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In Section 1, we present proofs of the propositions and lemmas that appeared in the main paper.
In Section 2, we present a Markov chain Monte Carlo algorithm for approximate inference. Finally,
in Section 3, we present analysis of data in which a non-exchangeable model might be expected to
help, but does not.

1 Proofs

Recall that R; = ) ;2 z;, is the number of features held by data point i, and Rij = Y 1o ZikZjk
is the number of features shared by data points ¢ and j, where i # j.

Proposition 1

Under the dd-IBP,

N

R; ~ Poisson (a Z h;lP(ﬁm = 1)) , (1)
n=1
N

R;; ~ Poisson (a Z hytP(Lin =1, Ljn = 1)) . (2)
n=1

Proof. Recall that the number of features owned by each customer is A, ~ Poisson(u,), where
pn = ah,l. The total number of features across all data points is K = 2521 An ~ Poisson(p),

N N
where =0 ptn = > hyt



Let 7 be a uniform (conditioned on K') random permutation of {1,..., K'}. Then, since z;; = 0 for
all k¥ > K under the dd-IBP,

K

K K
R; = Z Zik =Y Zim()y  Rig = D ZkZik = Y Zin(k) Zm(k)
k=1 k=1 k=1

Conditioned on K, for k < K, the event {z; () = 1} can be rewritten

{zinth) = 1}—U({c =1} O {Linagy = 1}) (3)

since feature (k) is on for customer 7 if and only if customer ¢ links to the owner of that feature.
Conditioned on K, the collection of random variables {c* : k < K} are iid (independent and

identically distributed), with P(c;(k) =n|K) = pn/pn=nh, 1/ ZN h; ! for k < K. Conditioned on

K, the random variables L; , ~(x) are also iid across k. Thus, by (3 ), and still conditioned on K,
the collection of Bernoulli random variables {zi,,r(k) ik < K} are iid with

N
P2y =1K)=> P ( £ o= nyK) P (L;ipny = 1K)
n=1

N
Zﬂn/ﬂ zn:1>:%’

for k < K, where we have dropped the subscript 7 (k) in £; ,, »(x) in the last line because P ([’i,nﬂr(k) = 1)
does not depend on k, and we have dropped the conditioning on K because links are drawn inde-
pendenly of K. In the last line, we have defined a quantity ¢;, noting that this quantity does not
depend on K.

Thus, R; is a sum of a Poisson(x) number of conditionally independent Bernoulli(¢g;) random
variables, and so is itself Poisson distributed with mean

N N
g = Z,unP (Lin=1)= aZh;lP(Cm =1).
n=1 n=1

This shows the statement (1).

The proof of the statement (2) is similar. Conditioned on K,

N
{Zire)Zim) = 1} = U <{C;(k) =n} O { L) = L Ljnrn) = 1}>

n=1

and so the collection of Bernoulli random variables {2; () 2j ) : k¥ < K} are iid with

N
P (zimtiy2n = 1) K) = 30 P (g = 0K ) P (Limngty = 1 Ljin ey = 1K)
n=1

N
Z,Un/,u 1n:17£jn:1)ZQij



for k < K. Thus, R;; is a sum of a Poisson(x) number of conditionally independent Bernoulli(g;;)
random variables, and so is itself Poisson distributed with mean

N N
Hqi5 = ZMTL‘P (‘Cln = 1a£jn = 1) = aZhEIP (‘C’Ln = 1a£jn = 1) .
n=1

n=1

Lemma used in proofs of Propositions 2 and 4

The proofs of Propositions 2 and 4 rely on the following lemma.

Lemma 1. Let X, ~ Poisson(aAx) and Y, ~ Poisson(a\y) with Ay > 0. Then, as o — oo,

Xo/a i AX,
Y./« £>/\y,

Xo/Ya 5 Ax /)y

Proof. Pick any € > 0. E[éXa] = Ax and so Chebyshev’s inequality implies
1 Var[1 X 1
P Hxa - AX‘ > e} < 73“"[3 ol _ —
a € Qe

which converges to 0 as @ — oo. Thus, X,/ converges in probability to Ax. By a similar
argument, Y, /a converges in probability to Ay .

Then, by the continuous mapping theorem, the supposition Ay > 0, and the continuity of the
mapping (z,y) — xz/y over R x (0,00), we have that X,/Y, = (Xa/a)/(Ys/a) converges in
probability to Ax /Ay. O

Proposition 2

Let © # j. R; and R;; converge in probability under the dd-IBP to the following constants as
o — 0o:

N
R; p —1
. P(Lin=1 4
- —>nzlhn (Lin = 1), (4)
N
Rw P -1 o o
o ;hn P(Lin=1,Ljn, =1), (5)
Rij p. S0 h'P(Lin = 1,L5, = 1) (6)
R; SN tP(Li=1) '



Proof. The proof follows Proposition 1, Lemma 1, and the fact that

N
> h'P(Lin =1) = by 'P(Li = 1) = hi' > 0.

n=1
O
Proposition 3
If By is continuous, then under the dHBP,
R;|g1:n ~ Poisson (7v) (7)
Poisson wi(cgf{)c(lcfil)) if i = 95,
Rijlg1n ~ ' ) . (8)
Poisson ’Yﬁ) if 9i # 9j-

Proof. We write the random measures B and B; in the generative model defining the dHBP in
Section 3.2 as the following mixtures over point masses.

o0

B=> pidu,.  pr~Beta(0,cp), wy~ Bo. 9)
k=1
(o]

B = Zp;‘-kéwk, pir ~ Beta(cip, c1(1 — pg)). (10)
k=1

Recall that X; ~ BeP(B;,) where g; ~ Multinomial(a;).

Let z;; be the random variable that is 1 if the Bernoulli process draw X; has atom wy, and 0 if

not. We have z;, ~ Bernoulli(p; ;). Because By is continuous, P(wy = wys) = 0 for k # k" and the
random variables R; and R;; satisfy

oo )
Ri = Z Zik and Rij = Zzikzjk. (11)
k=1 k=1

We first show that R; is Poisson distributed with mean ~.

Let g;(e) denote the probability that X; has atom wy conditioned on py > € (this value does not
depend on k). That is, gi(e) = P(zir = 1|pr > €).

For a given ¢, the density of pg conditioned on pg > € is:

c —1 1— co—1
Plpy, € dplpr > ¢) = IW( P) dp, pe (e 1). (12)

[ cou™t (1 — u)o~Ldu




We can use this density to calculate the success probability g;(e):

1 _ _
I peop™t (1 — p)©~tdp
Jeop=t(1 = p)eo—tdp’

where we have used the tower property of conditional expectation in the second and third equalities.

qi(€) = Elzix|pr, > €] = E[pg,1pr > €] = Elpilpx > €] = (13)

For a given € > 0, let N, denote the number of atoms in B with p; > €. This number is Poisson-
distributed with mean A, = 7f61 cop~ (1 — p)o~Ldp.

Let R;(e) be the number of such atoms that are also in X;. Because R;(e) is the sum of N,
independent Bernoulli trials that each have success probability ¢;(e), it follows that R;(e)|Ne ~
Binomial (N, ¢;(¢)) and

R;(e) ~ Poisson(Acg;(€)). (14)

Because R; = lim¢_,¢ R;(¢), it follows that R; ~ Poisson(lime_,o Acg;(€)), where

[ peop™' (1 — p)~dp
St eop=1(1 — p)eo—tdp

1 1
= 1im7/ peop” (1 —p)*dp = 700/ (1—p)ldp =+,
e—0 € 0

1
: () T —1/1 _ .\eo—1
lim Acgi(€) = lim [’y /6 cop” (1 —p) dp] [

where we have used that fol(l —p)®~ldp = L. Thus R; ~ Poisson(y).

co’

We perform a similar analysis to show the distribution of R;;. Let g;;(€) denote the probability
that X; and X; share atom wy conditional on pj > €, g; and g;. That is,

¢ij(€) = P(zir = 2zij = 1193, 95, Dk > €). (15)

Although only e appears in the argument of ¢;;(€), this quantity also implicitly depends on g; and
gj. We calculate g;;(€) explicitly below.

Let R;;(e) be the number of atoms wy, for which p, > € and wy, is in both X; and X;. We have
R;j(€)|Ne, gi, g; ~ Binomial(N¢, ¢;j(€)) and

R;j(€)|gi, gj ~ Poisson(Acgij(€)). (16)
Because R;; = lim._,o R;j(€), it follows that R;; ~ Poisson(lim._,o A¢gi;(€)).

To calculate lime g Aeg;j(€), we consider two cases. In each case, we first calculate g;;(e) and then
calculate the limit, showing that it is the same as the mean of R;; claimed in the statement of the
proposition.

e Case 1: g; = g,

ai5(€) = Elziezjilpr > €, 9i, 951 = E(0},1)* Pk > €, 9, 9]
= E[E[(p}.1)°[Pk: 96> 93] Iok > € 93> 95] = Elpr(cipr +1)/(c1 + 1) |pk > €, gi, 9]
1 _ _
I e v et i 2 JH e +1)(1 = p)o—tdp
fel cop~ (1 — p)co—ldp c1+1 e )

(17)



Then the limit lim¢ 0 Acg;j(€) can be written

€0
’YCI +1

!g% )\e%j (6) =

1
/0 (exp+ 1)(1 - p)>~Ldp

c 1 3 1 B
0 [cl / p(L - p)odp + / (1—p) %zp]
0 0

- ’YCl +1
N Co C1 T 1 - Co—|—61+1
_’Ycl-i-l colco+1) ¢ _7(604-1)(614-1)7

1 _ 1 _
where we have used that [ (1 —p)®tdp = % and [; p(1—p)°tdp =

e Case 2: g; # g;

1
Co(Co+1) °

gij(€) = Elzinzjklpr > €, 9i, 9] = E[E[py, 10y, [Pk, 935 93]k > €, 93, 951

1 _ _
I pPeop™t (1 —p)tdp

= Elpilpx > € 9i,95] =7

Then the limit lim¢ 0 Acg;j(€) can be written

1
lim Acgij(e) = 760/ p(1 —p)° ldp =1~
e—0 0

where we have used that fol p(1 —p)o—ldp =

Proposition 4

Ae

1
co+1

I

1

Co(co+1) :

Let i # j and assume By is continuous. Conditional on gi.n5, R; and R;; converge in probability
under the dHBP to the following constants as v — oo:

LY (18)
Y
dotl e
Ry LN G+DarDn L9 =95 (19)
1 if g; # g,
Y Cot1 I gi 7= 95,
dotl e
Rij p, (c{il)c(lcwl) itg: =95, (20)
R; co+1 if gi 7é gj-

Proof. The proof follows from Proposition 3, Lemma 1, and by noting that both (co+c1+1)/(co +

1)(c1 +1) and 1/(co + 1) are strictly positive.

O



2 Inference using Markov chain Monte Carlo sampling

Our algorithm combines Gibbs and Metropolis updates. For Gibbs updates, we sample a variable
from its conditional distribution given the current states of all the other variables. Conjugacy allows
simple Gibbs updates for # and «. Because the dd-IBP prior is not conjugate to the likelihood, we
use the Metropolis algorithm to sample C and c*. We generate proposals for C and c¢*, and then
accept or reject them based on the likelihood ratio. We further divide these updates into two cases:
updates for “owned” (active) dishes and updates of dish ownership.

In what follows, we assume that x; is conditionally independent of z; and x; for j # i given z; and

6.

Sampling 0. To sample the likelihood parameter 0, we draw from the following conditional distri-
bution:

P(0]X,C,c*) x P(X|C,c*,0)P(6), (21)

where the prior and likelihood are problem-specific. To obtain a closed-form expression for this
conditional distribution, the prior and likelihood must be conjugate. For non-conjugate priors, one
can use alternative updates, such as Metropolis-Hastings or slice sampling [4]. Generally, updates
for # will be decomposed into separate updates for each component of 6. In some cases (e.g., the
linear-Gaussian model), # can be marginalized analytically.

Sampling «. To sample the hyperparameter «, we draw from the following conditional distribution:

N
P(a|c*,D, f) x P(«) HPoisson(/\i; a/h;), (22)
i=1
where )\; is determined by c¢* and the prior on « is a Gamma distribution with shape v, and inverse

scale 7,. Using the conjugacy of the Gamma and Poisson distributions, the conditional distribution
over « is given by:

N N
alc*, D, f ~ Gamma (I/a + Z Xis Mo + Z }%‘_1) ) (23)

i=1 =1

Sampling assignments for owned dishes. We update customer assignments for owned dishes
(corresponding to “active” features) using Gibbs sampling. Forn =1,...,N, i =1,..., N, and
k € K,,, we draw a sample from the conditional distribution over ¢;; given the current state of all
the other variables:

P(eik|Cis xi, ¢, 0,D, f) o< P(xi|C, c", 0) P(ci|D, f), (24)

where x; is the ith row of X, ¢; is the ith row of C, and C_; is C excluding row i.! The first factor
in Eq. 24 is the likelihood,? and the second factor is the prior, given by P(cy, = j|D, f) = a;;. In

'We rely on several conditional independencies in this expression; for example, x; is conditionally independent of
X_; given C,c*, and 6.
2In calculating the likelihood, we only include the active columns of Z (i-e., those for which Zﬁ;l Znk > 0).



considering possible assignments of ¢;x, one of two scenarios will occur: Either data point ¢ reaches
the owner of k£ (in which case feature k& becomes active for i as well as for all other data points that
reach 7), or it does not (in which case feature k£ becomes inactive for i as well as for all other data
points that reach 7). This means we only need to consider two different likelihoods when updating

Cik-

Sampling dish ownership. We update dish ownership and customer assignments for newly
owned dishes (corresponding to features going from inactive to active in the sampling step) using
Metropolis sampling. Both a new ownership vector ¢* and the columns of newly allocated dishes

in a new connectivity matrix C’ are proposed by drawing from the prior, and then accepted or
rejected according to a likelihood ratio. In more detail, the update proceeds as follows.

1. Propose A, ~ Poisson(a/h;) for each data point i = 1,..., N. Let K} = (ZjQ- )\;-,ngi iE
and let ¢ =i for all k € K/,

2. Set C’ +— C. Then populate or depopulate it by performing, for each i =1,..., N,

(a) If A, > \;, allocate \; — A\; new dishes to customer 3.

To make room for these new dishes in C’, relabel dishes owned by later customers by
moving each column k > 3., A} + A; to column k + A} — A; in C".
Then for each new dish k € (Z
C’ by sampling ¢/ , according to P(c|,,. = j) = am;-

ici N AL D i )\;] fill in the corresponding column of
(b) If X, < \;, remove \; — A, randomly selected dishes from customer i.
Do this by first choosing A\; — A dishes uniformly at random (without replacement) from
(Zj <iNjs D i Nyt )\l}. Then remove these columns from C’, and relabel all dishes

after the first removed dish by moving the corresponding columns of C'.

3. Compute the acceptance ratio (. Because the prior (conditional on the current state of the
Markov chain) is being used as the proposal distribution, the acceptance ratio reduces to a
likelihood ratio (the prior and proposal terms cancel out):

1 (25)

¢ = min

P(X|C,c”,0)
P(X|C,c*,0) |’

4. Draw r ~ Bernoulli(¢). Set C < C’ and ¢* « c¢* if r = 1, otherwise leave C and c*
unchanged.

Iteratively applying these updates, the sampler will (after a burn-in period) draw samples from a
distribution that approaches the posterior as the burn-in period grows large. The time complex-
ity of this algorithm is dominated by the reachability computation, O(K N?), and the likelihood
computation, which is O(N?3) if coded naively (see [1] for a more efficient implementation using
rank-one updates).

In simulation studies, we have found that the acceptance rate for the Metropolis-Hastings step is
typically high (= 0.9). The main computational bottleneck is the cubic scaling of time complexity



with the number of data points. In future work, we intend to investigate alternative algorithms that
scale more favorably with the number of data points. In particular, recently developed stochastic
variational inference algorithms have shown great promise for fitting latent variable models to large
data sets [2].

For the linear-Gaussian model, § = W. As a consequence of our Gaussian assumptions, W can be
marginalized analytically, yielding the likelihood:

P(X|Z) /WP(X|Z,W)P(W)dW

exp{—ghtr (XT(1-ZH'Z7)X) | )

(27T)NM/20.£N—K)MO.5M|H|M/2

2
where tr(-) is the matrix trace, K is the number of active columns, and H = ZTZ + Z21. In calcu-

w

lating the likelihood, we only include the “active” columns of Z (i.e., those for which Zj\[:l zji > 0).

3 Additional experimental results: when non-exchangeability hurts

As an example of a missing data problem, we use latent feature models to reconstruct missing
observations in electroencephalography (EEG) time series. The EEG data® are from a visual
detection experiment in which human subjects were asked to count how many times a particular
image appeared on the screen [3]. The data were collected as part of a larger effort to design
brain-computer interfaces to assist physically disabled subjects.

Distance between data points was defined using the absolute time-difference. Data were z-scored
prior to analysis. For 10 of the data points, we removed 2 of the observed features at random. We
then ran the MCMC sampler for 1500 iterations, adding Gibbs updates for the missing data by
sampling from the observation distribution conditional on the current values of the latent features
and hyperparameters. We then used the MAP sample for reconstruction, measuring performance
by the squared reconstruction error on the missing data. We repeated this procedure for 10 random
restarts. Figure 1 shows the reconstruction results; in this case, the covariate-dependence appears
to hurt reconstruction performance, with the IBP achieving the best performance. Thus, covariate-
dependent models can suffer when there are not strong dependencies in the data.
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Figure 1: Reconstruction of missing EEG data. Reconstruction error for latent feature models
as a function of the exponential decay function parameter, 5. Results were based on the maximum
a posteriori sample following 1500 iterations of MCMC sampling. Lower values indicate better
performance. Error bars represent standard error of the mean.
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