tree as
S—»NPV  ~ANP—D N 1
co (C - (CODO—>th67 c?—)dog)? c\o/oﬁsleeps)cs
Note that this expression mirrors the structure of the tree, with ¢3°,, terms for the

leaves, C%?¢ terms for each rule production a — b ¢ in the tree, and a cls term for
the root.

2. We then show that under the assumptions in the theorem, the following identity holds:

S—NPV  (~NP—D N/ oo (os) 00 1
C (C (CD—>the7 cN—)dog)? cV—)sleeps)cS

TS%NP V(TNP%D N(QD—>thea QN—>dog)a qv—>sleeps)7TS (3)

This follows because the G* and (G%)~! terms for the various non-terminals in the
tree cancel. Note that the expression in Eq. 3 again follows the structure of the tree,

but with g, terms for the leaves, T%*?¢ terms for each rule production a — b ¢ in
the tree, and a 7 term for the root.

3. Finally, we show that the expression in Eq. 3 implements the conventional dynamic-
programming method for calculation of the tree probability, as described in Eqgs. 11-13
below.

We now go over these three points in detail. The algorithm in figure 4 calculates the
following terms (each f* is an m-dimensional row vector):

3 o0
f = CD—the
f4 _ coo
- N—dog
f5 _ coo
- V —sleeps

f2 — CNP—>DN(f37f4)
fl — CS_)NPV(‘](Q,]CS)

The final quantity returned by the algorithm is
fles = falesln
h

Combining the definitions above, it can be seen that

1.1 _ ~AS>NPV/ ~NP—D N/ o0 0 0o 1
f Cs = C (C (CD—>the7 cN—)dog)? cV—)sleeps)cS

demonstrating that point 1 above holds.
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Next, given the assumptions in the theorem, we show point 2, that is, that

S—NPV / ~NP—D N/ o0 o) 00 1
C (C (CD—>the7 CN—>dog)7 cV—)sleeps)cS

TS%NP V(TNP_)D N(QD—>thea QN—>dog)7 QV—>sleepS)7TS (4)

This follows because the G* and (G*)~! terms in the theorem cancel. More specifically, we
have

2= Bothe = Wwone(GP)! (5)
Y= oy = ANdog(GN) 7 (6)
o= CV s sleeps = Qv —ssteeps(GY) ™ (7)
2 = ONPODN(fB gy pNPSD NG e (GVP) 8)
1= OV ) = TSN V(TN PN (4 e, N—sdog)s @V —ssteeps) (GZ) T (9)

Egs. 5, 6, 7 follow by the assumptions in the theorem. Eq. 8 follows because by the assump-
tions in the theorem

CNP—)DN(f?) f4) — TNP—)DN(f?)GD f4GN)(GNP)_1
hence

CNP—)DN(f37f4) — TNP_>DN(QD_ﬁ/he(GD)_lGD,QN%dog(GN)_lGN)(GNP)_l

TN N (s -0 (G

Eq. 9 follows in a similar manner.
It follows by the assumption that c}g = G that
S—NPV ~NP—D N 1
co (C - (CODO—>th67 c?—)dog)? c\o/oﬁsleeps)cs

TS%NP V(TNP%D N 4dD—the> QN—>dog)7 QV%sleeps)(Gs)_leﬂ's

(
TS%NP V(TNP%D N(QD—nthea QN—>dog)7 QV—>sleeps)7TS (10)

The final step (point 3) is to show that the expression in Eq. 10 correctly calculates the
probability of the example tree. First consider the term TNP2P N (gp_ e, gN—>dog)—this
is an m-dimensional row vector, call this b>. By the definition of the tensor TVF7P N we
have

b}% = [TNP_}D N(QD—nhey QN—>dog)] h
= Y t(NP — D N, hy, hs|h, NP) x q(D — the|hy, D) x q(N — dog|hs, N (11)
ha;h3

By a similar calculation, T57NPV(TNP=D N(

bl—is

dD—the> QN—>dog)7 qv—>sleeps)7cau this vector

bi, = Y _ t(S— NPV, hy, hs|h,S) x b}, x q(V — sleeps|hs, V) (12)
h2,h3
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Finally, the probability of the full tree is calculated as
> b (13)
h

It can be seen that the expression in Eq. 4 implements the calculations in Eqgs. 11, 12
and 13, which are precisely the calculations used in the conventional dynamic programming
algorithm for calculation of the probability of the tree.

7. Estimating the Tensor Model

A crucial result is that it is possible to directly estimate parameters , ¢, and ¢l

that satisfy the conditions in theorem 1, from a training sample consisting of s-trees (i.e.,
trees where hidden variables are unobserved). We first describe random variables underlying
the approach, then describe observable representations based on these random variables.

C«a—)b c

7.1 Random Variables Underlying the Approach

Each s-tree with NV rules r1...ry has N nodes. We will use the s-tree in figure 1 as a
running example.

Each node has an associated rule: for example, node 2 in the tree in figure 1 has the
rule NP — D N. If the rule at a node is of the form a — b ¢, then there are left and right
inside trees below the left child and right child of the rule. For example, for node 2 we have
a left inside tree rooted at node 3, and a right inside tree rooted at node 4 (in this case the
left and right inside trees both contain only a single rule production, of the form a — =x;
however in the general case they might be arbitrary subtrees).

In addition, each node has an outside tree. For node 2, the outside tree is

S
/\
NP VP
/\
A\ P
| |
saw  him

The outside tree contains everything in the s-tree ri...ry, excluding the subtree below
node 1.

Our random variables are defined as follows. First, we select a random internal node,
from a random tree, as follows:

e Sample a full tree 1 ...7y5,h1 ... hy from the PMF p(ri...rn,h1...hyx). Choose a
node ¢ uniformly at random from [/V].

If the rule r; for the node 7 is of the form a — b ¢, we define random variables as follows:

e R is equal to the rule r; (e.g., NP — D N).

e T is the inside tree rooted at node i. Ty is the inside tree rooted at the left child of
node i, and T3 is the inside tree rooted at the right child of node i.
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e Hq, Hy, Hg are the hidden variables associated with node 4, the left child of node 1,
and the right child of node i respectively.

e Aq, Ay, As are the labels for node i, the left child of node ¢, and the right child of node
i respectively. (E.g., Aj =NP, Ay =D, A3 =N.)

e O is the outside tree at node 1.
e Bis equal to 1 if node i is at the root of the tree (i.e., i = 1), 0 otherwise.

If the rule r; for the selected node 7 is of the form a — x, we have random variables
Ry, T1,Hy,A1,0, B as defined above, but Hy, Hs, 15,13, Ao, and A3 are not defined.

We assume a function ¢ that maps outside trees o to feature vectors ¥ (o) € R*. For
example, the feature vector might track the rule directly above the node in question, the
word following the node in question, and so on. We also assume a function ¢ that maps
inside trees t to feature vectors ¢(t) € R%. As one example, the function ¢ might be an
indicator function tracking the rule production at the root of the inside tree. Later we give
formal criteria for what makes good definitions of 1(0) of ¢(t). One requirement is that
d >m and d > m.

In tandem with these definitions, we assume projection matices U% € R(4*™) and Vo e
R(@>*m) for all @ € N'. We then define additional random variables Y3, Y, Y3, Z as

Vi = (U") ¢(Ty) Z=(V™)T4(0)
Yy = (U™) T ¢(Tn) Y3 = (U")" ¢(T3)

where q; is the value of the random variable A;. Note that Y7,Y5,Y3, Z are all in R™.

7.2 Observable Representations

Given the definitions in the previous section, our representation is based on the following
matrix, tensor and vector quantities, defined for all a € N, for all rules of the form a — b c,
and for all rules of the form a — x respectively:

D E[leT‘Al = a]
Da—)bc - E |:[[R1 —a—b CHZY2T}/3T|A1 = CL]
. = E[lR—a— 274 = d]

Assuming access to functions ¢ and ¢, and projection matrices U® and V¢, these quantities
can be estimated directly from training data consisting of a set of s-trees (see section 8).
Our observable representation then consists of:

Ca—>b c(y17y2) _ Da—>b C(y17y2)(2a)—1 (14)
Coase = dgo—m(za)_l (15)
i = B[4 =an|B=1] (16)

We next introduce conditions under which these quantities satisfy the conditions in theo-
rem 1.
The following definition will be important:

16



Definition 2 For all a € N, we define the matrices I* € R>™) gnd Jo e R>*m) 44
[1%)in = El¢i(T1) | Hi = h, Ay = d
[J)in = E[i(0) | Hi = h, Ay =

In addition, for any a € N, we use v* € R™ to denote the vector with v§ = P(H; = h|A; =

a).

The correctness of the representation will rely on the following conditions being satisfied
(these are parallel to conditions 1 and 2 in Hsu et al. (2009)):

Condition 1 Va € N, the matrices I* and J* are of full rank (i.e., they have rank m).
For all a € N, for all h € [m], 7§ > 0.

Condition 2 Va € N, the matrices U* € R@>*™M) gnd Ve e REXM) gre such that the
matrices G* = (U*)T1% and K* = (V*) T J% are invertible.

We can now state the following theorem:

Theorem 2 Assume conditions 1 and 2 are satisfied. For alla € N, define G* = (U*)T 1.
Then under the definitions in Eqs. 14-16:

1. For all rules a — b c, Co70¢(yt, y?) = (TP (y* G*,y2G°)) (G*) !
2. For all rules a — x, ¢°,, = qaszs(G*) 7.

3. For alla € N, ¢} = G7®

Proof: The following identities hold (see section A.2):

Da—>bc(y1’y2) _ (Ta—>b C(ylejy2GC)) diag(’ya)(Ka)T (17)

A2, = Gaosediag(y*)(K*)" (18)

20 = GUdiag(y*)(K)" (19)

= g (20)

Under conditions 1 and 2, $¢ is invertible, and (X¢)~! = ((K?)")~!(diag(y*))~1(G*)~!

The identities in the theorem follow immediately. []

This theorem leads directly to the spectral learning algorithm, which we describe in the
next section. We give a sketch of the approach here. Assume that we have a training set
consisting of skeletal trees (no latent variables are observed) generated from some under-
lying L-PCFG. Assume in addition that we have definitions of ¢, ¥, U* and V¢ such that
conditions 1 and 2 are satisfied for the L-PCFG. Then it is straightforward to use the train-
ing examples to derive i.i.d. samples from the joint distribution over the random variables
(A1, R1,Y1,Y2,Ys, Z, B) used in the definitions in Egs. 14-16. These samples can be used
to estimate the quantities in Eqs. 14-16; the estimated quantities C97?¢, ¢, and ¢! can
then be used as inputs to the algorithms in figures 4 and 5. By standard arguments, the
estimates C*7b ¢, ¢, . and ¢! will converge to the values in Eqs. 14-16.

The following lemma justifies the use of an SVD calculation as one method for finding
values for U® and V* that satisfy condition 2, assuming that condition 1 holds:
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Lemma 1 Assume that condition 1 holds, and for all a € N define
Q = E[p(Th) (¥(0)) " |41 = d] (21)

Then if U® is a matriz of the m left singular vectors of Q® corresponding to non-zero singular
values, and V® is a matrixz of the m right singular vectors of Q% corresponding to non-zero
singular values, then condition 2 is satisfied.

Proof sketch: It can be shown that Q® = I%diag(y*)(J%)". The remainder is similar to
the proof of lemma 2 in Hsu et al. (2009). [

The matrices Q% can be estimated directly from a training set consisting of s-trees,
assuming that we have access to the functions ¢ and . Similar arguments to those of (Hsu
et al., 2009) can be used to show that with a sufficient number of samples, the resulting
estimates of U® and V¢ satisfy condition 2 with high probability.

8. Deriving Empirical Estimates

Figure 7 shows an algorithm that derives estimates of the quantities in Eqs 14, 15, and
16. As input, the algorithm takes a sequence of tuples (r(i’l),t(ivl),t(i’2),t(i73),0(i), b(i)) for
i€ [M].

These tuples can be derived from a training set consisting of s-trees 7y ... s as follows:

e Vi € [M], choose a single node j; uniformly at random from the nodes in 7;. Define
(1) to be the rule at node j;. t(1) is the inside tree rooted at node j;. If r(»1) is of the form
a — b e, then t+2) is the inside tree under the left child of node j;, and ¢%) is the inside
tree under the right child of node j;. If 7Y is of the form a — z, then ¢(#2) = ¢(i:3) = NULL.
0 is the outside tree at node j;. b is 1 if node j; is at the root of the tree, 0 otherwise.

Under this process, assuming that the s-trees 7y ... 73 are i.i.d. draws from the distribu-
tion p(7) over s-trees under an L-PCFG, the tuples (1), (1) ¢(:2) 1@:3) 5 p()) are i.i.d.
draws from the joint distribution over the random variables Ry,T},T5,T3,0, B defined in
the previous section.

The algorithm first computes estimates of the projection matrices U* and V*: following
lemma 1, this is done by first deriving estimates of (2%, and then taking SVDs of each Q.
The matrices are then used to project inside and outside trees t(1), ¢(2) ¢(i:3) 4 down to
m-dimensional vectors y(i’l), y(i’z), y(i’?’), 2 these vectors are used to derive the estimates
of Co—be, ¢, ., and c.. For example, the quantities

R E[YiZT|A1:a]

0%, = B|[Ri=a—a))Z"|4 =d
can be estimated as u
2 =60 x Y _[Jai = allyV ()T
i=1
A M . .
Da—)bc 5. % Z[[T(z,l) —a—b C]]Z(Z)(y( 2))T(y(z,3))'|'
i=1



M
dgo—m = 0q X Z[[T(i’l) =a— x]](z(i))'l'

i=1
where 8, = 1/ M [[a; = a]], and we can then set
Cﬁa—>b c(yl y2) _ ﬁa—)b c(yl y2)(2a)—1
égo—mc = dgo—m(za)_l

We now state a PAC-style theorem for the learning algorithm. First, for a given L-
PCFG, we need a couple of definitions:

e A is the minimum absolute value of any element of the vectors/matrices/tensors c.,
de, ., D¢ (2%)~L. (Note that A is a function of the projection matrices U and V® as
well as the underlying L-PCFG.)

e For each a € N, 0 is the value of the m’th largest singular value of Q. Define
o = min, c%.

We then have the following theorem:

Theorem 3 Assume that the inputs to the algorithm in figure 7 are i.i.d. draws from the
joint distribution over the random wariables R1,11,15,13,0,B, under an L-PCFG with
distribution p(ry ...rN) over s-trees. Define m to be the number of latent states in the L-
PCFG. Assume that the algorithm in figure 4 has projection matrices U and V° derived as
left and right singular vectors of Q°, as defined in Eq. 21. Assume that the L-PCFG, together
with U and V®, has coefficients A > 0 and o > 0. In addition, assume that all elements in
cl, d®,,, D¢ and %% are in [~1,+1]. For any s-tree r1...7N define p(ry ...7n) to be
the value calculated by the algorithm in figure 5 with inputs ¢L, é°,  C¥P¢ derived from
the algorithm in figure 7. Define R to be the total number of rules in the grammar of the
form a —bc or a — x. Define M, to be the number of training examples in the input to
the algorithm in figure 7 where ' has non-terminal a on its left-hand-side. Under these
assumptions, if for all a

128m?2 2
M, > 8m log < mR>

T (YT 1) A%t 5
Then .
1—€e< M‘ <1l+4e€
p(ri...rn

A similar theorem (omitted for space) states that 1 —e < ‘%‘ < 1 + € for the
marginals.

The condition that U and V¢ are derived from Q% as opposed to the sample estimate
Q¢, follows Foster et al. (2012). As these authors note, similar techniques to those of Hsu
et al. (2009) should be applicable in deriving results for the case where Q% is used in place
of Q%

Proof sketch: The proof is similar to that of Foster et al. (2012). The basic idea is to

first show that under the assumptions of the theorem, the estimates é&., dE" _,x,f)“_’b ‘, S
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Inputs: Training examples (r(i'l)7 t(i’l)7 :‘,(i’2)7.t(i'3)7 o, b(i)) forie{1.. ._M}7 where (V) is a context free
rule; £ ¢4 and £ are inside trees; o is an outside tree; and b = 1 if the rule is at the root of
tree, 0 otherwise. A function ¢ that maps inside trees ¢ to feature-vectors ¢(t) € R?. A function 1 that

maps outside trees o to feature-vectors (o) € Rd,.

Algorithm:

Define a; to be the non-terminal on the left-hand side of rule r@&D I (5D g of the form a — b ¢, define b;
to be the non-terminal for the left-child of r(i'1)7 and ¢; to be the non-terminal for the right-child.

(Step 0: Singular Value Decompositions)

e Use the algorithm in figure 8 to calculate matrices U% € R“*™ and V* € R“>™ for each a € N.
(Step 1: Projection)

e For all i € [M], compute y*? = (U%) T g(¢+1).

e Tor all 4 € [M] such that () i of the form a — b ¢, compute y»? = (%) T ¢(t*?) and y?) =
(U)Tp(t™?).

e For all i € [M], compute 29 = (V) Th(oD).
(Step 2: Calculate Correlations)
e For each a € N, define 6, = 1/ M [[a; = ]
e For each rule a — b ¢, compute D*?°¢ =5, x M [[r) = a — b )]z (y©D) T (y©3))T
e For each rule a — z, compute d2°,, = 6, x M [[rD = a — 2]](2D) 7
e For each a € N, compute 3% = 8§, x > [[a; = a]]y™V (z) "
(Step 3: Compute Final Parameters)
e Forall a = be, CO70e(yt %) = Doyt ) (B%) 7!

e Foralla — z, 2, = d;‘;x(i“)*l

= llai=a and s =1]jy -1
ML pO=1]]

e ForallacZ, & =

Figure 7: The spectral learning algorithm.

are all close to the underlying values being estimated. The second step is to show that this

ensures that H is close to 1. O

The method described of selecting a single tuple (r(i’l) (1) ¢(52) 4(03) (D) b(i)) for each
s-tree ensures that the samples are i.i.d., and simplifies the analysis underlying theorem 3.
In practice, an implementation should most likely use all nodes in all trees in training data;
by Rao-Blackwellization we know such an algorithm would be better than the one presented,
but the analysis of how much better would be challenging. It would almost certainly lead
to a faster rate of convergence of p to p.
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Inputs: Identical to algorithm in figure 7.
Algorithm:
e For each a € N, compute Q% € R

O — SM llai = allp(t 1) ((0D)) T
YL (las = al]

and calculate a singular value decomposition of 0o,

e For each a € NV, define U € R™** to be a matrix of the left singular vectors of Qe corresponding to the m
largest singular values. Define Ve R™*? to be a matrix of the right singular vectors of Qe corresponding
to the m largest singular values.

d'xd
(d'xd) .o

Figure 8: Singular value decompositions.

9. Discussion

There are several potential applications of the method. The most obvious is parsing with
L-PCFGs.? The approach should be applicable in other cases where EM has traditionally
been used, for example in semi-supervised learning. Latent-variable HMMs for sequence
labeling can be derived as special case of our approach, by converting tagged sequences to
right-branching skeletal trees.

In terms of efficiency, the first step of the algorithm in figure 7 requires an SVD cal-
culation: modern methods for calculating SVDs are very efficient (e.g., see Dhillon et al.,
2011 and Tropp et al., 2009). The remaining steps of the algorithm require manipulation
of tensors or vectors, and require O(Mm3) time.

The sample complexity of the method depends on the minimum singular values of Q¢;
these singular values are a measure of how well correlated i and ¢ are with the unobserved
hidden variable H;. Experimental work is required to find a good choice of values for
and ¢ for parsing.

For simplicity we have considered the case where each non-terminal has the same num-
ber, m, of possible hidden values. It is simple to generalize the algorithms to the case where
the number of hidden values varies depending on the non-terminal; this may be important
in applications.

Appendix A. Proofs

This section gives proofs of theorems 1 and 2.

A.1 Proof of Theorem 1

The key idea behind the proof of theorem 1 is to show that the algorithms in figures 4 and 5
compute the same quantities as the conventional version of the inside outside algorithms,
as shown in figures 2 and 3.

First, the following lemma leads directly to the correctness of the algorithm in figure 4:

3. Parameters can be estimated using the algorithm in figure 7; for a test sentence xi...xn we can first
use the algorithm in figure 5 to calculate marginals u(a, i, 7), then use the algorithm of Goodman (1996)

to find arg max,e7(x) Z(a,i,j)er p(a, i, 5).
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Lemma 2 Assume that conditions 1-3 of theorem 1 are satisfied, and that the input to the
algorithm in figure 4 is an s-tree r1...ryn. Define a; for i € [N] to be the non-terminal
on the left-hand-side of rule r;. For all i € [N], define the row vector b* € R(Xxm) 44
be the vector computed by the conventional inside-outside algorithm, as shown in figure 2,
on the s-tree r1...7rn. Define fi € RIX™) o be the vector computed by the tensor-based
inside-outside algorithm, as shown in figure 4, on the s-tree r1...ry.

Then for all i € [N], f* = b"(G%))~1. It follows immediately that

ey, = b (G)) TG g, = by, = Y bym(a,h)
h

Hence the output from the algorithms in figures 2 and 4 is the same, and it follows that the
tensor-based algorithm in figure 4 is correct.

This lemma shows a direct link between the vectors f? calculated in the algorithm, and
the terms bﬁl, which are terms calculated by the conventional inside algorithm: each fis a
linear transformation (through G%) of the corresponding vector b'.

Proof: The proof is by induction.

First consider the base case. For any leaf—i.e., for any 7 such that a; € P—we have
b = q(ri|h,a;), and it is easily verified that f* = b*(G(%))~L,

The inductive case is as follows. For all ¢ € [N] such that a; € Z, by the definition in
the algorithm,

fro=Crt)
= (16, pem)) ()
Assuming by induction that f# = b%(G(@))=1 and f7 = b7(G(@))~1, this simplifies to
= (00 m) @ (22)
By the definition of the tensor 17,

[Tri(bﬁ,bﬁ/)}h = Z t(riyh27h3’ai7h)b£2bz3
ho€[m],h3€[m)]

But by definition (see the algorithm in figure 2),

b= Y tlrihehsla, h)bgzbza
ho€[m],h3€[m]

hence b = T"(b”,b7) and the inductive case follows immediately from Eq. 22. O
Next, we give a similar lemma, which implies the correctness of the algorithm in figure 5:

Lemma 3 Assume that conditions 1-8 of theorem 1 are satisfied, and that the input to the
algorithm in figure 5 is a sentence x1...xN. For any a € N, for any 1 < i < j < N,
define avi ¢ RUXm)  gaii ¢ R and fi(a,i,j) € R to be the quantities computed
by the conventional inside-outside algorithm in figure 3 on the input x1...xxN. Define
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a®hi ¢ RUxm)  gaij ¢ Rmx1) gpd w(a,i,j) € R to be the quantities computed by the
algorithm in figure 3.

Then for all i € [N], a®™ = a%%(G*)~! and B¥% = G2B¥I. It follows that for all
(a7 i?j)’

p(a,i,j) = a®HIgoHI = a%hi (G*)TIGURYH = a®h BV = [i(a, i, §)

Hence the outputs from the algorithms in figures 8 and 5 are the same, and it follows that
the tensor-based algorithm in figure 5 is correct.

Thus the vectors a®®/ and %%/ are linearly related to the vectors a@®*J and %%/, which
are the inside and outside terms calculated by the conventional form of the inside-outside
algorithm.

Proof: The proof is by induction, and is similar to the proof of lemma 2.

First, we prove that the inside terms satisfy the relation a®/ = %%/ (G*)~!

The base case of the induction is as follows. By definiton, for any a € P,i € [N], h € [m],
we have dZ’i’i = q(a — x;lh,a). We also have for any a € P,i € [N], a®" = ¢, =
Qa—z,(GY)7L. Tt follows directly that a®% = a%»(G%)~! for any a € P,i € [N].

The inductive case is as follows. By definition, we have Va € Z,1 <i < j < N, h € [m]

_ bik | —ck+1,j
a’w ZZ Z Z a—>bc,h2,h3|h,a)><ozh’l’ xa2’3+’]

k=i b,c ha€[m] h3€[m)]

We also have Va € 7,1 <i < j < N,

Qi — cha—)bc bik qek+li) (23)

=i b,c
J—1
_ Z (Ta—>b c(ab,i,ka’ac,k-i-l,ch)) (Ga)—l (24)
k=i b,c
J—1
_ Z (Ta—>bc b,i,k’ dc,k—i—l,j) (Ga)—l (25)
- ey (26)

Eq. 23 follows by the definitions in algorithm 5. Eq. 24 follows by the assumption in the
theorem that
Ca—)bc(yl y2) — (TaﬁbC(yle y2G6)> (Ga)—l
Eq. 25 follows because by the inductive hypothesis, a?*F = c’yb’i’k(Gb)_1 and a@Fthi =
ack+1i(Ge)~L. Eq. 26 follows because
Tebe(ahik, ac’k“vj)]h = Y tla = be ha, hglh,a)ay Papt
ha,h3
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hence
j—1

§ :2 :Ta—>bc —b,i,k ack—i—l,j) a,z,]

k=i b,c

We now turn the outside terms, proving that %% = G®3%%J. The proof is again by
induction.

The base case is as follows. By the definitions in the algorithms, for all a € Z, %17 =
¢l = Gr%, and for all a € Z,h € [m], B""™ = 7(a, h). Tt follows directly that for all a € Z,
Ba,l,n — GaBa,l,n‘

The inductive case is as follows. By the definitions in the algorithms, we have Va €
N,1<i<j<N,he[m]

aad,g _ _l.a,z

2J 2,a,1,j
= +

where

1a7w ZZ Z Z b—)cahg,h!hQ,)ngf7jx72kZ1

k=1b—c a ha€[m] h3€[m)]

2a,z,y Z Z Z Z b—)CLC h h3|h2, )Xﬁb’l’k _c,j+1k

k=j+1b—a c ho€[m] hs€[m

and Va e N,1 <i<j <N,

ﬁa,z,] _ Z Z Cé)l—gca ﬁbk’] ackz 1 Z Z Céjl—gac ﬁb,z,k ac,j-‘rl,k)

k=1b—ca k=j+1b—ac

Critical identities are

Z Z Cb—)ca Bbk,y ki 1) _ Ga,yl,a,i,j (27)
k=1b—ca
N
Z Z Cb—)acBb,z,k ac,j+1,k) — Ga,yla,i,j (28)
k=j+1lb—ac

from which %% = G%p%%J follows immediately.
The identities in Eq. 29 and 30 are proved through straightforward algebraic manipula-
tion, based on the following properties:

e By the inductive hypothesis, ﬁb ki — Gbﬁb k.3 and ﬁb’“k Gbﬁbvz’k

e By correctness of the inside terms, as shown earlier in this proof, a®®—1 = ge*i=1(Ge)—1

ac,j—l—l,k — dc,j—l—l,k(Gc)—l
e By the assumptions in the theorem,
Ca—)b C(yl’ y2) — <Ta—>b C(yle, y2GC)> (Ga)—l
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It follows (see Lemma 4) that

C{)L—;c)a(ﬁb,k,j’ac,k,i—l) Ga ( (blzga((Gb)—lﬁb,k,j’ ac,k,i—lGC))
— Ga( (blzga(lgb,k,j’@c,k,i—l)>

and

b b,i,k i+1,k b abik =cj+1,k
Cl (84, ™) = G (Tl (B, 5044

0

Finally, we give the following Lemma, as used above:

Lemma 4 Assume we have tensors C € R™*™M*™M gnd T € R™™*™ gych that for any
TRNTAS ) )
CW*,v*) = (T(y°A,y°B)) D

where A, B, D are matrices in R™*™. Then for any y',y?,
Ca2 W' y?) = B (T2 (Dy", 4 A)) (29)

and for any y',vy3,
Caz W' y*) = A(Tas(Dy',y°B)) (30)

Proof: Consider first Eq. 29. We will prove the following statement:
vyl v2 v, vPCaa W' v?) = ¥PB (T2 (Dy', 42 A))
This statement is equivalent to Eq. 29.
First, for all y*,y?,y3, by the assumption that C(y2,9?) = (T(yQA, y?’B)) D,
C*y )yt =T Ay’ B)Dy'

hence

Y Cijrviyivi =Y Tijeai £z (31)
Z"j7k Z"j7k
where z! = Dy, 22 = y?A, 23 = > B.
In addition, it is easily verified that

VCunWvh) = > Ciinvivivi (32)
1,5,k

VB (T o) (Dy' y?4A)) = > T juzlzlz} (33)
1,5,k

where again 2! = Dy', 22 = y?A, 23 = y3B. Combining Eqs. 31, 32, and 33 gives
¥*Clo (W' y?) = v’ B (T12)(Dy", y° A))

thus proving the identity in Eq. 29.
The proof of the identity in Eq. 30 is similar, and is omitted for brevity. (]

25



A.2 Proof of the Identity in Eq. 17
We now prove the identity in Eq. 17, repeated here:

Da—>b C(yl, y2) _ (Ta—>b C(yle’ yQGC)) diag(,ya)(KU«)T
Recall that
Da—)bc —E |:[[R1 =a—b CHZYzT}/sT’Al = CL]

or equivalently
Zq,j—,)/fc =E [[[Rl =a—b CHZZ'YVQJ'}/g’HAl = a]

Using the chain rule, and marginalizing over hidden variables, we have

ng—f]fc = E [[[Rl =a—b C]]ZiY2,j}/3,k|A1 = a]
= > pla—be by, by, hsla)E[ZYs ;Y k[ R = a — be, by, hy, ha]
h1,h2,h3€[m]
By definition, we have

pla = bc, hi, ha, hsla) =75, X t(a = bc, h, hslhi, a)

In addition, under the independence assumptions in the L-PCFG, and using the definitions
of K% and G%, we have

E [ZZ’Y27]’Y371€’R1 =a—b C, hl, hg, hg]
E [ZZ‘Al = a, Hl = hl] x E [YQJ‘AQ = b, H2 = hg] x E [}%’k‘Ag =, Hg = hg]
= KD

b c
y X Gjny X Gl g

Putting this all together gives

DZZISC = Z ’Ygl X t(CL —b ¢, h27 h3‘h17a) X Kia,hl X G?,hg X Gi:,hg
hl,hz,hge[m]
= ¢ K& X t(a — b ¢, ho, hslhi,a) x G%, x G$
Vhy ih1 a ¢, N2, N3N, a J3,ha k,hs
h1€|m] ha,h3€[m]

By the definition of tensors,

[Da—>b c(y17 y2)]z

= D DIk yvi
J:k

= Z Yy X Ki'y, % Z t(a — b ¢, ho, hslh1,a) X Zy}G;hQ X(Zini,M)
h1€[m] ha,h3€[m] J k

= i ) K, < TG (34)
hi€[m] !
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The last line follows because by the definition of tensors,

[Ta—>b C(ylejyzGC)]h _ Z T}?;;Z’CM [yle}

[92 G] hs
! h2,h3

ho

and we have

T;Lll_,;Lbz,ch:g = t(a —b c, h27 h3|h17 a)

[yle] ha - Z yJI'G?',hz
J

2 e 2 e

G, = Zykag

k
Finally, the required identity
Da—)b c(y17 y2) — (Ta—>b c(ylc;b7 y2GC)) diag(’ya)(Ka)T

follows immediately from Eq. 34. (J

A.3 Proof of the Identity in Eq. 18
We now prove the identity in Eq. 18, repeated below:
22y, = Gasadiag(y*)(K*)"
Recall that by definition
4%,; =B [[[R1 = a —a])Z" |41 = ]

or equivalently
[des.); = E[[[R1 = a — ]| Zi| Ay = q
Marginalizing over hidden variables, we have
[de%s.); = E[[[R=a— z]]Zi|A = d]
= Zp(a — x,h|la)E[Z;|H; = h, R = a — x]
h

By definition, we have
pla — z,hla) = vyq(a — zlh,a) = v} [qamalp,
In addition, by the independence assumptions in the L-PCFG, and the definition of K¢,
E[Z|Hy = h, Ry = a — 2] = E[Z;|H, = h, A; = a] = K},
Putting this all together gives

[da2s )i = Z Vi [da—saln Kicfh
h

from which the required identity
dgo—m = Qa—mdiag(lya)(Ka)T

follows immediately. [

27



A.4 Proof of the Identity in Eq. 19
We now prove the identity in Eq. 19, repeated below:
$¢ = G diag(y*)(K*)

Recall that by definition
¥ =E[YV1Z"|A; = d

or equivalently
[%9; ; = EV1,Z;]|A1 = d]

Marginalizing over hidden variables, we have
29, = EMuZ;j|A = d]
= > p(hla)EY1,Z;|Hy = h, Ay = d]
h

By definition, we have
Vi = p(hla)

In addition, under the independence assumptions in the L-PCFG, and using the definitions
of K% and G%, we have

E[Y17Z'Zj’H1 = h, Al = a] = E[Yl,i’Hl = h,Al = CL] X E[Zj’Hl = h,Al = CL]
- GZthh

Putting all this together gives

[Ea]i,j = Z MG Ky
h

from which the required identity
2 = G*diag(y") (K*) "
follows immediately. []
A.5 Proof of the Identity in Eq. 20
We now prove the identity in Eq. 19, repeated below:
cl = Ggor®

Recall that by definition
ca =E[[[A1 =dn1[B =1]

a

or equivalently
[cali = E[[[A1 = a]]Y1,4|B = 1]
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Marginalizing over hidden variables, we have

cai = E[[[A1 = d]]Y1,/B =1]
= Y P(Ay=a,H =h|B=1)E[Yi|A; =a,H =h,B=1]
h

By definition we have
P(Al = CL,Hl = h’B = 1) = W(a,h)
By the independence assumptions in the PCFG, and the definition of G%, we have
E [YVLZ|A1 = a,H1 = h,B = 1] = E [YVLZ|A1 = a, H1 = h]

= ;'l,h
Putting this together gives

[eali =Y m(a, h)GYy,

h
from which the required identity
cl = gint

follows. [
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