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Poisson Factor Model for Count Data

xn ∼ Poisson
(
Ψ(θn ◦ hn)

)
• Ψ ∈ RM×K

+ is factor loadings matrix with K factors

• θn ∈ RK+ factor intensities

• hn ∈ {0, 1}K binary units indicating which factors are active for
observation n

• Symbol ◦ denotes element-wise (Hadamard) product
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Poisson Factor Analysis (PFA)

xn ∼ Poisson
(
Ψ(θn ◦ hn)

)
• ψk column k of Ψ, and typical prior specification:

ψk ∼ Dirichlet(η1M )

• Typical prior specification for θn: θkn ∼ Gamma(rk, (1− b)/b)

• Conditioned on hn, we express

xn ∼ PFA(Ψ,θn,hn; η, rk, b)

• Develop a deep prior specification for hn
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Two-Layer Model

xn ∼ PFA
(
Ψ(1),θ(1)n ,h(1)

n ; η(1), r
(1)
k , b(1)

)
h(1)
n = 1

(
z(2)n

)
z(2)n ∼ PFA

(
Ψ(2),θ(2),h(2)

n ; η(2), r
(2)
k , b(2)

)

• where 1
(
z(2)n

)
defined component-wise as

hnk = 1 if z
(2)
nk > 0, otherwise hnk = 0

• May be repeated for more than two layers, constituting a deep
architecture

• Repeated use of PFA modules
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L-Layer Model

xn ∼ PFA
(
Ψ(1),θ(1)n ,h(1)

n ; η(1), r
(1)
k , b(1)

)
, h(1)

n = 1
(
z(2)n

)
,

z(2)n ∼ PFA
(
Ψ(2),θ(2),h(2)

n ; η(2), r
(2)
k , b(2)

)
,

...

... h(L−1)
n = 1

(
z(L)n

)
,

z(L)n ∼ PFA
(
Ψ(L),θ(L),h(L)

n ; η(L), r
(L)
k , b(L)

)
, h(L)

n = 1
(
z(L+1)
n

)
,

• For top layer:

z
(L+1)
kn ∼ Poisson(λ

(L+1)
k ) , λ

(L+1)
k ∼ Gamma(a0, b0)
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Graphical Model
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Figure 1: Graphical models. (a) Poisson Factor analysis module in (4). Nodes (bk, ẑn and
yn) and edges drawn with dashed lines correspond to the discriminative PFA described in
Section 3.5. (b) Deep Poisson factor model in (6). (c) Deep Multi-task Poisson factor model
in (7). Filled and empty nodes represent observed and latent variables, respectively.

form conditionals exist, and can be used if desired; see for instance Escobar and West (1995)
for η, and Zhou and Carin (2015) for b.

There is one parameter in (4) for which we have not specified a prior distribution,
specifically E[p(hkn = 1)] = πkn. In Zhou et al. (2012), hkn is provided with a beta-Bernoulli
process prior by letting πkn = πk ∼ Beta(cε, c(1 − ε)), where usually c = 1 and ε = 1/K,
meaning that each of the N data vectors has on average the same probability of seeing a
particular topic as active. It further assumes topics are independent of each other. These
two assumptions are restrictive because: (i) in practice, the N data vectors often belong
to a heterogeneous population (e.g., patients); letting the data vectors have individual
topic activation probabilities allows the model to better accommodate heterogeneity in the
data. (ii) Some topics are likely to co-occur systematically, so being able to harness such
correlation structures can improve the ability of the model for fitting the data.

The hierarchical model in (2)-(4) is denoted xn ∼ PFA(Ψ,θn,hn; η, rk, b), short for
Poisson Factor Analysis (PFA), with graphical model representation shown in Figure 1(a).
The model in (2)-(4) is closely related to other widely known topic model approaches, such
as Latent Dirichlet Allocation (LDA) (Blei et al., 2003), HDP (Teh et al., 2006) and Focused
Topic Modeling (FTM) (Williamson et al., 2010). Connections between these models are
discussed in Section 3.7.

3.2 Deep representations with PFA modules

Several models have been proposed recently to address the limitations described in the
previous section (Blei et al., 2004; Blei and Lafferty, 2007; Gan et al., 2015a; Teh et al.,
2006). In particular, Gan et al. (2015a) proposed using multilayer SBNs (Neal, 1992) to
impose correlation structure across topics, while providing each data vector with the ability
to control its topic activation probabilities, without the need of a beta-Bernoulli process
(Zhou et al., 2012). Here we follow the same rationale as Gan et al. (2015a), but without
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More on Model of Binary Hidden Units

• Binary units constituted as

h(l−1)
n = 1

(
z(l)n

)
z(l)n ∼ PFA

(
Ψ(l),θ(l),h(l)

n ; η(l), r
(l)
k , b

(l)
)

• Draw for h
(l−1)
nk , component k of h(l−1)

n , may be expressed as

h
(l−1)
nk = 1(z

(l)
nk)

z
(l)
nk ∼ Poisson(λ

(l)
nk)

λ
(l)
nk =

Kl∑
k′=1

ψ
(l)
kk′θ

(l)
k′ h

(l)
nk′
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Bernoulli-Poisson Link (BPL)

h
(l−1)
nk = 1(z

(l)
nk)

z
(l)
nk ∼ Poisson(λ

(l)
nk)

• Expressed concisely as

h
(l−1)
nk ∼ BPL(λ

(l)
nk)

• Equivalent to

h
(l−1)
nk ∼ Bernoulli(π

(l)
nk) , π

(l)
nk = 1− exp(−λ(l)nk)

• Generalization of the logistic link, for which

π
(l)
nk = 1/[1 + exp(−λ(l)nk)]
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Advantages of the Bernoulli-Poisson Link

• Update equations only depend on the non-zero components of xn and
h(l)
n

• Yields significant acceleration for typically sparse data

• Entire deep architecture built upon clean repeated use of Poisson
elements

11



Meaning of Deep Architecture for Count Data

xn ∼ PFA
(
Ψ(1),θ

(1)
n ,h

(1)
n ; η(1), r

(1)
k , b(1)

)
, h

(1)
n = 1

(
z
(2)
n

)
,

z
(2)
n ∼ PFA

(
Ψ(2),θ(2),h

(2)
n ; η(2), r

(2)
k , b(2)

)
,

...

... h
(L−1)
n = 1

(
z
(L)
n

)
,

z
(L)
n ∼ PFA

(
Ψ(L),θ(L),h

(L)
n ; η(L), r

(L)
k , b(L)

)
, h

(L)
n = 1

(
z
(L+1)
n

)
,

• Columns of Ψ(1) correspond to topics for representation of xn

• Columns of Ψ(2) corresponds to meta-topics, indicating which
layer-one topics are likely to be turned on (imposes correlation across
layer-1 topics)

• Further sophisticated correlation structure imposed as we go deeper in
the model
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Learning and Inference

xn ∼ PFA
(
Ψ(1),θ

(1)
n ,h

(1)
n ; η(1), r

(1)
k , b(1)

)
, h

(1)
n = 1

(
z
(2)
n

)
,

z
(2)
n ∼ PFA

(
Ψ(2),θ(2),h

(2)
n ; η(2), r

(2)
k , b(2)

)
,

...

... h
(L−1)
n = 1

(
z
(L)
n

)
,

z
(L)
n ∼ PFA

(
Ψ(L),θ(L),h

(L)
n ; η(L), r

(L)
k , b(L)

)
, h

(L)
n = 1

(
z
(L+1)
n

)
,

• Global parameters to be learned: Ψ(1:L),θ(2:L)

• Local parameters to be inferred for each xn: θ(1)n ,h(1:L)
n

• As consequence of local conjugacy, analytic Gibbs updates throughout
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Electronic Medical Record Data

Data:

• Duke University 5-year dataset (2007-2011):
240K patients 4.4M patient visits

• Mapping of data elements:

39,429 medication names to 1,694 active ingredients using RxNorm
4,391 laboratory tests to 1,869 unique tests using RELMA tool
21,013 unique ICD-9 and CPT codes

• For each patient: total number of occurrences of a data element over
a 6 months window defines an observation entry

• 16,756 type-2 diabetes mellitus patients (7,892/8,864 training/test)

• Modalities (filter out variables with less than 10 occurrences):

253 medications (Meds)
606 laboratory tests (Labs)
4,222 diagnosis and procedure codes (Codes)
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Electronic Medical Record Data - Classification

AUC and ROC curves for each outcome:

AUC
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Electronic Medical Record Data - Classification

Amputation classifier

First level topics
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Electronic Medical Record Data - Analysis

Aspirin
Glipizide

Felodipine
Ibandronate

benzonatate
Benzocaine

Ketoconazole
Insulin Glargine

acid medication
duloxetine
Metformin

Budesonide

Albuterol
azelastine

colesevelam
Ibandronate

Amiodarone
Glyburide

Clarithromycin
Metformin

acid medication
Acetic Acid
Vitamin D
Bisacodyl

Doxycycline
Furosemide

calcium polycarbophil
Hydromorphone

anastrozole
irbesartan
carvedilol

Alendronate

Hydrochlorothiazide
Diclofenac
meloxicam

Ciprofloxacin

abacavir
emtricitabine
Diclofenac
Atazanavir

Isopropyl Alcohol
clopidogrel

adalimumab
exenatide

Albuterol
azelastine
Acyclovir
Atropine

Clonidine
Simvastatin
Valproate
Colchicine

Acetaminophen
Simvastatin

calcium polycarbophil
Pseudoephedrine

Docusate
Vitamin A
Calcitriol

Erythromycin

Cetirizine
calcium phosphate

entecavir
adefovir

Aspirin
Chlorthalidone
Acetazolamide

aprepitant

Glipizide
Clindamycin
Metformin
Econazole

Testosterone
Chlorhexidine

Finasteride
zolpidem

Atenolol
Glipizide

Betamethasone
Chlorhexidine

Calcium Carbonate
alfuzosin

Activated Charcoal
Etodolac

Aspirin
Omeprazole
Felodipine

bicalutamide

Amylases
glimepiride

fexofenadine
dexlansoprazole

Aspirin
Ketoconazole
Clotrimazole

quinapril

acid medication
Simvastatin
Cefadroxil

Diphenhydramine

Esomeprazole
Biotin

Enoxaparin
Prochlorperazine

Amphetamine
Ibandronate
Insulin Lispro
Furosemide

Alendronate
Desoximetasone

Belladonna Alkaloids
calcium polycarbophil

Ascorbic Acid
Amiloride

Omega-3 Acid Ethyl Esters (USP)
Valproate

fluticasone
Lisinopril

Fluconazole
Ramipril

Amlodipine
Omeprazole
Simvastatin
Azithromycin

Amlodipine
Simvastatin
pioglitazone
exemestane

acid medication
Guaifenesin
Simvastatin
Diclofenac

Amlodipine
Omeprazole
Azithromycin

Activated Charcoal

Amitriptyline
Fluorouracil

calcium acetate
venlafaxine

Aspirin
Metoprolol
Felodipine

Amiodarone

celecoxib
Acetylcysteine
Ergocalciferol

Fentanyl

Acetaminophen
Simvastatin

Omega-3 Acid Ethyl Esters (USP)
benazepril

Amoxicillin
Enalapril

Hydrochlorothiazide
fluticasone

Albuterol
Testosterone

acid medication
azelastine

benazepril
acid medication

Amitriptyline
Insulin Lispro

Amlodipine
Omeprazole
Escitalopram

Estradiol

Aspirin
Insulin, Aspart Protamine, Human

besifloxacin
fluticasone

Azithromycin
Estrogens, Conjugated (USP)

duloxetine
Insulin Glargine

acid medication
Insulin Lispro

Sulfamethoxazole
Metoprolol

Acyclovir
Albuterol

besifloxacin
Calcium Carbonate

atorvastatin
adapalene

Vitamin B Complex
Fenofibrate

carvedilol
Carbidopa
Ibuprofen

Vitamin B 12

Allopurinol
Simvastatin
Naproxen

Oxycodone

Allopurinol
Naproxen

Oxycodone
NPH Insulin, Human

Clobetasol
Bisacodyl

Ethinyl Estradiol
colesevelam

Albuterol
azelastine
Lidocaine

Choline Magnesium Trisalicyclate

Ciprofloxacin
calcium acetate

cabergoline
Bumetanide

cyclobenzaprine
Citalopram
latanoprost
Omeprazole

Fenofibrate
efavirenz

Clotrimazole
Omega-3 Acid Ethyl Esters (USP)

Cephalexin
aluminum chloride

Metoprolol
Pseudoephedrine

Acetaminophen
Azithromycin

Aspirin
Acetic Acid

acid medication
Vitamin B Complex

Azithromycin
Simvastatin

Alprazolam
bimatoprost

Beta Carotene
Ibandronate

Cholecalciferol
Chlorthalidone

Clomiphene
cefdinir

acid medication
colesevelam
Fluphenazine
Simvastatin

Bupropion
azelastine

Diphenhydramine
armodafinil
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Electronic Medical Record Data - Analysis

Asthma group
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Biotin

Enoxaparin
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Amphetamine
Ibandronate
Insulin Lispro
Furosemide

Alendronate
Desoximetasone

Belladonna Alkaloids
calcium polycarbophil

Ascorbic Acid
Amiloride

Omega-3 Acid Ethyl Esters (USP)
Valproate

fluticasone
Lisinopril

Fluconazole
Ramipril

Amlodipine
Omeprazole
Simvastatin
Azithromycin

Amlodipine
Simvastatin
pioglitazone
exemestane

acid medication
Guaifenesin
Simvastatin
Diclofenac

Amlodipine
Omeprazole
Azithromycin

Activated Charcoal

Amitriptyline
Fluorouracil

calcium acetate
venlafaxine

Aspirin
Metoprolol
Felodipine

Amiodarone

celecoxib
Acetylcysteine
Ergocalciferol

Fentanyl

Acetaminophen
Simvastatin

Omega-3 Acid Ethyl Esters (USP)
benazepril

Amoxicillin
Enalapril
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fluticasone

Albuterol
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acid medication
azelastine

benazepril
acid medication
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Electronic Medical Record Data - Analysis

Prostate cancer meta-topic

First level topics
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testosterone hemoglobin glycosylated personal history of maligna...
hemoglobin a1c/hemoglobin.t... prostate specific antgn totl elevated prostate specific ...
estimated average glucose office/outpt visit est pt interview and evaluation, d...
testosterone.free reeval healthy est 40-64yrs other puncture of vein
calcitriol special screening for malig... follow-up examination follo...
glomerular filtration rate/... postop f-up vst incl glob s... office consult new or est pt
alanine aminotransferase basic metabolic panel nocturia
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Electronic Medical Record Data - Analysis

Depressive disorder and chronic pain meta-topic

First level topics
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activated charcoal beta carotene anxiety state, unspecified
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donepezil amiodarone myalgia and myositis, unspe...
adefovir azelastine dysthymic disorder
benazepril clotrimazole psych insight off/op 45-50 m
aspirin cephalexin insomnia, unspecified
vitamin b 12 irbesartan chronic pain syndrome
amantadine baclofen major depressive disorder, ...
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