SUPPLEMENTARY MATERIALS

A COLLECTIVE DECISION MAKING THROUGH MULTI-AGENT SETTINGS

Proposition 1. Consider the problem of mixture representation learning in a multi-agent VAE framework with A > 2
agents using type-preserving data augmentation, where the accuracy of categorical assignment for a single agent is
imperfect. The confidence of the correct assignment for the multi-agent VAE is higher than that of the single agent
VAE. Moreover, there exists an A such that the correct category receives the highest confidence score in the A-agent
framework, independent of the categorical prior.

Proof. Following Definition 1 of the multi-agent framework, each agent is represented by

p(CalXa)
P Xq|Ca) X ——=— . (1)
Celca) =)
In this framework, using a type-preserving data augmentation, each agent receives a noisy copy x, of given sample x.
Without loss of generality, let x ~ p(x|m), where m € {1, ..., K} denotes the true categorical assignment, respectively.
Accordingly, x, ~ p(x,|m) also belong to the same category-conditioned distribution p(x|m), Ym € {1,..., K}.
Considering the joint categorical assignment as ¢, where ¢ = ¢; = --- = c4. Defining X := {x, }1.4, the confidence
measure for category k for samples from category m is expressed as,
CA(k) = Epx|m) logp(c=c1 = --- = ca = k|X)], (2)
p(x1| X\ {x1}, ¢ = k)p(x2|X\ {x1, %2}, ¢ = k) ... p(xalc = k)p(c = k)
= Exjm) |log ;
p(X)
p(p(x1| X\ {x1},c=k)...p(xalc = k)}
= E,x|m) |log +logp(c=k)
o | »(X) (
where we use p(c) = p(c = ¢; = --- = cy4) to simplify the notation. Using the type-preserving data augmentation,

since all samples independently generated from the same class-conditioned distribution, the confidence measure can be
simplified as,

A
A o p(Xa|C = k) _
CAK) = Epxaim) Ll:[l log e +log p(c = k) (3)
- p(xalc = k)
= ;Ep(xa\m) [log }7()(¢1):| + logp(c = k) 4)

Since all of the augmented data are sampled from the same distribution, log-likelihood values of the augmented samples
are equal on expectation, as follows:

A
> Eppaim) [l0g p(xale)] = AEx [log p(x|c)] ®)

a=1

Therefore, the confidence over category k in an A-agent framework is defined as,

ai _ plxde=H)
Cm(k) - AEp(xlm) [1 g p(x)

According to Eq.[6] for a single agent (1-agent) and A-agent frameworks, the confidence values for the true categorical
assignment, i.e. category m, are formulated as follows.

} +logp(c = k). (6)

Crln(m) = ]Ep(x|m) |:10g p(XpC(X_)Tn)] + Ing(C = m)7 (7)
— Dyt (p(xle = m)|[p(x)) + log p(c = m)
Cin(m) = ADkr (p(x|e = m)|p(x)) +logp(c = m), (8)



Since Dx 1, (p(x|c = m)|p(x)) > 0 for K > 1, for A > 1,CA(m) > C} (m).

Moreover, assuming p(c = m|x) # p(c = n|x),Vm,n € {1,..., K},n # m, the correct categorical assignment
receives the highest confidence for the 1-agent case, i.e. C},(m) > CL (n), if and only if,
Ep i) [log pbdc:m)} N L Chelll) R VR ©)
p(xlc=mn) p(c=m)

which is a function of categorical distributions and is not always satisfied for any arbitrary prior distribution. When
there are A agents receiving type-preserving noisy copies of the given sample x,

Cin(k) = AEy [logp(x|c = k)] +logp(c = k) — AEx [log p(x)], (10)
Therefore, C2t (m) > CA(n), ¥n # m, if and only if,

AE, {logp(x|c=m)] >logw, Vn # m. (11
p(xlc=mn) p(c=m)
Thus, when the number of agents, A, satisfies
A > max{max (p(m)D~*(m),1)}, (12)
where p(m) = max log ple=n) and D(m) = min D, (p(x|m)||p(x|n))), we have
CA(m) > CA(n), Yn#m. (13)
O

Corollary 1. For a uniform prior on the discrete factors, one pair of VAE agents (A = 2) is sufficient to increase the
confidence of correct categorical assignment.

Proof. For uniformly distributed clusters, p(k) = 0, Vk € {1,..., K}. According to Eq. for any A > 2, the
confidence increase criteria is satisfied. O

Remark 1. When the augmentation is type-preserving, by definition, p(Xq|Xp, ¢ = k) = p(Xa|c = k), where x;, could
be either the given training sample or another noisy copy. If the augmented samples concentrate around Xy, i.e. the
augmenter under-explores the category-conditioned distribution, the above proof should be adapted by keeping the
conditioning on Xy, explicit. Conditionally independent terms used in Eq. should be replaced by p(Xq|xp,c = k) as
follows.

Eq. 2| should read as
CA(k) = Epx|m) [logp(c =c1 = -+ = ca = k| X)], (14)

p(xafxe, X\ {x1, %}, ¢ = k) ... p(xa|xp, ¢ = k)p(xp|c = k)p(c = k‘)]
p(X)

Since all augmented samples are generated from sample xy, the conditional probability distribution can be simplified

as follows.

= Bpxim) [10%

p(Xa|Xb, X \ {Xm Xb}v C) = p(Xa\xb, C), fOT a 7£ b (15)
Accordingly, Eq.[I4|can be simplified as,

p(Xa|Xp,c = k) p(xplc =k
Co(k) = Ep(x, |x,m [IOgH |Xa|xb + Ep(xy ) {Ing(xb)) +logp(c=Fk)  (16)
p(Xa|Xb, c= k):| 1
— (A= DE 1y |log PEXCZ R o1
(4 1By, ey 10 P )

Based on Eq.[I6] if the data augmenter only regenerates given sample x, the confidence value is equal to the confidence
of the single framework. Then, Eq.[8|should read as

Cm(m) = (A—1)Drr (p(xalxs, ¢ = m)|p(xalxs)) + Cp (m) . (a7

Accordingly, Vx,, if X, = xp, then CA (m) = C}, (m).



B VARIATIONAL LOWER BOUND FOR CONDITIONAL SINGLE MIX-VAE

For completeness, we first derive the evidence lower bound (ELBO) for an observation x described by one categorical
random variable (RV), c, and one continuous RV, s, without assuming conditional independence of ¢ and s given x.
The variational approach to choosing the latent variables corresponds to solving the optimization equation

q" (s, clx) = argming s cjx)ep Dxr (4(s; ¢[x)[p(s; ¢[x)) (18)

where D is a family of density functions over the latent variables. However, evaluating the objective function requires
knowledge of p(x), which is usually unknown. Therefore, we rewrite the divergence term as

q(s|e, x)q(c|x)
p(x[s, ¢)p(s|c)p(c)
p(x)

= c,x)q(clx)lo 7q(s|c,x)
- /Z a(sle. )g(efo)log 0
Jr/z q(s|c, x)g(c|x) log q](;(:lc))() ds
/Z (s|e, x)q(c|x) log p(x) ds
/Z (s|e, x)q(c|z) log p(x[s, c) ds

= Ing(X) - ]Eq(c|x) [E(q(s\c,x)) [10gp(X|S, C)]]
TEq(ex) [Dir (a(sle, x)[[p(s[e)] + Eqse x) [P (a(clx)llp(c))]  (19)
= logp(x) — Ls (20)

Since log p(x) is unknown, instead of minimizing Eq.[19} the variational lower bound

Ls = Eq(ex) [E(g(sie)) log p(xs, ©)]] — Eq(epx) [PrL (q(sle, x)[[p(s|c))] — Eqsiex) [PrL (g(c|x)[lp(c))] (21)

can be maximized. We choose ¢(s|c, x) to be a factorized Gaussian, parametrized using the reparametrization trick,
and assume that the corresponding prior distribution is also a factorized Gaussian, s|c ~ N(0,I). Similarly, for the
categorical variable, we assume a uniform prior, ¢ ~ U (K).

Dyt (gls, ef)l|p(s, elx)) = / (sle, x)q(clx) log

C VARIATIONAL INFERENCE FOR MULTI-AGENT AUTOENCODING NETWORKS

As discussed in the main text, the collective decision making for an A-agent VAE network can be formulated as an
equality constrained optimization as follows.

max £(¢17013X17slacl)+"'+£(¢A70A7XA75A70A)

(22)
st.cip=---=cCy
Without loss of generality, the optimization in Eq.[22]can be rephrased as follows.
max  L(¢1,601,81,¢1) + L(¢2,02,82,¢2) + -+ + L(¢a,04,84,€a)

s.t.c; = cCo

cp=c
L (23)

C;1 =Cy

Ca-1=Ca

where the equality constraint is represented as (’3) pairs of categorical agreements. Multiplying the objective term in
Eq.[22]by a constant value, A — 1, we obtain,

max (A - 1) (‘C (d)1761aslacl) + £(¢2302752502> +---+ L (¢A70A7SA3CA))

(24)
st. cg=c¢p Va,be[l,Al,a<b



Consider one pair of £ objectives for two agents a and b:
L(¢a,ba;8a,€a) + L(Pv, Op,8p,¢) = B, (s,,c0/xa) 108 P, (XalSas €a)] + Eqy, (sy.0/x,) 108 Po, (Xb]S5, C1)]
—Egy. (calxa) [PrL (40, (SalCa, Xa)[[P(Sal€a))] — Eqy, (cylx,) [PKL (a0, (Sb]Cn, X5) [IP(S0]Ch))]

= Egy, (saleaxa) [PDEL (40, (CalXa)[[P(Ca))] = Eqy, (sy]chx) [PKL (a9, (Colx0)[[p(ch))]  (25)

Since all agents receive augmented samples from the same original distribution, we have p(c,) = p(cp) = p(c). Using
a simplified notation, g, = g, (Ca|Xq), the last two KL divergence terms can be expressed as,

Dk (qallp(c)) + Dxr (b]lp(c) an 1og + qu o8
b
= Z anqb log —*~ + ) anqb log —~~
— p(C) < p(c) (26)
daqb
=> Y daqslog
— p(c)

Now, if we marginalize p(c) over the joint distribution p(c,, ¢;), we can represent the categorical prior distribution as
follows.

p(c) = Zp(c|ca,cb)p(ca, cy) (27)
Ca,Cb
Since there is a categorical agreement condition i.e., ¢, = ¢, p(c) can be expressed as,
= p(clea = ¢, = m)p(c, = ¢, = m) (28)
where
1 m=c
a = = = . 29
p(efea = ¢ = m) {O otherwise (29)
Accordingly, under the ¢, = c; constraint, we merge those KL divergence terms as follows:
QaQb
Dkt (qallp(e)) + Dxr (gllp(c dagp 1o
(aalp(c)) ) =3 P aeaton s o
= Dk r(gaqlp(ca; cp))
Finally, the optimization in Eq.[24]can be expressed as
A
max Z (A-1) (Eq(sa,calxa) [log p(XalSa;€a)] — IEq(calxa) [Dkr (q(sa|cavXa)Hp(Sa‘ca))]) -
a=1
(€29)

Z Eq(smsh\ca-,Cb,xa,Xb) [DKL (Q(Ca|xa)Q(cb|Xb)||p(Caa Cb))]

a<b
s.t. ¢ =c¢p Va,be[l,Al,a<b

D VARIATIONAL LOWER BOUND FOR CPL-MIXVAE

In this section, using a pair of VAE agents, first we generalize the loss function for the single mix-VAE i.e., L in
Eq.[21] to the multi-agent case, and show that we can achieve the same objective function in Eq.[31] Then, we derive a
relaxation for the equality constrained optimization.

Given input data x,, an agent approximates two models g(c,|x,) and ¢(s,|X,, c,). If we use pairwise coupling to
allow interactions between the agents, then, for a pair of VAE agents, a and b, the variational lower bound obtained
from the KL divergence in Equation (19) can be generalized as

A(a7b) é DKL SaaSbaCa7cb‘xaaxb)”p(saaSbacmcb‘xaaxb))
//ZZ saasb|caycb7xauxb) (Ca,Cb|Xa,Xb)
Sa v Sp ca Cp
q(SmSb|Ca,Cb7Xa,Xb)q(Ca,Cb|Xa7Xb)
(p(xa,Xblsa7sb7ca,cb)p(sa,sb|ca7cb)p(ca,cb))
p(Xa,Xb)

x log

ds.dsy (32)




When each agent learns the continuous factor independent of other agents, we have ¢(s,, Sp|Ca, Cp, Xa,Xp) =
q(sa|Ca;xa)q(sp|cr, xp).  Equivalently, for independent samples x, and x;, we have ¢(cg,CplXq,Xp) =
q(ca|xq)q(cp|xp). Hence,

Sa Ca7xll
Ala, b) = log p(Xa, Xp) + Z q(SalCasX4)q(cq|x4) log Q(p(s||c)) dsg
Sa . a a
q(sp|cy, Xp)
1 -~ ' 7
+ Z q(sp|cp, xp)q(co|xp) log p(splcy) Sb

Sp cp

— [ D a(salca, Xa)q(Calxa) 10g p(XalSa, ca) dsa

Sa ¢,

— [ alssles, x3)q(cs|xs) log p(xb|sp, cb) dss

St on
+/ / ZZ q(Salca, X0 )q(Sb|Cos Xp)q(Calxa)q(cp|xp) log 4(calXa)a(colxv) dsqdsp
o, p(CasCp)
(33)
A(a,0) = —Eqgie,ixa) [Basalea xa) 108 P(XalSas €a)l] = Eqieylxs) [Ea(sslesxs) 108 P(xb[56, )]
+Eq(eulxa) [PKL (4(SalCas Xa)[P(Sal€a))] + Eq(ey|x,) [PrcL (q(sb]Ch, %5)[[p(S0]Ch))]
HEq(sulcarxa) [Batsslenxn) [DrL (@(CalXa)a(cslxb)|[p(ea, €))]] +log p(xa, xs) (34)
Therefore, the variational lower bound for a pair of coupled VAE agents can be expressed as,
Lpair(a,b) = Eq(s, culx,) 108 P(XalSas €a)l + Eqsycoix,) (108 P(Xb]85, €b)]
—Eg(ealxa) [PrrL (q(8alCa; Xa)[P(Sal€a))] — Eq(ey)xy) [P (g(sbles, xb)[[p(splcs))]
“Eysulcoixs) [Batsslesx) [Drcz (a(calxa)a(eslxs)llp(ca, e))] (35)

which is equivalent to the loss function in Eq.[31] for A = 2.

To compute the joint distribution p(c,, cp), here, we define an auxiliary continuous random variable e representing the
mismatch (error) between ¢, and c; such that Ve,, ¢, € S¥,and 0 < € < 1,

1 Je—d*(ca,cp)| <€/2

p(ca, cple) = {0 otherwise (36)

Here, d(c,,cy) denotes the distance between ¢, and c; in the simplex S K as a measure of mismatch between
categorical variables. The random variable e is distributed according to an exponential probability density function with
parameter A i.e., Ve > 0, f(e, \) = Aexp (—Ae), where A > 0. Accordingly, the joint categorical distribution can be
represented as,

plearcs) = / p(Ca, cole)p(e)de (37)

€/2+d*(cacp)
_ / Fle Nde = ef (& (carcs) \) + B (38)
—e/2+d?(ca,cp)
where F is the error bound of the Midpoint integral rule. For given exponential function f (e, \), since |f” (e, A)| < A3,
Ve > 0, the Midpoint approximation error is bounded by,

(Ae)’
Bl <. 39
Subsequently, the joint probability distribution is equivalent to:
p(Ca, cp) = eXexp (—Ad* (cq,¢p)) + E (40)

where € and A are arbitrarily constant values. We can approximate the joint distribution as follows.

p(ca,Cp) = eXexp (—)\d2 (Cas cb)) 41)



Thus, the last KL divergence in Eq. [35]|can be approximated as,

q(calxa)q(cplx
Dict. (a(€alxa)a(Calxs)Ip(Car &) = 33 a(calxa)a(eslxs) log W “2)
Ca Cb as
= —H(ca|xa) — H(cp|xe) ZZQ Calxq)q(cp|xs) log p(cq, cb)
cq Cp

~ —H(Ca‘xa) — H(Cb|Xb) + /\]Eq(ca\xa)Eq(cb\xb) [dZ (Ca, Cb)] — log e, (43)
Therefore, the approximated variational cost for a pair of VAE agents can be written as follows:
Epair(aa b) = IEq(sa,ca\xa) [Ing(Xa ‘Sav Ca)] + IEq(s.b,c;,|xb) [Ing(Xblsba Cb)]
~Eg(ealxa) [PKL (4(SalCar Xa)[[P(8al€a))] — Eq(e,ix,) [PrL (a(sp]co, xb)[|Ip(sp]cn))]
+H (calXa) + H(eb|%5) = AEq(c, x) Eq(eslxs) [d° (€as eb)] (44)

Now, by extending L4, from two agents to A agents, in which there are (‘3) paired networks, the total loss function
for A agents can be written as

A-1 A
Ecpl - Z Z »Cpair(aab)

a=1 b=a+1
A
= Z (A - 1)Eq(sa,ca\xa) [IOgP(Xa|Sa»Ca)] - (A - 1)Eq(ca|xa) [DKL (q(sa‘caaxa)”p(saka))]
a=1
+Y " H(calxa) + H(chlxb) = AEq(e, 1x0) Eqes xs) [4° (€as3)] - (45)
a<b

E PROOF OF PROPOSITION 2

In this section, we first briefly review some critical definitions in Aitchison geometry. Then, to support the proof of
Proposition 2] here we introduce Lemmal|I]and Propositions [3]and ]

According to Aitchison geometry, a simplex of K parts can be considered as a vector space (S¥, @, ®), in which ©
and ® corresponds to perturbation and power operations, respectively, as follows.

Perturbation : Vx,y € SX, xapy=C (1915 - - TKYK)

Power : ¥x € S¥ andVa € R, a®@x =C (27, ...,2%)
where C denotes the closure operation as follows.

CT1 CrK
Cx)=|—F— %
E Tl E T
k=1 k=1

In the simplex vector space, for any x,y € S K the distance is defined as,
N /2
dsx (x,y) = (log — —log > . (46)
K ; Yj

Furthermore, Aitchison has introduced centered-logratio transformation (CLR), which is an isometric transformation
from a simplex to a K —dimensional real space, clr(x) € R¥. The CLR transformation involves the logratio of each
T, over geometric means in the simplex as follows.

_ 2 TK
cr(x) = (log g ,log g(x)) . 47



K VK K
where g(x) = Hmk and Z log Tk,
e = 9

Since CLR is an isometric transformation, we have
dsx (x,y) = dgrx (clr(x),clr(y))
= [|elr(x) — clr(y)ll2
The algebraic-geometric definition of S¥ satisfies standard properties, such as
dsxk (XBu,y®u)=dsx (XxXOu,y Su) =dsx (X,y) (48)

where u € S¥ could be any arbitrary vector in the simplex.

Lemma 1. Given a set of vectors {x1,...,xy} € S¥ where S is a simplex of K parts, then
cr(xy ®xo @ - B xy) = clr(xy) +clr(xz) + -+ + cr(xy).

Proof. According to Aitchison geometry, addition of vectors in the simplex is defined as,
N N
[Leo ILen
n=1

X1 D---dxy=|E . (49)
CN CN

K N
where ¢y = E Hmnk

k=1n=1

By applying the centered-logratio transformation, we have

N N
| T E
n=1

n=1

o L (50)
& 0K, N 0K N

dAr(x1 @ - dxN) =

1/K

_ (ﬁﬁmy”f

k=1n=1

N
K Hx"k
-1
where dx N = cn H"
k=1

CN

Now, we can rewrite Eq. [50]as,

1, .- TNy Tlg - TNk

(1) () () ()

Zlog%w..,Zlog%
k k

=cr(z1)+ - +cr(zn)

dr(x1®---®xy) = |log ..,log

(S



Proposition 3. Given vectors X,y, u,uy € S K where S is a simplex of K parts, then

A2
d?S‘K (x D uy,y ©uy) 7d‘28K (x,y) < K7? — K

where T = ml?x{log Uz, — loguy, } and A = Z (log ug, — loguy, ).
k

Proof. According to Aitchison geometry, the distance between two vectors X,y € S K is defined as,
dix (x,y) = |clr(x) = clr(y)|3

Then,
A3 (X O Wy, y ®uy) = [lelr(x © ug) — clr(y & uy)|3
According to Lemmal[I}
dgx (x O,y ®uy) = || (cr (x) = clr (y)) + (clr (uz) — clr (uy)) |13

= [|elr (x) —clr (y )T| + [lelr (ug) — elr (uy) |3+ .
(clr (x) —clr (y))” (clr (ug) — clr (uy)) + (clr (uy) — cr (uy))" (clr (x) — clr (y))

— 2, (x,y) + Py (ug,uy) + 2 (10g Tk o U ) (log Une_ _og uyk)
s s Y ; 9(x) 9(y) 9(uy) g(uy)

(52)

For simplicity, let’s define d} := d%x (x,y) and d3 := d%x (x ® u,,y & uy), then
Yk Uz, Uy,
—log ) <1 og —*— —log )
) 9(y) g9(ug) g9(uy)
<10g (“””)) - (53)
uyk g(uy)
Uy g(uy)
1/K
2
e KZ
2

K K
‘ 2A Yk
A2 —d? =d%c (uz,u JrQE logux" (logxklo >E < log)
2 = dox () =Py, T g(x) K ~ 9(y)

dg - d% = dSK (ug, uy + 22 <10g 9(x

= dsK (ug,uy) + 22 log

QZ log

Moreover, we know that log Yz < 7 and log 9(us) = — then

= log
Uy, g(uy)

(54)
< B 12+ 2) (zl S )
Since CLR is a zero-mean transformation, Z log — ( = 0 and Z log = 0. Therefore,
k
d3—di < dix(ug,uy) (55)
In addition, we have
S o 9(us)
d%, (ug,u = ( i )
5% 2 kzzjl Yk (uy)
N RN (W)’ g(u) g~ u (56)
:Z(log”) —l—Z(logg = ) —2log =— log —*
=1 Uy, 1 g(uy) g(uy) = Yk
s A?
< K1t — —
S AT K



By inserting Eq. |3_3|in Eq. |3_31 we will have
2 _ 2 2 _ 72 &)
d dy <Kt
2 I 78

Proposition 4. Given samples x,y € S, where S¥ is a simplex of K parts, we have

1
0 < dy (x,y) = dgx (X © Uy, y B wy) < (71 +72)?

where d? (x,y) = Z (log zruy, — log ykuyk)Q, T = m]?x{log Uz, — loguy, }, and 7o = m]?x{log z — log yx }-
k

Proof.

' K 1 TrU ’

kUxy
i (x®u,,ydu,) = Z <10g TlUg, — log yruy, — Ve logH uk>

k=1 o YRy

K 1 2
TrUy

= log zuy, —logygu,, —— » log k (53)

(log rug, —logykuy, — D)2

I
M=

el
Il
—

1
where D = Ezk: (log g us, — logykuy, ). Hence,

K K
i (xDu,,ydu,) = Z (log 2xg, — log yrts, )’ + KD? — 2DZ (log s, —logyriiy,)
k=1 k=1

d%l (an) _KD2

dZ (x,y) = dix (xS u,,y ®uy) + KD? 5

Since K D? > 0, we have d2 (x,y) > d%x (x D u,,y © uy).

u x
Moreover we know that Yk, log —%* < 7, and log “k < 7y, then
Yk Yk

dZ (x,y) —dix (xDu,,ydu,) =

2
(Z (log el + log u”"))
% Y Uy (60)

(11 + 72)*

IA
== ==

O

Proposition 2. Suppose c,, ,cy,, € SX, where S¥ is a simplex of K parts and n is the sample index. If d (c,,, ,cp, )
denotes the Aitchison distance, then

1
@2 (Ca,b,) = (Ca,scn,) < = ((7e+70)" + K272 — AZ)

where 7. = mkax{log Ca,, —logey, } To = m];ax{(agkl —1)loge,,, — (O'b_kl —1)logcy,, }, and A, = Z<Ua_k1 -

k
1)logca,, — (O'b_kl —1)logcy,, .



(o4, —1) (Tap—1)

Qn,y An g

Proof. In Propositions [3|and 4} by considering x = c,,, y = Cp,,, Uy = U, = ey , and
Ya Ya
(05,7 1) (04, =1 )
bny b g (Coma) (05, 1)
u, =u, = ey , where v, = Can, and v, = c , we have
Y Vb b E zk: r E zk: b
K 2
d?SK (o ®ug,cp Buy) = Z (oa_kl log Can, — ab_kl log Cby,, — D) 61)
k=1
1
where D = EZ (aa_kl log ca,, — ab_kl log cp,,, ) Hence,
k
A2
A%k (Cq ®Ug, cp Bup) — di (ca,00) < K72 — ?” (62)
and )
0 S d?, (Cavcb) *d?gK (Ca@uaacb@ub) S ?(Tc“i’Ta)Q (63)
Therefore,
1
dg (Caa Cb) - d‘QgK (C(u Cb) S E ((Tc + To)2 + K2T§ - Ag-) (64)

F  MNIST DATASET ANALYSIS

A common assumption in “disentangling” the continuous and discrete factors of variability is the independence of
the categorical and continuous latent variables, conditioned on data. Fig. [I|demonstrates that this assumption can be
significantly violated for two commonly used, interpretable style variables, “angle” and “width,” in the MNIST dataset.

Calculation of angle and width: We first calculate the inertia matrix for each sample by treating the image as a solid
object with a mass distribution given by pixel brightness values. Then, we compute the principal axis of the image
based on the inertia matrix. We report the angle between this vector and the vertical axis using the [—7/2, 7/2) range.
To calculate the width, we project the image to the horizontal axis after aligning the principal axis with the vertical axis
using the computed angle value. We report the support of this projected signal, normalized by the horizontal size of the
image (here 28 pixels).

500

Digit: 0 Digit: 1 Digit: 2 Digit: 3 Digit: 4 Digit: 5 Digit: 6 Digit: 7 Digit: 8 Digit: 9
400 mean: 25.62 mean: 12.69 mean: 8.36 mean: 4.06 mean: 4.75 mean: 15.87 mean: -1.11 mean: 0.59 mean: 12.53 mean: -1.69
300
200
100
0 =50 0 50 0 50 =50 0 50 -50 0 50 =50 0 50 =50 0 50 -50 0 50 -50 0 50 =50 0 50 =50 0 50
Digit: 0 Digit: 1 Digit: 2 Digit: 3 Digit: 4 Digit: 5 Digit: 6 Digit: 7 Digit: 8 Digit: 9
2000 mgan: 0.58 mgan: 0.21 mgan: 0.62 mgan: 0.54 mgan: 0.55 mgan: 0.53 mgan: 0.52 mgan: 0.54 mgan: 0.50 mgan: 0.49
1500
1000
500
0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0

Figure 1: Histograms of angle and width for all digits in MNIST dataset. The empirical distributions of rotation (top) angle and
character width (bottom) are illustrated. Comparing the reported mean values and the shape of the histograms demonstrates the
dependency of the state variable on the digit type.
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Figure 2: (a) 2-dimensional projections of the continuous variable obtained by JointVAE. Each dot represents a sample of the MNIST
dataset and colors represent different digits. (b) Confusion matrix for MNIST digit clustering via GMM using only the continuous
latent variable learned by JointVAE.

G DEPENDENCE OF STATE AND CLASS LABEL IN JOINTVAE

We analyzed the effects of the dependency between the continuous and discrete latent factors on the results obtained by
state-of-the-art methods for joint representation learning, e.g. JointVAE or CascadeVAE. These methods formulate the
continuous and discrete variability as two independent factors such that the discrete factor is expected to determine the
cluster to which each sample belongs, while the continuous factor represents the class-independent variability. In many
applications, however, the assumption of a discrete-continuous dichotomy may not be satisfied. (Section[Fjanalyzes this
assumption for the MNIST dataset.)

Fig. P illustrates four dimensions of the continuous latent variable s obtained by the JointVAE model for the MNIST
dataset. Here, colors represent the digit type of each s sample. While the prior distribution is assumed to be Gaussian,
the dependency of s|x on the digit type, c, is visible. To quantify this observation, we applied an unsupervised clustering
method, i.e. Gaussian mixture model (GMM) with 10 clusters, to the continuous RV samples obtained from a JointVAE
network trained for 150000 iterations. This unsupervised model achieved an overall clustering accuracy of 84%. Fig.
shows the results for individual digits, e.g. 83% for digit “1” (Fig. [2). Together, these results demonstrate the violation
of the independence assumption for ¢(s|x) and g(c|x).

H SENSITIVITY OF REPRESENTATION LEARNING TO THE HYPERPARAMETERS

The cpl-mixVAE framework, similar to other deep neural network approaches, has a regularization hyperparameter A
which controls coupling among a pair of autoencoder agents. In this section, we have conducted a series of experiments
to assess the sensitivity of the cpl-mixVAE’s performance to its coupling factor, in comparison with JointVAE which
has four critical hyperparameters, two for the discrete and two for the continuous variables. Fig. 3] shows how the
mixture representation performance changes for both JointVAE and cpl-mixVAE by changing their hyperparameters.
For JointVAE, here, we only consider the channel capacity for the discrete variable, i.e. C., which requires adjustment
over training iterations.

Fig.|3a|shows changes of the categorical assignment accuracy as a function of A (for cpl-mixVAE) and C.. (for JointVAE).
While cpl-mixVAE’s performance is adequate for different values of the coupling factor, JointVAE is susceptible to the
changes of the channel capacity factor. Although encoding channel capacity (as an estimation for mutual information)
for each dataset with different latent space dimension and training iterations is computationally expensive, a main
problem of using these hyperparameters happens when the learning of the model is highly sensitive to the channel
capacity. For instance, Fig. [3b]illustrates the categorical variables learned by JointVAE, when we reduced the maximum
capacity from 5 to 1. Likewise, Fig. [3d|shows a similar learning issue for JointVAE, when increasing the maximum
channel from 5 to 25. In case of cpl-mixVAE, we can see that although obtaining the best performance requires
parameter tuning, the model acceptably works with any empirical choice of A € [0.1, 10].

I DATA AUGMENTATION FOR SCRNA-SEQ DATASET

Generating augmented samples with the same class identity in the absence of within-class invariance is fairly challenging.
In case of image datasets, e.g. MNIST, since there exist some intuitions about the identities of discrete and continuous
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Figure 3: (a) Effect of the coupling factor (\) in cpl-mixVAE and the channel capacity (Cs) in the JointVAE models. Reported values
present the average accuracy of categorical assignment for 3 randomly initialized runs, over 15K training iteration, for the MNIST
dataset. (b-c) Confusion matrices for JointVAE and cpl-mixVAE models, respectively corresponding to the hyperparameters marked
by the dash-dotted black line. (d-e) Confusion matrices for JointVAE and cpl-mixVAE models, respectively corresponding to the
hyperparameters marked by the dash-dotted red line.

variational factors, we can explicitly define a set of transformation such as rotation, translation, scaling, flipping, etc.
that can be used as type-preserving augmentation. However, for non-image datasets, e.g. the single cell RNA-seq
dataset, suggested alternative methods may fail to represent the class-conditioned variation in an unsupervised manner.
Moreover, in case of biological datasets, learning an augmentation transformation is rather challenging due to the
limited number of samples. Accordingly, in this section, we study the performance of the proposed data augmentation
to investigate the extent to which our method is successful in realistic generation of the single-cell RNA-seq samples.

Fig. ] illustrates a two-dimensional demonstrations for both original and augmented single cells samples. For two-
dimensional visualizations, here, we used a regular autoencoder for non-linear dimension reduction. First, the
autoencoder has been trained on the original cell samples. After learning a two-dimensional coordinate system for the
original samples (left panel), we used the autoencoder to visualize the augmented samples (right panel). Comparing the
visualizations demonstrates that the representations are qualitatively similar and all groups of cells sharing the same
type (same color) are placed in similar locations. Additionally, in Fig.[5} we show the expression profiles of a subset of
genes for an inhibitory cell. Again the qualitative comparison of the expression profiles reveals a similar variability
across genes. Since the single cell RNA-seq data is heavily unbalanced, we additionally reported the data augmenter’s
performance at the single gene expression level. Fig.[6]illustrates the expression distribution of a subset of known genes
for augmented cell samples (colorful histograms) compared with the original expressions (gray histograms).

J ARCHITECTURES OF THE NETWORKS

Fig.[7|shows the network architecture for the 2-coupled mix VAE model applied on the benchmark datasets, e.g. MNIST
and the scRNA-seq dataset, respectively. In this architecture, each VAE agent received an augmented copy of the
original sample generated by the type-preserving augmentation. Fig. [§]illustrates the network design for type-preserving
data augmentation for image datasets. For the scRNA-seq dataset, we used the similar design that is used for a single
VAE agent, without mixture representation (only a continuous variable, with |z| = 10).
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Figure 4: Evaluation of the generated sample by the proposed type-preserving data augmenter. Both figures represent a low
dimensional visualization of single cells samples that are obtained from a regular autoencoder that is only used for non-linear
dimension reduction. Left panel shows the original scRNA-seq dataset in a two-dimensional space by means of two coordinates.
Right panel visualizes the generated cell samples by the augmenter in the same coordinate system. Both visualizations are obtained
for 22, 000 cell samples with 5, 000 genes, and 115 neuron types. The color code is assigned according to the proposed taxonomy in
Tasic et al., 2018.
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Figure 5: Qualitative comparison across the original and augmented gene expression profiles for an inhibitory Sst type cell.

For all dataset, To enhance the training process, we also applied 20% and 10% random dropout of the input sample and
the state variable, respectively.

JointVAE' uses the same network architecture as a single agent of cpl-mixVAE. That is, it still uses the same loss
function and learning procedure as JointVAE, but its convolutional layers are replaced by fully-connected layers, to
demonstrate that these architecture choices do not explain the improvement achieved by cpl-mixVAE.

J.1 TRAINING PARAMETERS FOR THE MNIST DATASET

Training details used for the MNIST dataset are listed as follows. For JointVAE' and JointVAE* model, we used the
same training parameters as reported in (Dupont, 2018).

cpl-mixVAE

e Continuous and categorical variational factors: s € R1?, |c| = 10
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Batch size: 256
e Training epochs: 600

Temperature for sampling from Gumbel-softmax distribution: 0.67

Coupling weight, A: 1

Optimizer: Adam with learning rate le-4
JointVAE', JointVAE?

e Continuous and categorical variational factors: s € R1?, |c| = 10
e Batch size: 64

e Training epochs: 160

o Temperature for sampling from Gumbel-softmax distribution: 0.67
® Vs, Ye: 30

o (s, C¢: Increased linearly from 0O to 5 in 25000 iterations

e Optimizer: Adam with learning rate le-4

J.2  TRAINING PARAMETERS FOR THE DSPRITES DATASET

Training details used for the dSprites dataset are listed as follows.

cpl-mixVAE

e Continuous and categorical variational factors: s € RS, |c| = 3
Batch size: 256
Training epochs: 600

e Temperature for sampling from Gumbel-softmax distribution: 0.67

Coupling weight, A: 10

e Optimizer: Adam with learning rate le-4

J.3 TRAINING PARAMETERS FOR THE SCRNA-SEQ DATASET

Training details used for the scRNA-seq dataset are listed as follows. For the JointVAET model, we tried to set the
parameters according to the reported numbers in (Dupont, 2018).

cpl-mixVAE

e Continuous and categorical variational factors: s € R?, |c| = 115
e Batch size: 1000

e size of the last hidden layer, D: 10

e Training epochs: 10000

e Temperature for sampling from Gumbel-softmax distribution: 1
o Temperature for softmax function on ¢(c|x): 0.005 ( ~ 1/—z—)
e Coupling weight, \: 1

e Optimizer: Adam with learning rate le-3

JointVAET

e Continuous and categorical variational factors: s € R?, |c| = 115
e Batch size: 1000
e size of the last hidden layer, D: 10
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Training epochs: 10000

Temperature for sampling from Gumbel-softmax distribution: 0.005
Vs» Vei 100

Cs, C¢: Increased linearly from 0 to 10 in 100000 iterations

Optimizer: Adam with learning rate 1e-3
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