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A Theory

A.1 Transformation to Chomsky Normal Form

Transforming an RBN into CNF is done analogously to the procedure for PCFGs. We assume the
original RBN does not contain any epsilon productions, that is, a non-terminal variable always
produces one or more other non-terminal and/or terminal variables.

1) Eliminate terminal variables from mixed transitions: This is done by introducing intermediate
non-terminal variables. For each transition

paM 2@y @) (41)

with non-terminal variables ("), 2(?) ... € X and terminal variables y*), 4 ... € ), we intro-
duce new non-terminal variables Ty(1), Ty(@)s - - - and replace the transition by

p(x(l), PAC s Tyy(1), Ty, -+ | T) (42)

where the new non-terminals Ty (i) replace the original terminals y(“. We then add new deterministic
transitions

Py |2ym)
p(y? |z,@) 43)
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that convert each non-terminal to its equivalent terminal variable. For the newly added non-terminals,
there is only a single transition and hence a degenerate structural variable that can only take a single
value.

2) Eliminate more than two latent non-terminal variables: This is done by introducing new non-
terminals that capture combinations of multiple old non-terminals. Below, we show how the number
of non-terminals can be reduced by one. Applying this procedure repeatedly allows for reducing the
number of non-terminals from an arbitrary number down to two, as required for CNF. A transition

p(z®, 2@ 2™ ) (44)

that generates n non-terminals (1), ..., 2(™ is rewritten as
p(a®, 2@ e ) p(af 2™ |2 (45)
where we introduced the new non-terminal variable =’ = (z(V), 2, ... 2(®=1) that stores all the
information from the first n — 1 original non-terminals. The actual “work” is done by p(z’, (™) | z),
which is the equivalent of the original n-fold transition. p(z(™, (), ... (=1 |2/) is a determinis-

tic transition that just “unpacks” the information stored in z’. Repeating this procedure to come to
only pairwise transitions corresponds to a chain of these deterministic “unpacking” operations. As
above, the newly added non-terminals have only a single possible transition.

3) Eliminate unary cycles: Unary cycles peycie (2 | ), where = and 2’ are the same non-terminal
template variable (z = z’), are first transformed into unary transitions to a new non-terminal variable
and then eliminated as described below. We define a new non-terminal variable Z = (2, n), where
n > 0 represents the number of steps taken in the cycle before exiting it and 2’ is the value at the
moment of exiting it. The transition distribution to 7 is

- / p(z#cycle | I) pcycle(x/ ‘ $) ifn=1
= = 46
p(l"x) p(lC ,n|$) {fp(z=cyclex”)pcycle(cr:'|x”)p(az”,n— 1‘55) dz" ifn>1 , (46)

where in the recursive case, the variables of all intermediate steps are successively marginalised
out. In practical applications, if p(z=cycle|2”) < 1, the probability of remaining in the cycle
decays exponentially and the recursion can be truncated after a number of steps. If on the other hand
p(z=cycle| ") ~ 1 so that truncating is not possible, one can work with the stationary distribution
of the resulting Markov chain (i.e. the Markov chain with transition distribution peycie (' | )).

The structural probability to take a transition from x to Z is p(z=cycle| x), i.e. the probability of
entering the cycle in the first place. The RBN cell of Z is identical to that of z, except for the transition
into the cycle, which is eliminated (the structural distribution thus has to be renormalised for the
remaining transitions). The transitions use only the x’-component of Z, ignoring the n-component. In
this way, we have expresses the state after an arbitrary number of steps in the unary cycle as a distinct
value of the new non-terminal variable z.

4) Eliminate unary transitions between non-terminal variables: Unary transitions pynary (2’ | ),
where x and 2’ are different non-terminal template variables, are transformed by treating x’ as an
intermediate variable and marginalising it out. All transitions p(!), ..., p(™) from 2’ to some other
variables (terminal and/or non-terminal)

p(.]2)
: (47)
p(”)(. 2
are replaced by a set of new transitions p1, ..., p, from x directly to the respective variables, with
the intermediate variable 2’ marginalised out
pi(...|z) = /p(l)(. | 2") punary (2 | ) da’
(48)
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pul...|x) = /p(”)(. |2 punary (2 | ) da” .

The intermediate variable 2’ and its RBN cell is eliminated if it was only reachable via z. The
new transitions p1, . . ., p,, are merged into the cell of z, while the original transition pypary to ' is
removed. This requires redefining the structural distribution p(z | z) such that the probability mass
p(z=unary | ) that was formerly assigned to Dunary 18 now split among the new transitions p; to p,
according to the structural distribution p(z’ | ") of 2’. Specifically, for a new transition p;, we define

p(z=i|z) := p(z=unary | z) p(z'=i|2') . (49)
A.2 Relation to PCFGs

As described in Section 2.1, a PCFG can be rewritten as an RBN by abstraction or expansion, where
abstraction produces an equivalent RBN that describes the same relations in a more abstract and
compact way, while expansion produces a more general RBN using the original PCFG as a skeleton.
We describe the two procedures in detail below and use the following definition of a PCFG:

Definition 2 (Probabilistic Context-Free Grammar). A PCFG is a tuple (N, T, S, R, W) of
N : non-terminal symbols T : terminal symbols S : start symbol (50)
R : production rules € N x (NUT)* W : rule weights . (51

A.2.1 Abstraction of a PCFG

Theorem 1. A PCFG in CNF can be abstracted to an equivalent discrete RBN in CNF with one latent
(non-terminal) template variable x and one observed (terminal) template variable y by defining the
prior, transition, and structural distributions as

W. W
pp(r=A) = <2524 (11) pn(z'=B,2"=C|z=A) = ——228% (1)
ZA/ WS—>A’ ZB’,C/ WA—>B/C/
EB o Wasse |
W ~ wax =N
pr(y=b|z=A4) = =22 (13) ps(z|a=A) = X (14)
Z , Wa_p >, Wasb T
b ZX Wasx if2=T,

where A, B,C € N are non-terminal symbols of the PCFG, b € T is a terminal symbol, X € N2UT
is any right-hand side of a rule, z=N and z=T indicate a non-terminal and terminal transition,
respectively, W o_, x is the weight of the corresponding PCFG rule, and rules that do not exist in the
original PCFG are taken to have zero weight.

To show equivalence, we need to prove that the transition probabilities from a given non-terminal
symbol A are the same in the original PCFG and the new RBN.

Proof. In the RBN, the probability for a non-terminal transition A — B C'is

P(A — BC) = ps(2=N|x=A) pxn(2'=B,2"=C | z=A) (52)
2y o Waspo Wassc
- ZX Wasx ZB,’C, Waspre (53)
w.
T W “‘”
and that for a terminal transition A — b is
P(A—=b) =ps(2=T|z=A) pr(y=b|x=A) (55)

Zb’ Wasw Wasp

- (56)
> Wasx 2o, Wasy
WA—>b
=" 7
ZX WA%X
which matches the corresponding probabilities in the PCFG, gained by normalising the respective
weights. O
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Conversely, any discrete RBN can be rewritten as a PCFG.

Theorem 2. A discrete RBN with n latent non-terminal template variables 1, . . ., x,, m observed
terminal template variables vy, . . ., ym, and a prior pp(x1) over x1 can be rewritten as a PCFG
with
N=xz1® - Dz, (58)
T=y1® - DYm (59)
pp(X) ifA=SAX €
Wax == S p(z=i| A)pi(X | A) if a matching transition exists in the RBN (60)
0 else ,

where - & - concatenates the value ranges of the respective variables, X € x; denote that the value
X is in the value range of the RBN variable x;, and the second case in (60) requires there be a
transition p;(x1, . ..,k | x;) such that A € x; and X € x1 ® - - - ® wy,.

A.2.2 Expansion of a PCFG

Expansion of a PCFG to an RBN uses the PCFG as a “skeleton” to define the number of template
variables and the structural transitions. The domains and transitions for the variables need to be
added, which results in an RBN that is more powerful than the original PCFG. Specifically, we have

X :={za|Ae N} and Y={y|beT} (61)
for the sets of latent non-terminal and observed terminal template variables and
W
plaa=X|24) = =X with AeNand X, X' € (NUT)* (62)
ZX/ WA*}X’

for the structural transitions. Additional, we have to define the domain for each of the non-terminal
and terminal variables in X and ), and for each rule A — X; X5 ... from the original PCFG, we have
to define a concrete transition distribution p(vx, , vx,, ... | z.4) for the RBN (where vx, ,vx,,... €
X U Y are non-terminal or terminal variables in the RBN, respectively, depending on whether
X1, Xs,... € NUT are non-terminal or terminal symbols in the PCFG).

Expansion of a PCFG into an RBN seems appealing if a simple PCFG can be used to describe the
type of variables (as opposed to their values) as well as the structure of the generative process. The
actual transitions on the variables’ values may then take place on a sub-symbolic/continuous level,
which cannot be described by a PCFG.

A.3 General Inside and Outside Probabilities
A.3.1 Inside Probabilities

The inside probability
B(xik) = p(Yik | Tik) (63)

is the probability of generating the observed terminal variables Y ;.5 from the latent non-terminal
variable z;... This means that we need to marginalise over all possible paths of generation. Transitions
may directly generate observed variables, but they may also generate lower-level non-terminals, in
which case we have to recurse using the respective inside probabilities from those variables.

Let 7, C 7 be the set of possible transitions from the latent non-terminal template variable x € X (of
which z;.;, is one specific instantiation), with p(z;.x=7 | 2;.) being the probability for the transition
T € T, to be selected. This constitutes the first sum in (16_71]) below, which marginalises over the
transitions.

The transition 7 generates 1 new non-terminal and/or terminal variables, where 7 is the arity of
7. These may be located at different positions in the parse chart, depending on which part of the
observed variables Y ;. is generated from them. That is, the variables’ locations in the parse chart
are not known during generation and are determined in hindsight once all observed variables are
generated; thus, they are known for parsing. We denote the respective splitting points by j, ..., jy—1
(they have to fulfill the condition 7 < j; < ... < j,—1 < k) and the respective variables by
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Visjys -+ Vj,_1:k € X UY. The second multi-sum in (64)) aggregates the probabilities of the different
splitting possibilities, that is, of all valid assignments of ji, ..., j,—1 (7 — 1 degrees of freedom). For
instance, a transition of arity 7 = 2 has one free splitting point j; to sum over.

Some of the generated variables may be observed/terminal variables, for which nothing more needs
to be done as they directly constitute the respective part of Y ;.. For the subset of non-terminal
variables, which we denote by {v;.;; € X'}, we need to insert their respective inside probabilities and
marginalise them out. This constitutes the product and multi-integral in (64).

The general form of the inside probabilities then is

i) = Y ps(zin=T|zin) D>

TET: 1<j1<...<jn-1<k

/ /pTvul,.. s Vg, ik | Tick) H?z/” (64)

{v _/GX} { /GX}

The concrete RBNs considered in the paper have only two transitions, one non-terminal transition of
arity two and one terminal transition of arity one (for CNF) or more (for the extended GRBNs used
in the quantitative evaluation and for modelling music). For non-terminal transition of arity two, the
multi-sum in (64) reduces to a single sum and the multi-integral to a double integral, which gives us
(20). For the terminal transition, (64) simplifies to (19) or the extended version (38), respectively.

A.3.2 Outside Probabilities
The outside probability
(@) = (Yo, Ty, Yjrm) (65)

is the joint probability of generating the latent non-terminal variable x;.;- as well as the prefix and
suffix of observed terminal variables, Y.; and Y j/.,,, respectively. For this, we now have to consider
all possible ways how x;.; as well as the prefix and suffix could have been generated from a parent
non-terminal Z (z and = may correspond to the same template variable or to two different ones).

Let 7,71 C T denote the set of transitions that include z as one of the generated variables. Importantly,
if  appears multiple times in the generated variables of a particular transition, these different options
of generating z are represented as multiple distinct entries in 7,1, one for each occurrence. The first
sum in (66)) runs over these different possibilities of generating x.

For a transition 7 € 7,1 of arity 7, let jo, . . ., j,, be the splitting points, including the start and end
point jo and 7, of the parent variable .5, , which have to fulfill the condition 0 < jp < ... < j, <n
(where n is the length of the sequence). One pair of adjacent splitting points (., jm+1) corresponds
to the occurrence of x;.;/, where m is the position (starting at zero) at which x appears in the
generated Varlables of the particular transition 7. We therefore have the additional constraints j,, = j
and j,,+1 = j', resulting in 7 — 1 remaining free indices to sum over (as for the inside probabilities
above). This corresponds to the second multi-sum in (66).

The set of non-terminal variables generated from the parent Tj,.;, , excluding x;.;, is denoted by
{vi.r € X} \ ;. Together with the directly generated terminal variables, these generate part of the
prefix and suffix, Y ;,.; and Y j..;, . The remaining prefix and suffix, Yo.;, and Y j, ., are generated
from the parent variable Z,.;, . For the parent, we recurse via its outside probability a(Z,.;, ), while
for the newly generated non-terminal variables (except x;.;/), we have to use the respective inside
probability 5(v;.;-) in (66). Additionally, we have to marginalise out the parent (first integral) and the
newly generated non-terminal variables (second multi-integral).

The general outside probabilities then are

)=> D> / / / Psa(Zjo:jy =T | Zjosj,) (66)

1 0<jo<..<jp<n =
€T, jfﬁ);\j <+]":jn; Tjoiin {vir €EX\@ 50
m m 1.

Pr(Vjossus 2 Tjsgrs s Vi v | Tors) (g, ) [ Bl0rr) -
{vir €X\; 50
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For a non-terminal transition of arity two, as we have it in the paper, the multi-sum in (66)) reduces to a
single sum and {v;.y € X'} \ x;.;» contains only a single non-terminal, the second child. Importantly,
7.~ ! has two elements, one for z;.; being generated as the right child and one for it being generated
as the left child, which gives us (22).

A.3.3 Joint Inside and Outside Probabilities

The joint inside and outside probabilities (23) and (24) for an RBN in CNF are computed analogously
to (19-22) for the normal inside and outside probabilities, that is,

o~

Biiic1 = ps(Zii1=T | Zii1) DT (Yis1 | Tiziv1) (67)
Bi:t = ps(z:x=N| zi.1) ZPN(fEi:j, T | Tik) Bizj Bk (68)
j=it1

62():71, =pp (‘TOZTL) (69)

j—1
Qjg = [Zps(zi;kZNlmi:k)pN(Ii:j7$j:k | Zik) Qicke 37::,7} +

i=0

[ZPS(Zj:l:N | 25:0) DN (Tjiks Thot | Tju1) Qg B\k:l} . (70)
I=kt1

This differs from (19-22) only by dropping the integrals and dependencies on the non-terminal
variables (as their values are now fixed). Joint inside and outside probabilities for the general case are
obtained from (64) and (66) analogously, i.e. again by dropping the integrals and dependencies on
the non-terminal variables.

A.4 Gaussian RBNs

In the following, we present derivations for the extended case of GRBNs, described in Section 2.3.1,
which includes linear transformations /" for the left child. For this, we will make use of the fact that a
normal distribution over a transformed variable 7'z can be rewritten as

1 -~
N(Tz;p, %) = HTIIN(I T, T s T 1)
=N(z;T ", T"2T), (72)
where ||T'|| is the absolute value of the determinant of 7" and in (72)) we made use of the fact that in
our case, the transformation matrices are orthonormal, so that 7' = 7" and ||T|| = 1.

Note that for an implementation, some of the results should be rewritten in order to minimise the
number of matrix inverses that need to be taken. In particular, the identity

Er 4+ = (B 4 8) ', (73)

is useful for the implementation, but we omit it in our derivation for clarity.

A.4.1 Marginalisation
For the inside probability 53(x;.;), the integral in (20) is

//pN(l'i:ja (L’j;k | xi:k) 01'/))(:1,'1';]') ,“3(;1/‘_7':;,7) dl’i;j dl’j:k

_thr Cirj (ﬁ)/ N (@53 Tr i, BNL) N (@205 Ticke, ENR)

N(ngvﬂgj) Z( ))N(x]knu/5k)7 Eﬁk))dxz]dx]k (74)
= Z wy s SN (T nl) Snn + L) N (@i 1), Snr + 239) (75)

= ZwT (5) (’B)./\/'(:cl ,TT;L(’ﬁ) T [ZNL JrE(B)] )N(:z:zk,,u]k,ENRJrE(ﬂ)) (76)

l] 2V
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= Z Wr cgi)k (Tick ,ufi)k, Egi)k) 77)

with
Mgﬁ])k = zgﬁ)k {TI (ZNL + EE?) uﬁ? (ZNR + Efk)) uf k)} (79)
(8) T (8) ! (®) -1
50, = [(TT S+ S+ (Snn+ 50 } : (80)

where in (74) we inserted (31) and (36); in (73)) we used (33) twice to rewrite the pairwise products
of Gaussians over z;,; and x;.;, and marginalise them out; in we used to rewrite the
transformation; and in (77) we used (33) a third time to rewrite the resulting product as a single
Gaussian over x;.x.

For the outside probability (.. ), the integrals in (22) for x;.;;, being generated as the right child
are

//pN(xi:ja Tj:k | xi:k) Q(I’i,:k> 8(/IIJ) dIZJ dIzk (81)

:Zw gk) E@/ Nx’LJ7Txlk,ENL)N(x]k)xlk)ENR)

N(xz ks Mﬁ% Effﬁ)J\/(wi;j; Mgi)» E(B)) dxz’:j dx;.p (82)
= Z w, e / N (@3 isker DNR) N (@i 1550 D83 ) N (L prssy) s D) davr, (83)

Gk z] B 0T

- Z wr (Ol) (B) /N(z]kv Li:ky ENR) N(Iz ks ,LLEC;g)a EEC;C))N('TIIW TTN(B) TTZ(I) T) dxi:k
(84)

= Zwrcfvf;)cﬁﬁ) /N(%‘:k;%i:k, SNR) N (@i 12, 2(2))/\/’(#5—3?; Tfuﬁﬁ), )Y daip (85)

—Zw e N (i T ) 2 O) N (s, 20 (86)
= Z wr e N (k5 12U (87)
with
a)—1 -17°1
=W =gy, + 2 @ = [(EE:,Q) + (1, 50T,) } (88)
2O =2+ 180T W@ =s@[EE) R+ T O W] 69
n4) — YNk + »(2) (90)
and
el = e NSl T ) 55 + T (2 + 21T 1)
a o)\~ 8 1 a)\— « 1
pDy = [+ (0 e+ 5O 7] [ WD+ 1T (S + 2 )]
92)
_ 411
0 = Dnm + [(S) T+ (T B+ 501T) T (93)

where in (1) we took the constant termination probability (30) out of the integral and dropped it;
in (82) we inserted (31), (32) and (36); in (83) we applied (33) to marginalise out z;.;; in (84) we
used to rewrite the transformation; in (83)) and [86) we used (33) twice to marginalise out x;.x;
and in (87) we rewrote the final result using (9TH93). Due to the asymmetric terms in the outside
probabilities, the result is somewhat more complex than for the inside probabilities.
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Analogously, the integrals in (22) for x ;. being generated as the left child are
//pN(ZEj;k,l“k;l | 2j0) () Bxp) dojy dogg 94
= Z wy c] g cgfl)/ N (@ jp; Traja, BNL) N (@haa; 5.0, ENR)
N (.0 M;;OZ)’ EEOZ)) N (@pas 1), 245 da g dae (95)

*Zu CEOE)Cgfl)/N(wj:k;T'rxj:laENL)N(xJlnuJ 1) E( ))N(xj:lﬂlgfl)vz(l,))dxj:l (96)

= Z wees el /N(T:xj:k%%j:laT-;FENLTT)N(zj:l;,U'(zl)a2(2,))/\/( ) 260 da

o7
=2 v S DN (s 1), S NI s 0, 500 (98)
= Z we eSS SN ) 1l SN N (g Top®), 1, 50T 99)
= ZwT Cj:k:l (@;: kn“g kil Eﬁ)z) (100)
with
=) = Syg + = 2@ = (=3 + )] 1 (101)
nG) — Eﬁ) + 3 p?) =x@) [(E 0;)) 1 (a (E(l/))ilﬂffz)} (102)
@) = 7T, +53) (103)
and
o = &3 Al NS s i) 255 + Sxr + 510) (104)

py =7 [ + (Ban+ 5] [ ) + O+ 20 0] a0s)
_ 171
E( e = 2L+ 15 {(Eﬁ)) "+ (Enr + Ez(fz)) 1} 7. (106)

A.4.2 Approximation

A Gaussian mixture distribution p(x) with normalised mixture weights ¢;, means p;, and covariance
matrices YJ; can be approximated with a single Gaussian as

Pl) =N(2;0,%) with fi=> cp; and L= ¢ [z (s — ) (s — ﬁ)q . (107)

The approximation p(x) matches the first and second moments of p(x) and minimises the Kullback-
Leibler divergence (KLD) Dx1,[p(z) || p(z)] [61, 18]. This direction of the KLD is the one used
e.g. in expectation propagation, not the one used in e.g. variational methods [18]. That means, p(x)
will adequately represent the support and uncertainty of p(z) (e.g. it will be non-zero wherever p(z)
is non-zero). On the other hand, a value of = may have a high probability in p(x) even though in p(z)
it has not (also see Figure 4).

A.4.3 Tree Induction

Exact joint optimisation of the structure and the continuous latent variables is intractable. We therefore
choose the best tree for a GRBN based the maximum of the (approximated) inside probability.
Inserting (30) and (77) into (20), we have

1
Bix) = (1 = Pierm) Z > wr CEB])}’C (icks “gﬂg)lw Egﬁj)k) (108)
j=itl T
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Figure 7: Parse chart for a sequence of length n = 4 with best tree estimate (see text for details).

which is maximised by taking the mode of the Gaussian and maximising over j and (if using
transpositions) 7

1

2

max w, cgﬁj)kj\/(xzk, ”Ei)k’ Egi)k) = max w- cfﬁj)k ‘27r21(-§-):k (109)

(i:k5d5T) (J,7)

If we have multi-terminal transitions (or more generally other possible transitions), we also have to

maximise over the different possible transitions. For each non-terminal variable, we compute and

store the best choice during bottom-up computations of the inside probabilities. Afterwards, we can

construct the best tree by starting at the root node and recursively picking the best structure top-down.

B Example

In this section, we present the complete calculations for the inside probabilities, the tree estimate,
and the marginal likelihood for a basic GRBN (no transpositions or multi-terminal transitions) on a
simple example sequence of length n = 4 (also see Figure[7). We assume parameters

pp =0 Yp=YnL=Xnr =21 =1 Prerm = 1/2 (110)
in (27-30) and a scalar sequence
Y:(ylay27y37y4):(07172a0)' (111)

B.1 Preliminaries

Inside probabilities are approximated with a single Gaussian
Blir) ~ ) N (@i 1y 20 (31)

specified by c(i), /,Lgi), and EE:@, which are the relevant quantities to be computed.

1

At the bottom level, we use (19) for the base case and insert (29) and (30) to obtain
B(2iii1) = Perm N (Wir1; Tisis1, Xr) (112)

where we can directly read off c(ﬂk), ugi), and Egi).

1

For the higher levels, we have to use (20) for the recursive case, where inserting (]7_7]) to solve the
integrals in closed form gives

k-1
Blrin) = (1= Pem) Y s N (@ises e, B0 (113)
j=it1
with parameters given by (78H80) as

D =D NG W1+ 2P 41420 (114)

23



-1 -1
W =20 (14 30) )+ (14 22) ) 115)
-1 —1771
2, = [(HEE@)) + (1420 } , (116)

where we already inserted X1, = Xng = 1.

If the sum in (TT3) has only a single term, we immediately get

Ei) = (1 — Prerm) Cgi)k NE k) = Mgﬁ])k Z%) = EE j)k arn

If there is more than one term in the sum in (T13), this means that there are multiple splitting options
that are marginalised out and we therefore need to do two things.

First, we have to identify the best splitting option to be able to compute the tree estimate. This is
done by using (I09) and comparing the values of

B

Cigik (118)

/5(B)
E’L :g:k
where ‘Eﬁ) k‘ = Egé) ;. in the scalar case and we left out shared constant factors.

Second, we have to approximate the resulting mixture with a single Gaussian using (T07), where the
mixture weights have to be normalised. For the univariate/scalar case considered here, we then get

Zk 1.8 8)

(8) _ 2uj=it+1 Cijik Pijik (119)

ik T f—
Z] 11+1 gi)k
k—1 B B B
(8) Z] i+1 ’Ej)k |:E( )k + (,U/E ])k‘ ugk))2j|
2z‘:k = k—1 (8) (120)
Zjﬂ‘ﬂ Cijike
( ) 1_plerm Z Cfi)k (121)
j=i+1
Finally, the marginal likelihood (17) is obtained as
p(Y) = / B(z0:0) pp(Toin) dTo:m (122)
= / SN (ufﬁiﬁ S+ 1) N (20 1 5) doun (124)
= eSO N (i 0,25 + 1) (125)

where we have used (33) to rewrite the product of Gaussians and inserted yp = 0 and Xp = 1.

The normal distribution is defined as

1 1
N 3T e ) (126)
1 1(z— u)z}
_ 1 12
s exp[ 5y ; (127)

where the second line is for the scalar case.

B.2 Calculations

We start with the inside probabilities at the bottom level for the latent variables x¢.1, 1.2, 2.3, 3.4
and from (T12)) we read off (without any approximations)

A7) = Pem = 1/2 W20 = yin 2P =Sp=1  (128)
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with
pid =0 iy =1 piy =2 il =0. (129)

Next, we compute the inside probabilities on the first level for the variables x¢.2, x1.3, 2.4. The only
possible splitting option is for j = i + 1 and from (T17) we get (again without approximation)

AP 5 = (1= prem) P N (Wit 13 vi12,4)s 1800 = (i1 +vin2)/2, S0, =1 (130)

and hence

B) 1 -2 (8) (8)

Co.g = ~ 2.20-10 5 =0.5 Yoo =1 (131)
0:2 2ot /o Ho:2 0:2
(8) 1 -2 (8) (8)

.4 = ~ 2.20-10 2 =15 Yia =1 132
13 = 511 Jox H1:3 1:3 (132)
(8) 1 -2 (8) (8)

Ccy | = ~ 1.51-10 i=1 Yo =1. (133)
2:4 et Jor Ha.4 2:4

Turning to the values for .3 and 2.4, we now have two terms in the sum in (IT3), which means
that we need to evaluate the best split and approximate the mixture. The corresponding parameters of

the mixture are given by (IT4HT16) as

e =) SINWE e = ) a2, sh=1, a4
which results in
1 _
e 32
1 _
e 32
and
1 iy
CE?Z)A - 7 1 ~1.51-10 8 H“(1,82)4 =1 E552)4 =1 (137)
27me2
1 _
e 32

To identify the best split for each variable based on (IT8)), we see (all variances are equal) from

C(():61):3 = CE),?Z):B and C(1252):4 < c(l,?ff’?:él ’ (139)

that for x.3 both splits are equally well and for .3 the split 21,4 — (1.3, 23.4) at j = 3 is better.
This is intuitively clear, since generating (y2,y3) = (1,2) from the same non-terminal variable
x1.3 = 1.5 is more likely than generating (ys,y4) = (2,0) from x2.4 = 1, given that in both cases
the values are generated from a Gaussian with variance 1.

We approximate the mixtures with a single Gaussian with parameters given by (TI9HIZT) as
17

) ~1.66-1073 udd) =1 s = i (140)
)~ 1581073 1) ~ 0.869 2 ~ 1.016. (141)

Finally, we have the inside probability for the root variable z.4 with three terms in the sum in (T13)
with parameters

0 =) QN W01+ + 1430 (142)
-1 -1
W =20 (14 20) )+ (14 20) ) (143)
-1 —111
£, = [(1 +30) + (1+3) } (144)
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Figure 8: Example of the synthetic data used in the quantitative evaluation with noise levels of
0.01 (left) and 0.15 (right). (bottom): Generated three-dimensional time series; vertical dashed
lines indicate the segments identified by the change point detection (CPD) method. (top): The
ground-truth tree (green), the tree estimate from hierarchical clustering (HC) based on the CPD
segmentation (blue), and the tree estimate of the RBN (orange). The grey scale indicates the marginal
node probabilities based on the RBN.

and hence
P~ 1431074 u) , ~0.433 27, ~1.004 (145)
) ~6.38-107° uld) = 0.75 2 =1 (146)
) ~145.1071 1), ~ 0.492 s, ~1.015. (147)

For the splitting options, (T18) gives

i) B B
— b4~ 1.4927-1072 024 ~6.38-107° —034 ~1.439-107%  (148)

E((351)4 \/ E(()[32)4 \/ E(()B??4

and we see that the split zo.4 — (2.3, T3.4) for j = 3 is the best one. Intuitively, this makes sense
because it splits between y3 and y4, which is the biggest step. Not we have only minor differences
between the split options, because for simplicity we have chosen our variance parameters with a
value of 1, which is relatively large compared to the spread of the values. Choosing smaller variances
would result in more prominent splitting preferences.

We can now construct the full tree by also picking the best split for zq.3, which is a tie between
splitting at j = 1 and j = 2, so we can choose either one (in practice one might consider random tie
breaking to avoid biases due to variable order). The resulting tree is shown in Figure [7]

The parameters for the inside probability of (.4, given by approximating the three Gaussian mixture
components, are

) ~ 1761074 u) = 0515 s = 1.021. (149)
Based on (123) this results in a marginal likelihood of
p(Y) ~4.63-107°. (150)

C Experiments

C.1 Details for Quantitative Evaluation

We performed a quantitative evaluation on synthetic data for the task of segmenting a noisy time
series and inferring the underlying tree. We used the Gaussian RBN for music (Section 2.3.1) with
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Figure 9: Grid search for best parameters and CPD method, based on the F1 score w.r.t. the ground-
truth change points. The combination of Pelt search method with CostL2 cost function performed
best (with optimal parameters selected) in all cases.

some simplifications: 1) data were continuous and not categorical, 2) they had only three dimensions
instead of twelve, 3) the prior distribution did not have any transpositions, 4) the left child could only
be transposed by zero or one step. The data were sampled from this model, using zero prior mean,
Yp=1L3x, =2xr=1" 0.12, A = 5, equal weights Wy = W; = 0.5 for transposition by zero or
one, and X1 = 1 - noise? with different noise levels {0.01,0.05,0.1,0.15,0.2,0.25}. We used a
terminal probability of perm = 0.6 for sampling and rejected any sequences with a length outside the
range of 50-55. An example of the data is shown in Figure/§]

For comparison, we used the best-performing change point detection (CPD) method from the
ruptures library [72] for segmenting the time series, combined with bottom-up hierarchical clus-
tering (HC) for inferring the tree structure (“HC/CPD”). For each noise level, we selected the CPD
method and parameters with best F1 score based on the ground-truth segments of 100 training
sequences (see Figure[9). In HC, pairs of adjacent segments with the smallest Euclidean/L2 distance
between their mean values were successively combined to construct the tree. For the RBN, all
parameters were trained from scratch by minimising the marginal likelihood of the observations
of only 10 training sequences (i.e. no ground-truth information and less training data than for the
baseline was used), separately for each noise level.

The models were evaluated on 500 test sequences by computing their precision and recall w.r.t. the
ground-truth trees. Each possible node was treated as a separate binary classification task and the
results reflect the number of correctly predicted nodes. Note that due to the strongly unbalanced class
distribution (many more possible node locations than actual nodes in the tree) precision and recall or
the combined F1 score are the appropriate performance metrics (as opposed to e.g. accuracy). For the
RBN they were computed in two different ways: 1) based on the best-tree estimate (“RBN max”) and
2) based on the marginal node probabilities (18) (“RBN marginal”).

Precision and recall are computed from the true positive (TP), false positive (FP), and false negative
(FN) rates

TP

recall == m ( 1 5] )
TP
pI‘eCiSiOIl = m ( 1 52)

Fl—9 precision - recall

precision + recall (153)
For the single-tree estimates (baseline model and best-tree estimate from RBNs) we compared the
ground-truth and estimated tree node-by-node to count correctly predicted nodes (TP), nodes that
are in the prediction but not the ground-truth (FP), and nodes that are in the ground-truth but not
the prediction (FN). For the marginal node probabilities, we computed the corresponding rates by
counting all nodes in the ground-truth tree (TP+FN), summing the marginal probabilities over all

27



Figure 10: Harmonic analysis of Johann Sebastian Bach’s Prelude No. 1 in C major, BWV 846

nodes in the ground-truth tree (TP), and summing the marginal probabilities over all possible nodes
(TP+FP).

C.2 Hierarchical Music Analysis

The scores were pre-processed by computing pitch-class distributions (PCDs), as used for the
identification of musical keys [74, 75, 76], using the pitchscapes library [71]. We used a resolution
of 70 equally spaced time slices per piece, resulting in sequences of 12-dimensional categorical
distributions. The tree shown in Figure 6(c) for Johann Sebastian Bach’s Prelude No. 1 in C major,
BWYV 846, corresponds to a harmonic expert analysis performed by the authors. Figure|10|shows the
annotated tree with additional chord labels, which are provided in a simplified notation commonly
used in Jazz lead sheets to be more accessible to a broad audience. In Table[I} we list the results
for all 24 preludes. For a better interpretation of the model and the presented results, there are two
relevant points to consider.

C.2.1 Chromatic versus Diatonic Transposition

It is interesting to look in more detail at what musical aspects the model can or cannot represent. In a
nutshell, it can represent chromatic transposition but cannot represent diatonic transposition, which
has a number of consequences, as described in the following.

The transpositions of the left child perform a cyclic rotation of the corresponding probabilities in
the pitch-class distribution represented by the latent variable, which corresponds to a chromatic
transposition. This determines not only which pitch classes have a significant probability to occur (the
in-scale tones) but also the specific weights. For instance, the tonic and fifth scale degree typically
have the highest weights. A transposition by 5 or 7 semitones from a current major key (say C
major) thus corresponds to a modulation to the sub-dominant (F major) or dominant (G major)
key, respectively. This includes adaptation of the fourth and seventh scale degree of the target key,
respectively (B—Bb for F major; F—Ff for G major), as well as the correct assignment of strong
weights to the tonic and fifth scale degree.

However, diatonic transposition cannot be represented in this way. For instance, to represent a
modulation from C major to A minor, the model has two options that are both far from optimal. 1) It
can choose not to apply a chromatic transposition, which ensures that all in-scale tones are correctly
represented (i.e. they have significant weight). This, however, means that the relative weights are
not appropriate for A minor. In particular, the strong weights on the tonic and fifth scale degree are
not present and, instead, the third and seventh scale degree (C and G, the former tonic and fifth scale
degree) have disproportionally strong weight. Correcting these weights has to occur through the
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Gaussian transitions, which can only be explained with a relatively high transition variance. 2) The
second option would be to perform a chromatic transposition by 9 semitones, which ensures that
the strongest weights remain on the tonic and fifth scale degree of the new key. However, three
out-of-scale tones (Cf, Ff, Gff) now have a high weight, while the respective in-scale tones do not.
Again, this has to be corrected for by the Gaussian transition noise at a potentially even higher cost
than in the first case.

This is a highly plausible explanation for why we only see non-zero weights for the identity and
(chromatic) transposition by a fifth in our experiments. Any diatonic modulations are best explained
by reweighting using via Gaussian transition noise without a transposition, rather than by a chromatic
transposition, which would require an even stronger reweighting (except for modulation to the
sub-dominant and dominant key, which can be appropriately explained by a chromatic transposition).

C.2.2 Chord Labels

It is important to note that the chord labels in the expert annotation convey significantly more
information than just what pitch classes can be expected to occur in the respective section. For
example, the very same pitch-class distribution of G-C-E could amongst others be labeled as a
C major chord in second inversion, a G major chord with 64-suspension (Gsus64), or an A minor
seventh chord with omitted root, which might be easily confused by a musically untrained annotator.
Which of these labels is correct depends in many cases on the context, such as how a chord resolves
to the next one. While these differences are important from a musical perspective (they express a
different experience of the same musical events), our model was trained to only predict pitch-class
distributions. Therefore, in its current state, it cannot reproduce these distinctions, but we expect
future versions to significantly improve in this respect.

Table 1: Results for all major preludes in Johann Sebastian Bach’s
“Wohltemperiertes Klavier I & II”. (left): Expected value of the latent vari-
ables, i.e. the mean of (18), colour-coded using a key-finding algorithm
from the pitchscapes library [71]. (right): Marginal node probability,
i.e. the normalisation of (18) as well as the RBN tree estimate.

Johann Sebastian Bach  Prelude No. 1 in C major BWYV 846 Wohltemperiertes Klavier I

(continued on next page)
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Johann Sebastian Bach  Prelude No. 5 in D major BWYV 850 Wohltemperiertes Klavier I

(continued on next page)
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Johann Sebastian Bach  Prelude No. 13 in Ff major BWYV 858  Wohltemperiertes Klavier I

1072

Johann Sebastian Bach  Prelude No. 15 in G major BWV 860 Wohltemperiertes Klavier I

102

1015

1010

102

1077

Johann Sebastian Bach ~ Prelude No. 17 in Ab major BWYV 862 Wohltemperiertes Klavier I

1011

Johann Sebastian Bach  Prelude No. 19 in A major BWYV 864  Wohltemperiertes Klavier I

107

(continued on next page)
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Johann Sebastian Bach ~ Prelude No. 21 in Bb major BWYV 866 Wohltemperiertes Klavier I

1011

1012

10715

Johann Sebastian Bach  Prelude No. 23 in B major BWV 868  Wohltemperiertes Klavier I

Johann Sebastian Bach  Prelude No. 1 in C major BWV 870 Wohltemperiertes Klavier II

e

Johann Sebastian Bach  Prelude No. 3 in Cff major BWYV 872 Wohltemperiertes Klavier II

101

(continued on next page)
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Johann Sebastian Bach  Prelude No. 5 in D major BWYV 874  Wohltemperiertes Klavier II

[ L J \

- ® 3

@ 3 . .

®0 L .
0 10 20 30 40 50 60 7

00

Johann Sebastian Bach  Prelude No. 7 in Eb major ~ BWV 876  Wohltemperiertes Klavier IT

10-10
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®0
0 10 20 30 40 50 60 7

00

Johann Sebastian Bach  Prelude No. 11 in Fmajor  BWV 880 Wohltemperiertes Klavier I1

(continued on next page)
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Johann Sebastian Bach  Prelude No. 13 in Ff major BWYV 882  Wohltemperiertes Klavier II

Johann Sebastian Bach  Prelude No. 15 in G major BWV 884  Wohltemperiertes Klavier 11

1011

Johann Sebastian Bach ~ Prelude No. 17 in Ab major BWYV 886  Wohltemperiertes Klavier II

1072

10-10

Johann Sebastian Bach ~ Prelude No. 19 in A major BWYV 888  Wohltemperiertes Klavier II

(continued on next page)




Johann Sebastian Bach  Prelude No. 21 in Bb major BWYV 890 Wohltemperiertes Klavier IT

102

Johann Sebastian Bach  Prelude No. 23 in B major BWV 892  Wohltemperiertes Klavier 11

60 70 0

End of Table
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