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Abstract: Given a large collection of epidemiological data consisting of the count of d contagious diseases
for [ locations of duration n, how can we find patterns, rules and outliers? For example, the Project Tycho
provides open access to the count infections for U.S. states from 1888 to 2013, for 56 contagious diseases
(e.g., measles, influenza), which include missing values, possible recording errors, sudden spikes (or dives) of
infections, etc. So how can we find a combined model, for all these diseases, locations, and time-ticks? In
this paper, we present FUNNEL, a unifying analytical model for large scale epidemiological data, as well as a
novel fitting algorithm, FUNNELFIT, which solves the above problem. Our method has the following proper-
ties: (a) Sense-making: it detects important patterns of epidemics, such as periodicities, the appearance of
vaccines, external shock events, and more; (b) Parameter-free: our modeling framework frees the user from
providing parameter values; (¢) Scalable: FUNNELFIT is carefully designed to be linear on the input size; (d)
General: our model is general and practical, which can be applied to various types of epidemics, including
computer-virus propagation, as well as human diseases. Extensive experiments on real data demonstrate that
FUNNELFIT does indeed discover important properties of epidemics: (P1) disease seasonality, e.g., influenza
spikes in January, Lyme disease spikes in July and the absence of yearly periodicity for gonorrhea; (P2)
disease reduction effect, e.g., the appearance of vaccines; (P3) local/state-level sensitivity, e.g., many measles
cases in NY; (P4) external shock events, e.g., historical flu pandemics; (P5) detect incongruous values, i.e.,
data reporting errors.
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1. FAHME

KB ERT — 5 O P SFR By — v 25/ L,
EASEOMEE R LR A RO I3 2 &3, ERSETR ARk
WHEOMZE, BLUBGRCHAEEEICB W CIEFICEE
HRETH 5. AR TIE, KBBERT— 7 24 L L,
TN — 2% AENIE T 2 720 O IERIEE 7 VT
#& LT FUNNEL 2% T 5 [24]*1. XY BARmIIE, DL
TORMEZR .

dFEDIENR, | AFTOHIE, n YR TR S h 2 Kz

W= HEEX NGz oNEE, LTOEELR Y —

Z HEpNE T 5.

o FEfiiE R0 YL R D BRI O HEA Y 72 R
o ZERM R TRAT OINEREEA
o AT T —Hnh Nl

BB ARZETIE, EHRICET 57— & LT Tycho [43]

/. Tychold, 7 AN AWERENZBIT S 125 FMI12h

72% 56 FOEHRO EZOME KL THE SN L2, 1

&, FUNNEL |2 X BTk R oBl 2R L Twab. BARRYIZ

(&, M 1(a) IZBWTIREOIENL 1928 4F20 5 1982 4E &

TO, MEOBEREREZRLTBY, ROFEFIIIRETE

DFBERERLTVWD, =7 ¥ ZAIEDHBIED D

D, LTS LICRHIB 2B (1941 4, 1958 4F) &

NS 2P (1940 4 & 1947 ) PN TEY [29], Zhid

AFy THEE LTHSNTWD [40]. T/, EIEHIL

1965 BV TRMICmA LTHBY, ZhE s F o #

FEAT 1963 AL B ENT-Z L I2XBbDTH L. ELRF

BEETNVIEZDE ) R -V 2 ERETCERTA S

ENTED. K1 (b) XBEMORE T 2 K2 RS

DEENTERL TS, X 1(c) FEEROFH DR

S CER) L2zo¥—s o (F) 2/RL7-OTH

A, 1282, LHZPL 2 HIZ0FTA v 7 Vv o5

TOY =205, MED LD %/NEIFREEEITE, T

AL{D L) BT = HIEBIIES -7 L oTWa,

F72, WD XD MEGYE (STD) (ZIZEIIED 22

EGr A RETFHL, FAIHER ST X -V RELE

T3, $hbb, WO ALLIZ, K4 EWRICET

BEERIM A AR T 2 2 2 TE 5.

ARH/XDEB. FUNNEL ZLTOREDND 5.

(1) REETME, BE, A1 v 7V, REEZIEL
O LT DA BIBIGEDIRBEVEERBL, K1 12hT5
N5 L) eFTEME, 77 FUahE, YHPERIC X 5285
WIRATE O BELELRSRYISY — > 2 HEHIE T 5.

(2) FBHEIANIANT =7 A XK LEETH 5.

*1 http://www.cs.kumamoto-u.ac.jp/ “yasuko/software.html
*2° Project Tycho at University of Pittsburgh:
http://www.tycho.pitt.edu/
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Fig. 1 Modeling power of FUNNELFIT.

(3) REETNVIZ, SIRS EFNVEDRFOEIRE TV %
— AL T B LR, T2 —F 7 4 VA DY
5 — 2 FORk A LRIAO IRl & kI RIS
HZENTED.

2. FAEMZAR

BRI T O 2 DI s 5.
BREEEBT — 28N, EFSHIIBWT, STETV
(susceptible-infected model) 1 A4FE SN2 Hk 4 7 Bk g
ETFNPRESIN TS [2]. 3CHK [9], [10] TREE T 13
U@ L3 2EBOILFGEME L /54T L, Stone 5 [40] 1374
Pz &b %) RIS BT 2 EOWAT 2 Tl 5 720 DFr
7o BMEZ 5 R L7z, Van Panhuis & [43] 1%, 1888 47
5 2013 T TOT A A ERENO T TOEIFR
BOME AL 7.

RERGIT — 28R, BERGIT — & ORNTIZEE T A IFoid ik~
BB CHED STV A [4], [7], [16], [28], [34], [35]. KR
o= 2 AD 720 OFWIRE, /X8 — LI RITEE R HE

18



[EHMAIPLSH/YEE T —2~N—Z Vol.9 No.4 17-31 (Dec. 2016)

xR 1 WHETFEEOLEK
Table 1 Capabilities of approaches.

SIRS | AR/PLiF | PARAFAC | FUNNELFIT
e v v W, W,
AL VAR | Vv
KA Vv Vv
JE Vv Vv
Tl Vv Vv
BB v

TH 5 [6], [8], [13], [23], [25], [27], [33], [36], [37], [41], [44].
HCOMJFET IV (AR: autoregressive model), #IEE)N >
A7 4 (LDS: linear dynamical systems), # )V~ > 7 4
V& (KF: Kalman filters) (IfCERM M THY, Th
52D CHERFIDORNT & FHITESI RS (RES LT
% [11], [15], [42]. BRRAIE v 75— % Of%E L LT, TriM-
ine [21] 1T KBUEHEEGRERTIA XY+ T — 5 D72 D E# 7
FMFETH Y, SCHEE 18] TRERILERI Y —F7 » 2D
7o DR EEIH TR L7z, CompCube [20] 13K
HEEET Y I NVT =5 D0 DIBIB THETH Y,
RegimeCast [17] 137 =% A M) — 2D T & 4 ZfkT
WS A BT T4, Rakthanmanon & 330k [32] 128
W, JRHAL (“trillions”) OEERFIS —47 v A %5 e L
7 DTW OFPHREMEZ > T b, EHOILFETER
V=YX vty M= EOREHERICE T 2 RRE T — 4
AT ORFZE 1§54 T b T A [12], [14], [22], [30], [31].
FUNNEL [24] [&REBEZIR T >/ )V 7 — & D728 DI
ETNVENTFLETH Y, SCHK [19] (& Web BIZBIT 51—
FORE) &, HRFICBIT 5 EERE T IVOEUMZ 5
L725EBRI L) LA TH 5.

REERZR & AFEDMAB D . ]| 113, AT & FUNNEL
DFENDORELTH 5. (a) SI, SIR, SIRS €7V
DIEFHE T IR RGN T — & ZIEME L, FEEHEE &
By 28z a3 505, BN, 775 mikezoio
B E KRB CE T, PHORNIATHTHS. (b)
HCORYFET IV (AR: autoregressive model) X° PLiF [15]
M E FMOREN 2 A L TWb 5, FEMEEZ AT 5
RHNWSE = BRBTELRW., E5IZINEDOTHFEIE R X
A VHREZRB LRV, L OVEERIERY — 2 O
Ha$25Z e TE R, (o) RFZETHR ) EHT— 7 13
T VIV ELTERIHTE S, PARAFAC 137 ¥ V IVOIEHE
RS2 BT B0, FHMUBERREIIME, N A ke ERBT
X9, THIOBABAELTWA W, IDEELLEL LT,
FROBAFEIIERWIIT T, T X —FDRER
T a—Z VTP LETHA.

3. BEXEFN

AT, IREETFTNTH 5D FUNNEL IZDOWVWTIRRS.,
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Fig. 2 The air temperature vs. # of cases.

3.1 FUNNEL O#E

AT Tycho 7T— 7 1%, 1888 2> SIAEIZ T T
DT A S ERE 50 NI B 5 56 FEOEREE O
¥ (587,950,807 1) THEK S B, KT — 4L (disease,
location, timestamp) D =DM TEKIL I, ThLEN, dHE
DI, | T OIS/, n OWAH (1 EBHAL) 20565
ENDL. ZOEKET—FIE, 3BDOT VL X e Nixixn
ELTEITDLIENTE, X OEF a;(t) BRI ¢ 12B
Wi FFH DR (disease) A% j # H O Hulg /N (location)
PHILL7HEZRT. 728 21F, (‘measles’, ‘PA’, ‘April
1-7, 1931’; 4740) D4, k9% (measles) AR IR =
TH (PA) T193144 A1 H»5 4 H 7 HORMIZ 4740
PG SN2 L2 EYT. 22T, i BFAOBERO j &H
DINZBT BT =7 v X xyy = {ay;()}, &, B—A)
(M) DEIHY —4 > A LR, @RS, FIHOY =47 >
DERN & = {20}, &, 7E—= NV (H) OERY—7
ALY, (1) 13 i FHOEIFRORL] t 1281 5 B
EOENOBE (D), Ti(t) = Y 2i;(t) &5,
BIRT—ZDER, ZIZTlE, BIRT—5DETIMLICH
TEOEBELRDBERIIOVTHNELZEZIT). W21, 1
YINI W ERRED 5 M OBEGE R OMR L KO B
BRERLTVE*S*, 2()DLHZ, £ 7V
AR E OB OB S D, [IROKWEE ICIEIEIC 7%
b. =, K20b)DXHZ, RERMVHOTIWEH Y, &
IEFALT 2R CTH 5 2 LA h 5. [ARkIC, K 1(c) T
RL72E DS, ERICEFHEE L DR IBLENVEL, 2
& ZTRE R B 5 L IR E S D /NEIREIR 23 B
FIZ, FALWOL ) I = BIMEBEENE -7 Lo
TWa.,

MR 1 (BROFEMN) EHOL ATERMOEIME %
vy, SRR &V HE 2 RO,

T FrOEA, PrEWE O AREEOBFHIC X

*3  CA: California, TX: Texas, VA: Virginia, NY: New York,
PA: Pennsylvania.

*4 National climate data center:
http://www.ncdc.noaa.gov/cag/
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D, %< OEHD, BT EOMIIKIRIHI LTS, 72
EzIE, W 1(a) TRLAZEDIC, MEBOBEEERIIY 7
F AT 1963 4EIZBRAG S U CTRAk, KR 7% i AME ) 12
H5.

MR 2 (BREIBR) EHOL I, 775y, bk
WHE, SREAEEHIZEY, KIEIZHDH 53R L <
W5,

12, BRI BT AEICOVWTHRRS . M2 IZRT
L9, — iz, EMNoOBREEBITE VLD, [H
i3 $%ﬁ®ﬁAi%&é g, M TSR
Tﬂ%L@(ﬁE/\D#?%&%_t RS S, 72& 2L, B
DEREGIRIINBTH L 720, NEPLWHIE ()
Zix, LW omBEEFRATNS. K 1(b) TIE,
—a2—3—7 (NY), Ry ux=7 (PA), 7)) 7*l
=7 (CA), 7FH¥ 2 (TX) I, L DGR E (0%
D/NB) DINE T EDGhh.

MR 3 (HftE) KMICBIT 2 BIHBOHERIZIEDH
BzEOW, — 5T, BERFEEOBEANLONREL 5.

i, SHRPEIC X B OWTHERS, M 1(a) D
1941 @& 1958 4EI2B VT, [X 2(a) D 1944 4E & 1946 4
IZBWT, #NEN, B LA v 7 VI U FORRGEHH
KIEIZHIML Tw 5

MR 4 (HBRERIC L ZREWHRIT) EHROL 1T
A —EBN G, PERERICHER T 5 KB 2 547 /%

¥ — T A,

ETF—FORICIE, FHLAVWZ I —HP AT I AL
5 R B N IAE D AFAET 5.

FMEBS (ANIT—) ERHOBEI Y — |2
IR AT =T — DT 5.

RIFFEClE, KBBERT— 7 23 e L, FROEE
LEFEAERBTAHEETNVE LT, FUNNEL #3281 5.

BE LW

BARIIZIE, KROS5 D0OBEHFEETNTERIHT 5.

o (P1): FHitk

o (P2) @ IR R

o (P3) : Mgk

o (P4) : HMBZERIC X % 225 MAT

o (P5) :4bivE, AJJTT—

RETTIE %%%?»@ﬁ%%ﬁ#.if,myigw

JER Y — ’7‘/%0) G (b zIE, =a—3—27 (NY)
DIRIE D E G T ) waw%Fw%L& KR
LLT, (b) Bl —7 v A0RE (0%, dHEOEN,
lﬁﬁﬁﬁﬂﬁ~J¢?%ﬁlﬁaw\&~/d<D%7vbuouv(

BB
3.2 FUNNEL — BE—0OER> —4 > XNDFE

FFROMHEARLELE LT, H—DEFEY -7 Y ADE
FUALIZ DV TIHRR S,
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Table 2 Symbols and definitions.

AL | E#E

d JEIR DL

l M (M) D#%K

n RRINDO RS

X 3REDFERRT » VIV (X € Ndxixn)

xi; |1 EFHOERRO jEHOMIZBIT S

O — A IVERY — 7 ~ A

x; i FHHOERRD 71—\

B —r v A (ENBR)

S () | i FHOEFD j FHOMOEL ¢ 12812
B

I;(t) |« HHOERO j HBOMOL ¢t 12B1T 5
BYeH

Vij () | HEOEIRO § FEOMORE ¢ 1I2B1 5
TR
BEAATH) (d x 6)

B ie., B={bi,... by}
R WAITH (dx2)  ie,R={ry,...,rq}

N HIATH] (dx1) e, N= {N”}L Ve

£ Wik avz 7Y bie, E={EP) E™T E®)}
M | AHZT=F I e, M = {miy; ()} 0r

f

i,J,t=1

FUNNEL D4/37 A — ¥ 44
ic., F= {B,R,N, E, M}

a(t)

(2 (@m

Vi<

ﬁ(t)

(a) FUNNEL-BASE (b) FUNNEL-RE

3 FUNNEL DIRFEEEB O T
Fig. 3 FUNNEL diagrams.

3.2.1 HEAKXEFIL — Funnel-BASE
RETTFT VDT O3 ODRE» SRR S ND.
e Susceptible (EASZPELREFE) @ BURE I CULIES R 1B

LTwZwys, TEOBIEN SRR 2RO D %
RRE

o Infected (JEYH): T CTITEIRICERYLTBY, fi
NMEG S D REMED B 5 IKTE
o Vigilant (SuyE0RFFH) | R 6 NI L 72IKE, 2
W 7 F RIS IC KX) B e B TR
R
3(a) 13, HEARET NV TH S FUNNEL-BASE DIRGEEE
BotkfzmRd. 22T, maiﬁm%tm PERFEE D
B OEROEGEE %, § \LBREOREELRT. 1T, f
&ﬁ@(ﬂi”‘*%T?‘*f’. é % 2, ko (P1) 2 KH
T 572012, KT, F‘ZO‘”“ (t) Lt 12 BT 2
%ﬁ%t%&v%ﬁtbf%ﬁ?é.

5 X, MEEB L OJECE S RIS 5.
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7V 1 (Funnel-BASE)  S(t), I(t), V(t) ZFZ ¢ 12
B 2R EREEE, R, RIERFEORK LT 5.
FUNNEL-BASE 1%, KORXTHERINAS.

St+1)=5)—BH)SH)IE) +~V(t)
I(t+1)=1(t)+ B(t)S(®)I(t) — oI(¢)
V(t+1)=V(t)+I(t) —~V(¢) (1)
::f,mm:%.@+3fm4%@+&»)1%:m
L, S5, N=S@t)+I(t)+V(t), S1)=N-1,
I1)=1, V(1)=0&7 5.
F &AL, FUNNEL-BASE (I RD/NT X — 7 45 THEK
S5 b ={N, By, 5,7, P, P.}.
N R OEAERI AL
o [y o BEGER DA HEEE.
o O EOMIER,
v SRS DA,
P, FEitoms, HRIE.
o P FEHiMEDNA.
3.2.2 EREVIIE — Funnel-R
2 OHDEFE (P2) O, ETNVERD L )L
T 5.
E7)V 2 (Funnel-R)
NN

ORES:S LA VaF IR 2K $

S(t+1) = S(t) — BE)SEI() + AV (E) — O()S(t)
I(t+1) = I(t) + B()S(t)I(t) — SI(¢)
V(t+1) = V(t) + 61(t) — 4V (t) + 0(t)S(2) 2)

CIT, BRI EORBRAE tg £ L, ROLHIE
%ﬁézmw:{o (t <to)
0o (t>tg)

ZDETFIVIZ, FUNNEL-BASE |ZIEIRIHRARI RO ESE 0(t)
EMzb0THE. T, M3 (b) IRT LI, EZ
PERFEEDS, 77 F RV EWERGFIC LY, B
RIERFFE DR ICBATT 5. AT 2= b2z,
FUNNEL-R ZRD/NT XA =5 % FF 5 T r = {tg,0p}.

o to ! EIRIATNR D BIERH.

o 0o ! FERBARROMRS, PLHEE.
3.2.3 4#8> 3 v ¥ — Funnel-RE

RIZ, 3DOHDEH 1 (P4) IZ2WVWTHNL, EIHFDE
IHMEREIRIC & - TEBWICHITT A2 0D L. 2Lz
X, BRA Y 7V OmATEE LG I, BED
WL D L DEEBPAEFNL Z LITh 5.
CORRERBT L7012, KRBT T —BH 2 &K
TALE e(t) xEAT A, BRI, 3(b) IZRT L9
2, B l2BWTHERY 3 v 210k B ARy S E 72
Bity, BSEVEREEE S(t) DR BA—FEICZELT 5.

SIS E Y, KRB REGE RNy — v BRI S,
E7)V 3 (Funnel-RE) fREETIVITRONTHRI S
na:

Stt+1) = S(t) — B SOIE) + 7V
I(t+1) = I(t) + B)e(t)SH)I(t) — SI(t
V(t+1) = V(t) +0I(t) — V() +00)SE)  (3)

(t) = 0(8)S(?)
)

*6 1 4ERNIE 52 H TR S S,
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TIT, et) i, —WEI R RSB LR R ET
k
() =1+ flt:el™),
=1

f(t;e(T)) _ ) e (ty—te <t <t,+ts)
0 (else)
k3ANE Y =2 v 7 Ol EIRT (k=0 D%EIEe(t) = 1).
BHERY 3 v 7 1ZRDINT X =5 THEKENS | eT) =
{fwtg,eo}.
o t, AN Y 3y s ANRY P OFULIELL
o t, ARV IDEX,
o o MY a v IR OEE.

3.3 FUNNEL — ##> -7 > X054

WHEICIE, B—DERY —7 » A2\ T FUNNEL D
RIEEWVIZOWTIRAR, 2225601, BRT v VIV X 5
ZHNT2H 2 TO dFEDIER, 1 P O#IFOE 4 DR
WEEBTAETVIIOVWTER L., T, ROMHMN%E
fRIEL LTHITONDLON, Ty IV X % (dx1)HO
BE&n0y—ry 2488 oyl (0F), -
ON) ogwHy—r v R) ERAEL, £ =7 v AR L
BN ETNINT A — 54 br,eD) ZHET DY
ETHAH. LeLeDE, TRLEDOT—HIVOERY — 7
Y ADNRT (disease, state) DHIIL, 72& 2L, TI AL
MBI B T4 LIED L H 12, EREBDIEF LA
IN= ABBERIIT — ¥ R EUHAENE {, HENICHEA O
ETWNT A=Y 2 BT HIEDHETH L. S5,
FRoOFETE, Fu—ir (FH) OERORENE T
WELT B LN TERV, COMBEEFRT L7012, K
e Cld, | AFTOTRTOMT, —FDI/$TF 2 — & %
BTAHFEEHS.

FUNNEL — /XT X —4&&. KWIFROHMIE, KHE
BEIRT — 4 X € N i\ L v MR %
T2 EThHs. M4 BREEFVOMELZRT. 5
WT YN XDBEZ SN E, REFEIES DOERE
REFEZFERLTL L (P1) B BHMEOEROERN %
I, (P2) R EWRAANR, (P3) N @ ik, (P4)
EhEray ARy M ES, P M ATITT —
ZZT, (P1) & (P2) 1, Zu—n) (F) OFEEVEE
HT 27 2=58E4, (P3)du—n (M) Ofie D
y—r, ZLT, (P4) & (P5) & X OIMBERNICET 2
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(P1, P2): global/country view  (P3): local/state view (P4, P5): extra view - E: shocks & M: mistakes
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——
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X2 1 1
S L7 _ NASKRP 0,1, — Ve it
3 - £ M ]
WS Y )
3 . p— = > ’ PR
7 time 6 2 n n
(a) FUNNEL DE TV (F = {B,R,N, E, M})
(ek) «—
[ ¢ () (5) 1 k
/ EZ / @ e & e el /ﬂ“tu’%
£ = + o - [E7] [k
dj -"'(Q) &< d‘ e(D)le‘—’
(e2) (D) (e1) ®  (e2) (D) (ek) — 3
7 € ) € k

b)Y IR =2y 7572V (E = {EP EM EO®)))

4 FUNNEL OBEE. $RETFHRITERT v VIV X OFP L EER/NY — v & HEIH T 2

Fig. 4 llustration of FUNNEL structure: we extract the important behavior of epidemics

from X.

WNITRXA—FELETH 5.

F#H 1 (FUNNEL D/XT 4 —2&EE) F 2ERT >~
UNVX ZRKRTHENTA—54%45F = {B,R,N, E, M}
L9 5.
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Fig. 5 External shock vs. mistake for giardiasis.
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Algorithm 1 FUNNELFIT (X)
1: Input: Tensor X (d x I X n)

2: Output: Complete set of parameters,
ie, F={B,R,N,E, M}
: /* Parameter fitting for global-level sequences */
: {Fg} =GLOBALFIT (X);
/* Parameter fitting for local-level sequences */
: {Fr} =LocALFIT (X, Fg);
: return F = {Fg, Fr};

N o O w
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F={B,R,N,E M} 25#E{t$20TH5.
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Algorithm 2 GLOBALFIT (X)
1: Input: Tensor X’

2: Output: Set of global-level parameters Fg

3: fori=1:ddo

4:  Create &; from X; /* Global sequence x; of i-th disease
*/

5. /* Initialize external shocks and mistakes for disease i
*/

6: EP =g™=MP

3

=M™ = g;

7:  while improving the cost do

8: b; = arg pﬁn Costo(®:|b), 7, BT, M{™); /* Base */

9: ri = arg min Costc (@i|bs, 7/, E{™, M{™); /* Reduc-
tion */

10: EP = E™ = M = M™ = ¢; /* mitialize
values */

11: /* Find external shocks and mistakes for disease ¢ */

12: while improving the cost do

13: e = arg,(g)linCostc(i”bi, ri (BT UMy Mm(T)y,

14: mT) = arg r;linc’ostc(i:“bi.ri,E,ET). (T U (D,

15: /* Compa?el(e;(ternal shock vs. mistake */

16: if Costr(®:;eT)) < Costr(Z:;;m™)) then

17: /* External shock wins - treat as an external

shock */

1 E® —(EP U BT - (B U,

19: else

20: /* Mistake wins - treat as a mistake value */

21 M(D) {M(D) Uil M(T) {M(T) Um(T)}

22: end if

23: end while

24:  end while
25:  /* Update parameter set of i-th disease */
26: B=BUb;; R=RUnwr;

o7 E® =g® yEP); E® =™ yE™,
28: M® =M® uMP; M® =M™ um™;
29: end for

30: return Fg = {B7R,E(D),E(T)7M(D)7M(T)};

Algorithm 3 LocaLFiT (X, B,R,EP) E(T) M®) M(T)

TiR/MET 5.

HWENTEIE 1 FuNNeLFIT OFME &L O(dln) TH 5.

A1 TV X S ra—NL (EH) OERY —7
Y ARERT 572012 O(din) OFFERAET 5. GLOB-
ALFIT OFPHEEIE O(#zter- (k+|M|)-dn) TH Y, #iter
ERAEREERL, k& | M| &Zhzh, 4 ay 2o
%, ANTI—5 vV M OFOI ELaBEEOREZ
RY. [AERLS, LocALFIT & O(#iter - (k+|M]) - din) O
FIHELXET L. 22T, #iter, k, | M| IZIEFITHS W
EMTH LD, BETLIENTES., Lz2->T, B
HEIZ O(in) TH 5.
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1: Input: (a) Tensor X, (b) global-level parameter set Fg
2: Qutput: Set of local-level parameters, i.e., Fr

3: while improving the cost do

4:  /* For each local sequence x;; of i-th disease in j-th

state */

5. fori=1:ddo

6: for j=1:1do

7 N = arg min Costc (x5 |B, R, N E, M);

8: end for

9: end for

10:  for each external shock (e(D), e, e(T)) € E do
11: Update e) to minimize the cost /* Local participa-

tion rate */

12:  end for

13:  for each mistake (m(D),m(S),m(T)) eM do

14: Update m ) to minimize the cost /* Mistake value
*/

15:  end for

16: end while

17: return Fz = {N,E® M®)};
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Q3 /8% — VIS A RHE R O REE

51 BRT—2PS5NEENZ—CDRER

RETTIE, REBEER T — 7 1204 5 FUNNEL D53
ORI BEET 5.

X 6 &, 15 fOEFERIERIIST S ETNVEZHOMR
ERLTWS, JKEBEOAHZA ) PP VT =5 %, O
FERIIREFLEOFERERE I 2 RLT05, £ —F v

AlFEnEn, §EATr—V (LB, A7 —n (F
B) T/HRLTBY, TRIZOWTIE, BEZOHEEDIT
MU, B VERFEE S(t) LRI V() ofEld £
LTW5,

T, il 5 DOERELIFROERICEALT, &
FRETHONIZMAICOWTHRT 5.
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Fig. 6 Fitting results of FUNNEL for 15 diseases (global-level counts).
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£3 7T DT Aty AL [43] & FUNNEL OFiH

Table 3 The year of vaccine licensure [43] vs. detection.

Disease licensure | detected
Measles 1963 1965
Mumps 1967 1975
Whooping cough (pertussis) 1948 1951
Rubella 1969 1972

o Original
— ()

1930 1950 1970
Year o Original

---S()
e
-V

o Original
---S(t)
—1(t)

1930 1950 1970 1930 1950
Year Year

(a) =2 —3 =2 (NY)
7 RREOB =T (M) ORI bR

Fig. 7 Local-level fittings for measles.
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Fig. 8 Fitting accuracy for the global and local sequences.
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Fig. 9 FUNNELFIT scales linearly: wall clock time vs. dataset

size.
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PEALE (scarlet fever) &, 25 RGO #2 IR
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SR BUE 2 AT HHERR C & 5 [26).
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(smallpox) DFEATAS 1937-39 4EIZHF THLE L 72 [5].
o (j) KIEEDERTH L 7 ) 7 b AR P77 LE (Cryp-
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Fig. 10 Forecasting result: we train the model parameters using 2/3 of each sequence

(i.e., solid black lines). We then start forecasting (at the vertical dotted line).
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Fig. 11 FUNNEL is general: our model (solid lines) fits com-

puter virus data (in circles) very well.
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