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Reproducibility statement Complete source code for computing the information gap, implement-
ing both likelihood and posterior decoders, and running all simulation experiments is available as
part of the supplementary materials to facilitate the review process. Upon acceptance, all code will
be released publicly to facilitate experimental design and reproducibility. The detailed derivation of
information gap, including assumptions and complete proofs, is presented in Appendix This
enables verification of the theoretical claims and adaptation to related problems. The details of
simulation experiments including synthetic neural population response generation procedures, deep
neural network decoder architectures and hyperparameters, and training procedures are presented in

Appendix [A.2]
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A TECHNICAL APPENDICES AND SUPPLEMENTARY MATERIAL

A.1 INFORMATION GAP DERIVATION

Consider a generative model of sensory observations § — x, where x is the noisy sensory obser-
vation (e.g. a drifting grating stimulus) generated according to the conditional distribution p(x|6),
where 6 is the hidden state of the environment (e.g. true orientation of the drifting grating stimulus).
Note that the likelihood function is given by £(6) = p(x|) for a specific observation x. Consider
an experimental setup where there are two possible stimulus generation contexts: ¢ = {A, B} with
their associated context-specific latent priors p€(6) := p(6|c) and their context frequencies p(c).

Given a sensory observation = and a context ¢, the context-dependent posterior distribution of 6,
denoted as p°(0|x) := p(f]z, ¢), is given by the Baye’s rule:
e (Ole) = L0

pe(x)

__ po(l0) - p°(0)
g pe(@ld) - pe(er)
__ p(=l0) - p°()
g p(lf”) - po(9)
o p(z|0) - p°(0)

For a given neural population response vector r, consider two competing probabilistic coding hy-

pothesis:

Since the generative process  — x is independent of ¢,

1. Likelihood coding hypothesis: 71 ~ p(x|6), where the neural population responses 7. is
hypothesized to encode the likelihood function of the stimulus p(z|6).

2. Posterior coding hypothesis: rp ~ p(6|z), where the neural population response 7p is
hypothesized to encode the posterior distribution of the hidden state given the stimulus

p(0]z).

We consider whether it is possible to differentiate the probabilistic information content encoded in
given neural population responses r through a decoding approach. Intuitively, if a neural population
is encoding the likelihood function, then a decoder decoding the likelihood function should lead to a
better performance then a decoder decoding the posterior distribution; vice versa if the neural pop-
ulation is encoding the posterior distribution. In other words, decoder performance degrades when
trying to decode mismatched probabilistic content, such that the difference in decoder performance
when decoding the likelihood function versus decoding the posterior distribution can be used to dif-
ferentiate whether a given neural population is encoding the likelihood function (likelihood coding
hypothesis) or the posterior distribution (posterior coding hypothesis). Below, we formalize this
intuition by deriving the expected decoder performance difference.

Consider applying a decoder function g which is optimized to decode some probabilistic information
content from the neural population responses under cross-entropy loss:

g(r) — p() where g is a decoder function

Note that to establish the expected difference between decoder performances, we assume ideal de-
coders in derivations. Empirically, we assume the decoder is expressive enough (e.g. a multi-layer
perceptron, MLP) and fully trained, and the data is abundant such that the performance of the de-
coder would closely approximate that of the ideal decoder.

Adopting an information-theoretical approach, our goal is to derive the expected difference between
decoder performances as measured in cross-entropy when decoding the likelihood function versus
decoding the posterior distribution from given neural population responses r, a quantity that we
termed the information gap, A™°, between the two decoders under a given experimental design
specified by (p(c),p°(f)), Ve € {A, B} and a generative model p(z|#). Below we will separately
derive the information gap for likelihood coding hypothesis, A"®, and the information gap for pos-
terior coding hypothesis, All®_ respectively. As a by-product, our information-theoretical analysis
framework also allows for deriving the expected decoder performance for each decoder under the
limit of perfect decoding as measured in cross-entropy.
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A.1.1 INFORMATION GAP FOR LIKELIHOOD CODING HYPOTHESIS A[F°

For a likelihood coding population, the neural population responses 7 encode the likelihood func-
tion of the sensory stimulus, which are not modulated by and hence independent of the context
prior.

rL ~ f(p(x|f)), where f is some neural encoding function.

Note that since the decoders are optimized under cross-entropy loss:

H(p,q) = —Epllogq] = H(p) + Dxo(p || 9)
when ¢* = p < H(p, ¢*) is minimized.

Decoding performance of a perfect likelihood decoder g1,
Applying a likelihood decoder gy, to a likelihood coding population 7, we want
gr(rL) — p(x[0)

Let us assume the observation space can be discretized into € {x;}, and consider the neural
population responses associated with each x;:

Vo, cirp; =7 ~ f(p(x:]0))

Since r; is context-independent, let us denote the likelihood decoder output g L(rﬁi) = gr.(rL ).
Since the ground truth context prior p©(6) is provided to the likelihood decoder g;, as schematized
in Fig. 2| with the likelihood decoder output gz, (7L ;) and the corresponding context prior p°(#), the
context-dependent decoded posterior distribution g7, ;(0) is given by:

a1, ;(0) = n% ;- gr(rL:) - p°(0), where )7 ; is a normalization constant.

The cross-entropy loss for data samples associated with z;, ¢, i.e. H(p®(0|z:), 5 ;(#)), is minimized
when:

47 (0) = p*(0lx:)

=i gn(rea) - po(0) = == ———

o gi () - (0) = BT
= g7.(rLi) = af; - p(xi|0), where af ; is a constant (6)

That is, after training, the likelihood decoder output g (7r;) will converge to g7 (7L ;) o p(z;]0)

given enough samples.

To get the expected cross-entropy loss across the entire data set, we marginalizing over all z;, ¢, and
the expected cross-entropy loss for a perfect likelihood decoder can be evaluated as:

Ep(ai,e) [H (p°(0]24), 475(0))] = Ep(a, o) [H (p°(0]21)) + Dxr (p°(0lz:) || a775(0))]
= Ep(ai,0)[H(p(0]24))]
= ZH (0]x;)) - p(zs, €)

= " HE (6le0) - p(0)| 3 plail)p(6)]
@i,c 0

—ZZH (012:)) - ple) | 3 plwilO)p*(0)]
0

= Z{ A(0z:)) - p(c = A)
H(p"(0|z;)) - p(c = B)

where the second equality holds because Dy (p°(0]x;:) || ¢f;(¢)) = 0 for a perfect likelihood
decoder as derived above. That is, the expected cross-entropy loss for a perfect likelihood decoder
should approach the expected posterior entropy as determined by the context frequencies and context
prior distributions as given by Eq.
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Decoding performance of the best possible posterior decoder gp

Applying a posterior decoder gp to a likelihood coding population i, we want:

gp(rL) — p°(Olz)
However, since there is no context information encoded in the population responses 7, the posterior
decoder gp cannot achieve the same performance as the likelihood decoder in Eq. [/| as there are
scenarios where identical inputs (7 ;) are trained to map to different outputs (p°(6|z;)) depending
on the inaccessible ground-truth context information p(6).

Let us consider the neural population responses associated with each observation z;:
Vo, cirf; =1L~ f(p(i]0))

The frequency of a context given the observation of data samples associated with z; is given by:
p(e, @)

p(z;)
_ p(e) - p(wile)
2o p(@) - plald)
_p(e) - 32 p°(0) - p(ai]f)
e p() X pe (0) - p(xilf)

Si Zp p(x;]0)

Hence, we can define the observation-dependent context frequency for a given x; as:
pit = ple= Ale = 2;) = S7/(S + 57)
pi = ple=Blr = ;) = 7 /(] + 57)

plele = ;) =

Let us denote

Now, let us denote the posterior decoder output gp;(6) = gp(rL ), highlighting that the output can
be interpreted directly as the posterior distribution over the hidden state 6, as schematized in Fig. [2}
Since the posterior decoder output is agnostic to the specific context and the associated prior p¢(6),
under cross-entropy loss, ¢p,;(¢) is trained to minimize the expression below:

min) {Ep(clmi) [H(pc(9|$i)> QP,i(e))] }

qp,i(0

= min {pPHAO1:), api(0) + pF HpP (6]2:), api(0)) }

qp,i(0)

— min { = 3 [pfp(0les) - log ana(6) + pPpP (0hs:) -logar.(8)] )
(4

qp,i(0)

qp,i(0)

= min { — Z [pf‘pA(@\xi) + P?PB(9|:E1')] -log QP,i(H)}
9

Since p”(#)z;) and pP(f|z;) are both probability distributions over 6, and p* + pP = 1, the
expression p{ip?(0|x;) + pPpP (0)x;) represents a proper probability distribution over 6. Therefore
the loss above is minimized when:
api(0) = pi'p™ (Bla:) + p7p” (B]as)
A (0)2€2110, SE PP O)p(xi9)
S+ SP YA (O)p(il0) S+ SP 3 pP (0)p(x:10)
_ [pe = A)p*(9) + p(c = B)p®(9)] - p(a:l0)
SA 4+ Sk
__ Iple=ApA(0) + p(c = B)p"(0)] - p(xi]9)
2o {lp(c = A)pA(#") + p(c = B)pP(0")] - p(x:|0)}
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That is, after training, the best possible posterior decoder output for data samples associated with
74, i.e. gp;(0), is as if the decoder were to use a surrogate prior:
pi(0) = p(c = A)p™(0) + p(c = B)p” (0) )

which is the task-marginalized, Bayes-optimal estimator of the prior distributions over 6 across
contexts ¢ € {A, B}. Interestingly, this surrogate prior distribution is independent of x;.

Since likelihood-coding populations 7, contain no prior information p©(6), a posterior decoder gp
trained on such population responses cannot perfectly decode the posterior distribution. Instead,
the posterior decoder output converges to a Bayes-optimal estimate of context-dependent posteriors
determined by the context distributions p(c) and p¢(#). To obtain the expected cross-entropy loss
across the entire data set, we marginalize over all x;, ¢, yielding:

Ep(as,o) [H(p(0]7:), 4pi(0))] = Ep(a, o) [H (p°(0]24)) + D (p°(6l:) || qpi(6))]
= Ep(as o) [H(P(012:))] + Ep(ay e [ D (0°(0]2:3) || 4p4(0))]
= CE loss of the perfect likelihood decoder (Eq.

+Epos,0) [Drn(p(0]2:) || g (9))] )

Information gap for a likelihood coding population Ainfe

From Eq. lgl, let us define A", the information gap between a perfect likelihood decoder (g} ) and
the best possible posterior decoder (g7 ) applied on a likelihood-coding population, evaluated as the
expected difference in cross-entropy loss between the two decoders:

Aiﬁlfo = Ep(xi,c) [DKL( C(9|$i) H qﬁ'l(e))]
- ZDKL “(0lz:) || ap,i(0)) - p(zs,¢)

xT4,c

= 52 D0 1 a1 0) 900 | (a0 )]
_ZZDKL (0123 147,00 (0 [ ptas 000
_Z{DKL (61:) 1| 47s(0) .p<c=A>[;p<xi|e>p ©)]+
D" (Ola2) || 454(6)) - p(c = B) [;pw)ﬁ(@)} } (10)

Eq. [T0]provides an analytical expression for the information gap for a likelihood-coding population
under a task design specified by (p(c), p©(6)) and a generative model p(z|6). Per observation x;, the
expression evaluates the KL divergence between the true posterior p®(#|x;) and a surrogate posterior
qPZ(H) which is the output of the best possible posterior decoder utilizing the task-marginalized,
Bayes-optimal estimator of the prior distribution (Eq. [8). The KL divergence is then marginal-
ized across x; to derive the total expected performance difference between likelihood decoders and
posterior decoders.

A.1.2 INFORMATION GAP FOR POSTERIOR CODING HYPOTHESIS AP

For a posterior coding population, the neural population responses rp encode the posterior distribu-
tion over 6 given x under the context ¢, i.e. p¢(6|x), and are therefore modulated by and dependent
on the context prior p¢(6):

re ~ f(p°(0]z)), where f is some neural encoding function.

Decoding performance of a perfect posterior decoder gp
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Applying a posterior decoder gp to a posterior-coding population 7rp, we want
gp(re) — p°(0])

As before, let us assume the observation space can be discretized into x € {x;}, and consider the
neural population responses associated with each x;:

Vo, cirp, ~ f(p°(0|z:))

We denote the output of a posterior decoder as gp;(¢) = gp(rp;), which is context-dependent
as rp ; depends on the context c. As the output of the posterior decoder qp,;(0) can be directly
1nterpreted as the posterior distribution (schematized in Fig. [2), the cross-entropy loss for data
samples associated with z;, ¢, i.e. H(p®(0|z:), g5 ;(f)), is minimized when:

pi(0) = p°(0]x:)

That is, after training, the posterior decoder output gp (7 ;) will converge to ¢%;(0) = p°(0|z;),
provided sufficient training samples are available. ’

To obtain the expected cross-entropy loss across the entire data set, we marginalize over all z;, c,
yielding:

Epi.o[H(0(0]7:), 455(0))] = Ep(a, ) [H (p°(0l7:)) + Dxr(p°(0]1) [| ¢4(0))]
= Ep(a,.o[H(p"(0]2:))]
ZH (0|x;)) - p(zi, ¢)

ZH (@12)-(0)| 3 p( 00 0)]
_ZZH (Ole)) - e)| 3 plasdore(0)
S T

H(p (0):)) - ple = B)|

> w0y (0)]+

0

S palop O]} an
0

p(a:]0)p”
where the second equality holds because Dy (p°(0|z;) || ¢5;(6)) = 0 for a perfect posterior
decoder as derived above. Hence, the expected cross-entropy loss for a perfect posterior decoder on
a posterior coding population should approach the expected posterior entropy as determined by the
context frequencies and context prior distribution as given by Eq. [T} Note Eq. [[I]is the same as
the expected cross-entropy loss for a perfect likelihood decoder on a likelihood coding population
as derived previously in Eq.

Decoding performance of the best possible likelihood decoder ¢,
Applying a likelihood decoder gz, to a posterior coding population rp, we want

gr(rp) — p(x|0)

In contrast to the mismatched decoding scenario of applying a posterior decoder to a likelihood-
coding population where the posterior decoder cannot perfectly decode the posterior distributions
from population responses for any observation x;, application of a likelihood decoder to a posterior-
coding population requires more intricate considerations—we reason below that only some x; would
cause the likelihood decoder to fail to perfectly decode the likelihood function from a posterior-
coding population. We first reiterate that the posterior population responses g are context depen-
dent, which means that for the same z;, the neural responses rj ; are different across the two con-
texts. Hence, from the perspective of a likelihood decoder, for each x;, the inputs (neural responses
rp ;) are different across contexts, but the target output (p(x;]0)) is the same. Because the ground-
truth context priors p¢(#) are explicitly provided to the likelihood decoder, this scenario “pressures”
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the decoder to learn a many-to-one mapping, which is generally achievable for a sufficiently power-
ful likelihood decoder (Fig. [2[C).

To identify the condition in which the likelihood decoder would fail to perfectly decode the like-
lihood function from posterior coding population responses, recall that when applying a posterior
decoder to a likelihood-coding population, the main reason why the posterior decoder cannot be per-
fect is that it is forced to map identical inputs (7 ;) into multiple distinct target outputs (p©(6|z;)).
In other words, the decoder cannot be perfect because it is trying to learn a one-to-many mapping.
Given this insight, for the scenario of applying a likelihood decoder on a posterior-coding popula-
tion, we identify the condition under which likelihood decoders are forced to map identical inputs to
distinct target outputs. Consider the set of pairs x := {(x;, zx)}, where each pair (x;, z},) satisfies:

r?] ".PBk
& p?(0)z;) ~ pP(0|zr), VO (can be measured in terms of KL divergence) (12)

& p(0) - p(x;10) o p” (0) - p(ax|0), VO

That is, we consider the condition 7’1343 ~ r[]?k, where the inputs (rP or ry B.) to the likeli-

hood decoder gy, are (approximately) the same but the target output dlffers based on the context

(p(z;]0) or p(zx|@)). Under the assumption of ideal decoders, the set of pairs in x = {(x;, zx)}
are the only scenarios where it is impossible for an ideal likelihood decoder to be perfect. In these
scenarios, identical inputs (population responses encoding the same posterior distributions) need
to be decoded into different outputs (distinct likelihood functions), which is not achievable by any
functional decoder, regardless of training sample size or expressive of parametrization.

With the insight that only observations in the set of pairs x = (x;, x;) where Eq. is satisfied will
cause the likelihood decoder to fail to perfectly decode the likelihood function, let us now derive the
expected likelihood decoder output for each pair. Firstly, consider the frequency of a context given
an observation of neural responses associated with ré ; or rff K

ple=A,r= réj V rPB,k)

p(r = 7"134,j Vv rlfk)

ple=A)- 3 p"(O)p(x;10)
ple=A)- 32 pA(0)p(x410) +p(c = B) - > p” (0)p(w|0)

ple=Alr = r]ffj Vv rfk) =

Similarly, we have:

p(c=B) -3, p?(0)p(x]0)
plc=A) -3y p(O0)p(x;|0) +plc = B) - >4 P (0)p(xx|0)

p(c= B|r :réj \/r{fk) =

Let us denote

Sj Zp )p(x;16)
Sk: Zp 33;9‘9

Define the observation-dependent context frequency for observing data samples coming from rf,“’ j
or T

pft=plc=Alr =ri; vrP) =S3/(SH + SP)
pi =plc=Blr =ri; Vo) =SZ/(S; + SP)

Now, let us denote the context-independent likelihood decoder output as £;4(6) := gr(r = r}f‘j \%

Tp D). The context-dependent posterior distribution given the corresponding context prior p©(6) is
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given by:
) pA0)k(0)  pA(0)4;(0)
QL,j(e) 29, A6 jk(H’) JA[fjk(G)]
., PPO0)6x(0) PP (0)4(0)
qr(0) = Zaf B0 (0) — ZB[0;1()]

where Z JA [¢;1(0)] and ZP[¢;1(0)] are normalization constants dependent on £, (6), defined as:

ZMGk(0)]) = > p*(0)4x(0)
0
0

Under cross-entropy loss, we want ;1 (6) (and hence its associated posteriors g4\ ;(0) and q2,.(0)
to minimize:

min {p H(p* (0];), a2, (0)) + pf H(p" Olax), af 1 (0)) }

£k (0)
= min { -> {pj‘pA(@Ixj) log 7t ;(0) + pi’p” (0]ax) log QLB,k(e)] }
ik 0
— min { — A p(0)p(z;]0) o p*(0)¢;1,(6)
_ejk(e){ 29: [pj >0 A ()P ffj|9/)1 & ZJA[gjk] "
5 PP(O)p(xxlf) p”(0)4;x(6)
R S e Rz rmml (1
Define
_ NE P (O)p(xs]0) ple=A)p”(@)p(x;]0)
5O = s ) = ) s e T SAT P
_ pP(0)p(xr0)  ple = B)pP(0)p(xk|0)
Hk],g(a) = PEPB(9|1' ) Pk Zaf ( /) ($k|9/) - 53-4—1—55
Note
ij 0
Zlh _ )Sé;fsg)( \):p;;
Zuk )S?TS(B )p(xelf) _ OB

The cross-entropy loss term in Eq. [I3|can be rewritten as:

L(tw(®) = = 3 [ 0) - (1080 (0) + log £52(0) — log Z1[0,4(0)]) +
6

uf (6) - (10gp” (6) +log £;1.(6) — log ZF [£;x(6)) )

B _{ > {”JA(@ log p™ () + pz; (6) long(G)}
7
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Note from Eq. we can see that L(af) = L(¢), Ya > 0, as the normalization factors cancel out
the multiplicative effect. Therefore /* that minimizes L is determined up to a multiplicative constant,
agreeing with our intuition that the output of a likelihood decoder should be only determined up to
a multiplicative constant as in Eq. [6]

The above minimization happens at the critical point £}, (¢) where aé(?iL(e) = 0, V6, with L defined
ik

in Eq.

Before proceeding to find the minimum for this variational calculus problem, let us first evaluate:

0

ZA _ A
57y 2 1m0 = {Zp W)} = p(0)
0
——— 7 [%(0)] =p”(0
8€jk(9) k [ Jk( Oﬁ’@k {Zp } p ( )
To find the minimum , let us take the derivative of L with respect to £;;(¢) and set it to zero:
_ OL(k(9))
Ok (0)

8&?@{ Zgz [u;“(e) logp™ (6) + uf (6)log p" (6)]
. Z [ (9)) -logéjk(e)]

i
_{u;‘(e)wf(e)) [Zguj (0)] OZ[;1(0)] [Zeuk()} Ry (e)]}

i (0) ZMk(0)] 0lk(9) ZPk(0)] 0451 (0)
g mg(0) + i (9) p; B
"% 7o Fear )

Therefore the minimization happens when (determined up to a multiplicative constant):
13 (0) + i (9)

Tk(0) o
ZAZ* () ZBe* B(Q)
_ (9|xg)+pkp (0]zy) 15)
TP (0) + 7P (6)

Eq. |15| gives an implicit expression for E;‘-k(ﬁ), since both Z7! (€3] and Z2[¢%,] depend on %, (6).

The equation can be solved using fixed-point iteration starting with some initial guess for ¢ 5-(,? (0) >
0. For instance:

Initialize Kﬁ) (0) x1
fort =0,1,2,...:
compute ZA’(t) [é(t)] = Zﬁﬁ)(&) A(6)

220 Z 9 9)

updatefﬁﬂ)(e): e (Olzs) + pilp” (0lwr)

o3 A i B
Zf,(t)w;tk)]p (9)+ ZkB,(t)[Z;tk)]p (0)

Stop when 65'2 (0) converges (up to a multiplicative constant).
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That is, as given by Eq. after training, the best possible likelihood decoder output for data
samples associated with 73, and r{f i 1s as if the likelihood decoder were to divide a surrogate

posterior that is a weighted sum of ground-truth posteriors pA A(0|z;)+pPpP (0]x) by a surrogate

A B
prior that is a weighted sum of ground-truth priors ZA[Z* VZA(AL4 A(0) + Zé’[kzmpB(e).
J

The posterior of the best possible likelihood decoder output g7, = £} (0) given the corresponding
context prior for r'; and rf is evaluated as:

. 0 (0)p™ (0)
0= 06,
ey _ Lr(Op7(6)

Hence, to obtain the expected cross-entropy loss across the entire data set, we marginalize over all
x;, ¢, and the total cross-entropy loss for the best possible likelihood decoder can be expressed as:

Ep (s [H(P(0124), 47:(0))] = Epa, o) [H (p(0]2:)) + Drw(p(0l:) ] 47:(0))]
= ]Ep(zi-,C) [H(pc(9|xz))] + Ep(mi,C) [DKL(pC(e‘xi) || QE*,Z(9))]
= CE loss for the perfect posterior decoder (Eq. [T1)

+ Epa,,0) [Dx(p°(0l2:) 1] q77:(0))] (16)

Information gap for a posterior coding population Al

From equati0n|1_61 let us define A the information gap for a posterior coding population between
a perfect posterior decoder (g5) and the best possible likelihood decoder (g7 ), as the expected dif-
ference in the cross-entropy loss of the two decoders:

AP = Ep(a, ) [Dre (0°(0]70) || a25:(0))]
= ZDKL (0lz:) || g7:(0)) - p(xi,c), since only z; € x = {(z;, 7x)} terms are nonzero

= x; Dy (p°(0lz:) || az:(0)) - 2, ¢)

_ E;DKL (01:) || %00 [Zp (2:/0)p°(0)|
:;:XZC:DKL (O]a:) || g5 -p(C)[ZG:p(wiIH)p“(@}

- '(ZZ (Dt 1500 o= [;pwe)pf“(e)}

+ D (p” (Bl || afi(6) [Zp xl0)p(6)] | (a7

Eq. [I7| provides an analytical expression for the information gap for a posterior-coding population
under a task design specified by (p(c), p°(#)) and a generative model p(x|0). Per pair of observations
(z;, ), we evaluate the KL divergence between the true posterior (p“(6|z;) or p®(0|zy)) and a
surrogate posterior (qf:;- (0) or q}i"}C (0)), which is the posterior distribution associated with the output
of the best possible likelihood decoder utilizing the task-marginalized, Bayes-optimal estimators as
given by Eq. The KL divergence is then marginalized across the pairs (x;, 1) to derive the total
expected performance difference between likelihood decoders and posterior decoders.
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A.2 DETAILS OF SIMULATION EXPERIMENT
A.2.1 SIMULATED NEURAL POPULATIONS

We consider tasks with Gaussian context priors motivated by classic orientation discrimination psy-
chophysical tasks (Orban et al.| [2016} Walker et al.,|2020). In this task, subjects perform an orienta-
tion discrimination under two contexts ¢ € {A, B}, with the context for each session sampled ran-
domly, i.e. p(c = A) = p(c = B) = 0.5. Within each session, the trial-to-trial hidden world state 0
(i.e. orientation) is drawn from context-specific Gaussian prior distributions p¢() = N (u€, (0¢)?),
where ¢ and (0¢)?) are task-specific parameters. In the simulation, we consider # € {—90°,90°},
and use identical variances for the two Gaussian priors 04 = o = . Consequently, the experi-
mental design is fully specified by the tuple of task parameters (12, 1%, o). Furthermore, foregoing
cardinal orientation consideration, the circular symmetry of orientations 6 suggests that only the sep-
aration between the two means d = |u* — 1Z| would meaningfully impact perception. Given this,
we always center the two means around zero, meaning ;1 = —%d and P = %d. We systematically
vary (d, o) to cover the task spectrum of Gaussian context priors in the simulation studies.

Noisy sensory observations x are drawn from the conditional distribution defined by the given gen-
erative model p(z|6). This stochastic process can be seen as capturing both intrinsic neuronal noise
and uncertainty in the extrinsic stimulus features. This generative model can be experimentally ma-
nipulated through stimulus parameters such as contrast, where lower contrast induces increased ob-
servation variance, reflecting increased sensory uncertainty. In the simulation, p(x|) is modeled as
Gaussian distributions to reflect Gaussian orientation tuning curves commonly found among simple
V1 neurons. We model the effect of different contrast levels by systematically varying the standard
deviation of the generative model o5 (Walker et al.,2020). To this end, standard deviations oqps of
8, 15, and 25 are chosen to model the generative model under high, medium, and low contrast levels,
respectively. Finally, on each trial, the hidden world state # is drawn from p°(6) = N (1€, (0¢)?)
and then the observation is drawn from the conditional distribution p(z|0) = N (0, 2 ).

For simulated population responses, we first implement Poisson neuron models with Gaussian tun-
ing curves and Poisson variability (Walker et al.,|2020). A population of neurons indexed by [, rang-
ing from 5-500 neurons, was constructed with Gaussian tuning curves N (6, 02 .) with their means
0, tiling up the orientation space and their standard deviations being os. For likelihood-coding

populations, the mean firing rate of each neuron on each trial, after an observation x is sampled, is
2
1 67 (‘7720%[’3
Vv 27‘-0’3!)5
scaled with a fixed constant of 30 to approximate the typical range of neuron firing rates observed
experimentally (Walker et al., 2020). For posterior-coding populations, the mean firing rate of each
neuron is further multiplied by the context-specific prior p©(6), thus effectively encoding the pos-
terior p¢(0|z) o p(x|@) - p°(0) in their mean firing rates. For both populations, trial-to-trial spike
counts are then generated by sampling from Poisson distribution with the specified mean firing rates.

determined by the probability density of its Gaussian tuning curve, i.e. f(x) =

For some simulation experiments, we additionally implemented a more complex, gain-modulated
Poisson neuron model for simulating population responses (Goris et al.,2014). The gain-modulated
Poisson neuron model has been proposed to account for the supra-Poisson variability commonly
observed experimentally among V1 neurons. In this model, the mean firing rate of the neuron is
the product of two terms: 1) the original rate determined by the Gaussian tuning curve model, and
2) a stimulus-independent gain factor G. |Goris et al. (2014) proposed and validated on V1 neural
data that this stimulus-independent gain factor G can be effectively modeled as following a gamma
distribution with a mean of one and variance of 0. Based on their results, we choose a biologically
realistic value of o ~ 0.5 in our simulation. Therefore, on a trial-to-trial basis, after an original
rate is determined according to the procedure in the previous paragraph for the likelihood-coding or
posterior-coding population, a random gain factor is then sampled from the gamma distribution and
multiplied with the original rate to get the mean firing rate for the gain-modulated Poisson neuron
model. Similarly, spike counts are then generated from the mean firing rates with Poisson variability.

A.2.2 PROBABILISTIC INFORMATION DECODER

As described in Fig. [2IC, deep neural networks parametrized by multi-layered perceptrons are trained
with cross-entropy loss to serve as flexible, powerful decoders to decode either the likelihood func-

21



Under review as a conference paper at ICLR 2026

tion or the posterior distribution from simulated neural population responses (Walker et al., [2020).
We use fully-connected, deep neural networks with two hidden layers, with 300 and 200 units in
the first and second layer, respectively. All hidden units are rectified linear units, and dropout rates
of 0.5 are used for both layers. The input dimension to the first layer is the number of neurons in
the simulated population, ranging from 5-500. The output layer is a fully connected readout with
no nonlinearity and a dimension of the number of possible hidden states. In our simulation, we
consider orientation § € {—90°,90°} and discretize them into one degree bins, leading to a total
number of possible hidden states of 181. To facilitate numerical stability, the decoded probability
quantity is operating in the log space. The posterior decoder output is treated as the log-posterior,
which is directly optimized to minimize the cross-entropy loss. The likelihood decoder output is
treated as the log-likelihood, which is then integrated with the ground truth log-prior to arrive at the
final output that is optimized to minimize the cross-entropy loss. To encourage smoothness of the
decoded probability distributions, an L, regularizer on the log-posteriors filtered with a Laplacian
filter of the form h = [0.25,0.5,0.25] is added to the cross-entropy term, as proposed in (Walker
et al.,|2020). We use (0.8, 0.2) for train-validation split for training the decoders A held-out test set
is used to final evaluation and all results in the paper are on the test test. Early stop with patience of
10 and minimal change of 2e-6 in validation set cross-entropy loss is adopted to prevent overfitting.
All models were constructed and trained using the Pytorch framework(Paszke et al.,[2019).

A.3 DETAILED RESULTS ON HEAVY-TAILED PRIORS

Below we first provide the full results of information gap landscape across various contrast levels
for heavy-tailed context priors including student’s t-distribution (Fig. and Cauchy distribution
(Fig. P). Note that for t-distribution we report the results using degrees of freedom v = 3. When
v — oo the t-distribution reduces to a standard Gaussian distribution, and when v = 0 the t-
distribution becomes the Cauchy distribution. We then provide an intuitive example explaining why
the information gap for posterior coding hypothesis is dramatically lower under heavy-tailed context
priors compared to Gaussian context priors. The main reason is that under Gaussian generative
models, when integrated with heavy-tailed priors, the posteriors tend to become asymmetric (as
opposed to Gaussian priors where the posteriors are still symmetric Gaussian), thus limiting the
number of pairs (z;, z) that could confuse the likelihood decoder.

A.3.1 INFORMATION GAP LANDSCAPE

A) High contrast stimuli B) Medium contrast stimuli C) Low contrast stimuli
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Figure 8: Information gap landscapes when using student’s t-distribution with degrees of free-
dom v = 3 as context priors. A) Information gap as a function of task parameters (d: separation
between context priors, and o: context prior standard deviations) for both the likelihood coding
hypothesis (top) and the posterior coding hypothesis (bottom) when presented with high contrast
stimuli. B) Same for medium contrast stimuli and C) for low contrast stimuli.
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A) High contrast stimuli B) Medium contrast stimuli C) Low contrast stimuli
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Figure 9: Information gap landscapes when using Cauchy distribution as context priors. A)
Information gap as a function of task parameters (d: separation between context priors, and 7: con-
text prior scales) for both the likelihood coding hypothesis (top) and the posterior coding hypothesis
(bottom) when presented with high contrast stimuli. B) Same for medium contrast stimuli and C)
for low contrast stimuli.

A.3.2 AN EXAMPLE EXPLAINING WHY AJ¥® IS DRAMATICALLY DECREASED UNDER
HEAVY-TAILED CONTEXT PRIORS

Gaussian context priors Student's t context priors Cauchy context priors

Probability density (a.u.)
g
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Figure 10: Heavy tailed context priors, when integrated with Gaussian likelihood function, lead
to asymmetric posterior distributions, limiting the pairs of identical posteriors satisfying Eq.
[12] that would cause imperfect likelihood decoders on posterior-coding populations. Across
task designs with Gaussian context priors (left), student’s t context priors with v = 3 (middle), and
Cauchy context priors (right), the context priors p“ (6) and p? () are shown in dashed blue and red
lines, respectively. Note they all share identical standard deviation or scale parameters to facilitate
comparison. One example pair of (z;,z;) = (18°,—27°) that satisfies Eq. under Gaussian
context priors is shown here, with the associated likelihood functions p(z;|0) and p(zx|6) plotted
in solid gray and black lines, respectively. The posterior distributions under each context priors,
p?(0|x;) and pP (0|z},) are shown as solid blue and red lines, respectively. Under Gaussian context
priors (left), the two posteriors are equal to each other, i.e. p*(6|z;) = p?(0|x), hence the two
lines overlap. However, as the context priors become increasingly heavy-tailed as under student’s
t distribution (middle) and Cauchy distributions (right), the two posteriors become more and more
asymmetric, leading to non-identical posterior distributions that no longer satisfy Eq. [I2] This
example demonstrates why there are much less pairs (x;, z) that would satisfy Eq. accounting
for the observation that the information gap of posterior-coding population is dramatically decreased
under heavy-tailed context priors.
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