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Terrible impact of this pandemic
The complex, dangerous, critical work by healthcare professionals all over
the world on the front line of this battle
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All essential frontline workers, including first responders, grocery-store
workers, and transit workers
We owe them all a great deal of gratitude

Relevant links:
“Life and Death in the ‘Hot Zone”’ (article and video) by Nicholas Kristof, New York Times,
4/11/2020
https: // nyti. ms/ 3a1GATB
Webinar by Dr Carolina Arias Gonzales (UCSB MCDB) and Dr Lynn N. Fitzgibbons (Cottage
Health), 4/14/2020
https: // www. cits. ucsb. edu/ spring2020

With COVID-19,
modeling takes on life and death importance
“But on March 16th, the Imperial College group published a dramatically
revised model that concluded [...] that even a reduced peak would fill twice
as many intensive care beds as estimated previously.” Science, March 27th
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Warnings: elementary intro, no new model
My qualifications:
F. Bullo. Lectures on Network Systems. Kindle Direct Publishing, 1.3 edition, July 2019.
URL: http://motion.me.ucsb.edu/book-lns
W. Mei, S. Mohagheghi, S. Zampieri, and F. Bullo. On the dynamics of deterministic
epidemic propagation over networks. Annual Reviews in Control, 44:116–128, 2017.
doi:10.1016/j.arcontrol.2017.09.002

Daniel Bernoulli 1760: controversial smallpox variolation
“the greatest killer in history”
variolation, i.e., inoculation with a mild strain
controversy: long-term benefit vs risk of immediate death

W. Hamer 1906: nonlinear incidence
compartments: S, I and R
incidence = number of new cases per unit time
depends on the product of the densities of S and I

using empirical data, mathematical proof that inoculation
could increase life expectancy at birth up to three years

MARCH 3, 1906.
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W . O. K e rm a c k a n d A. G. M cK en d rick .
Summary.

The various possible mechanisms for the production of ammonia in a nitrogen
hydrogen mixture by means of thermions have been investigated in detail.
It is shown that synthesis can occur due to the following reactions—
N 2 + H at the surface of platinum or nickel.
N 2 + H ' in the bulk at 13 volts.
following molecular species are
shown to be chemically reactive—
Kermack andThe McKendrick
1927:
N 2+ in the bulk at 17 volts,
N+
in the bulk at 23 volts,
epidemic
thresholds and outbreaks
and possible modes of mechanism involving N 2' and H ' are elaborated.
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MR. PRESIDENT AND GENTLEMEN,&mdash;Changes of type in epidemic diseases was the subject chosen by Dr. B. A Whitelegge
for the Milroy lectures of 1893, to which the reader perforce
returns again and again, as if increase of appetite had grown
by what it fed on. The same topic has been variously
approached and in recent years more particularly from the
evolutionary standpoint. Already towards the close of the
seventeenth century Sydenham had been accorded a Pisgah
sight of the land to be explored, but prior to the RegistrarGeneral and to Darwin no considerable advance into this
new territory was possible.
Even in the " fifties " there was
much speculation which now seems strangely out of date.
Murchison contended, on the one hand, for the de novo origin
of typhoid fever and he notes, ’’ No mention is made of
specific disease in the Mosaic account of the Creation, when we
are told that every living creature and herb of the field was
created and it would be absurd to imagine that all of them
have sprung from Adam." On the other hand, he observes
that " although typhus varies in its severity and duration at
different times and under different circumstances, there is no
evidence of any change in type or essential characters. The
typhus of modern times is the same as that described by
Frascatorius and Cardanus." The pages of the Edinburgh
Medical Journal, 1856-58, contain a discussion on the transition from the "sthenic or phlogistic character" of continued fever in an earlier 12 years to the "asthenic or
adynamic character in the 12 years which had then just
elapsed." Blood-letting, formerly widely practised, had
been practically abandoned as a method of cure for fevers.
The supposed change of type, Murchison argued, was really
a change from one kind of fever, relapsing fever, to another
kind of fever, typhus ; this and not the practice of bloodletting explained the lower mortality in the earlier period,
the diversity " resided in the mental revolutions of practi
tioners rather than in the actual revolutions of disease."
Murchison might have quoted the passage cited by Dr. Milroy
apropos of errors of nomenclature from John Locke : " Were
the imperfections of language as the instrument of knowledge more thoroughly weighed, a great many of the controversies that make such a noise in the world would of themselves cease and the way to knowledge and to peace too lie
a great deal opener than it does’3; while to the same effect
Bacon has remarked : ’’ Although we think we govern our
words yet certain it is that words as a Tartar’s bow do shoot
back upon the understanding of the wisest, and mightily
entangle and pervert the judgment."
The Registration Act of 1837, as has often been observed,
marks a new departure.
Dr. Farr commented upon the
notable advance made when statistical records were first
applied to the study of epeidmic disease. The RegistrarGeneral calculates rates to two places of decimals, but there
is still no precise agreement as to the nature of the units
dealt with. Is "typhus," for example, the disease of 1847
or that which smouldered in Bermondsey in 1903 ?
Scarlet
fever is said to prevail nowadays in an attenuated form, but
there is no scale by which to gauge it. The child reaches a
stage in his mental development when he begins to wonder
why he has been content to accept some concrete piece of
string or chalk as a test object to be referred to in discussing
questions of length or size. The units referred to by the

"
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threshold theorems for epidemic outbreaks

By W. 0. K e r ma c k and A. G. Mc K e n d r i c k .

1 Lectures II. and III. will be delivered
respectivelv.

No. 4305.
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(1)
One of the most striking features in the study of epidemics is the difficulty
of finding a causal factor which appears to be adequate to account for the
magnitude of the frequent epidemics of disease which visit almost every population. I t was with a view to obtaining more insight regarding the effects of the
various factors which govern the spread of contagious epidemics that the present
investigation was undertaken. Reference may here be made to the work of Ross
and Hudson (1915-17) in which the same problem is attacked. The problem is
here carried to a further stage, and it is considered from a point of view which
is in one sense more general. The problem may be summarised as follows :
One (or more) infected person is introduced into a community of individuals,
more or less susceptible to the disease in question. The disease spreads from

different forms of continued fever too much reliance has
been placed on their symptoms and pathology, while there
has been a want of sufficient investigation of their causes."
With elaboration of the germ theory the pendulum ha&
swung to the other extreme and it is now quite orthodox
doctrine to hold that the presence of a particular germ
spells specific disease; indeed, it may be questioned whethersome modern bacteriologists, in the light of the demonstration of diphtheria, cholera, and enteric fever bacilli in,
persons presenting no symptoms of illness, would not feel
that Murchison much exaggerated the difficulties inherent in
a hypothesis requiring the co-existence of all pathogenic
organisms in one individual. "The germ," Sir William
Collins says, "has perhaps been too much with us, and the
paramount importance of soil has been absurdly underrated."
Or, to quote Dr. G. Newman, "The early school of preventive
medicine declared for the health of the individual and laid
the emphasis upon predisposition ; the modern school have
declared for the infecting agent and have laid emphasis upon
the bacillus. The truth is to be found in a right perception
of the action and interaction of the tissues and the bacillus."
Or as Dr. F. G. Clemow expresses it, " Though constantly
spoken of as if it were a material tangible entity disease is,
in fact, no such thing. It is only a morbid phenomenon, or
rather a group of morbid processes, in the tissues of a
particular animal organism. In the language of logic it is
not even a phenomenon but an epiphenomenon.
Here is a fertile source of difficulty and misapprehension.
It has been suggested that rhythmical evolutionary changes
in the life-history of micro-organisms may prove explanatory
of waves of disease, but is the rhythm manifested in the
micro-organism or in that epiphenomenon the interaction
between germ and tissues? If the latter we dispose at once of
a difficulty.
The fossils in the strata do not recur cyclicallyp
a species once extinguished never reappears.
Is this true
also in the case of disease organisms or must these ’’ lowly
organisms, on the borderland of the animal and vegetable
kingdoms, on the threshold, as it were, of the organic and
inorganic,...... whose cycle may be less than an hour and
whose rate of propagation is incalculable" (Collins) be
regarded as exceptional ? Sir George Darwin has discussed
"the extent to which ideas parallel to those which have
done so much towards elucidating the problems of life hold
good also in the world of matter." He regards the several
chemical elements as " different kinds of communities of
corpuscles which have proved "by their stability to be successful in the struggle for life." Again he says : ’’ An atom
continuously radiates and loses energy and must ultimately
run down as a clock does ; its decay may be very slow, it
may run for 1,000,000 years but it cannot be eternal." From
this new point of view the older ideas concerning evolution
2
come under criticism.
It might be thought that study of the records of disease
would throw light upon change of type ; indeed, Sydenham
hints as much but expresses the view that the materials
which could be collected in a single lifetime would not be
abundant enough for the purpose. Again, Hecker points
out that "such an insight into disease as is worthy of the
dignity of a science cannot be obtained by observation of
isolated epidemics, because Nature never in any one of them
displays herself in all her bearings nor brings into action at
one time more than a few of the laws of general disease.
One generation, however rich it may be in stores of
important knowledge, is never adequate to establish, on the

motivated by a range of infectious diseases and outbreaks,
one thousand and one models have been analyzed mathematically
e.g., models with age structure, heterogeneity, and spatial structure

(Communicated by Sir Gilbert Walker, F.R.S.—Received May 13, 1927.)

Introduction.

are unfortunately still
of this primitive
character; there is no standard case of typhus fever
deposited at Kew and no one proposes to test strains of
small-pox by their ability to kill unvaccinated vagrants of
in
given weights specified times.
Murchison has remarked that "in distinguishing the

Hethcote’s leading survey in 2000

A Contribution to the Mathematical Theory o f Epidemics.

(From the Laboratory of the Royal College of Physicians, Edinburgh.)
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2 Thus Sir
George Darwin expresses a doubt "whether biologists
have been correct in looking for continuous transformation of species."
" Judging by analogy we should rather expect to find slight continuous changes occurring during a long period of time followed by a
somewhat sudden transformation into a new species or by rapid extinction," and he proceeds to refer to "Theories of physical evolution
which involve the discovery of modes of motion or configurations of
matter which are capable of persistence. The physicist describes such
types as stable; the biologist calls them species." Again Weismann
writes, " the idea of species is fully justified in a certain sense ; we find,
indeed, at certain times a breaking up of the fixed specific type, the
species becomes variable, but soon the medley of forms clears up again
and a new constant form arises&mdash;a new species which remains the
same for a long series of generations until ultimately it too begins to
waver and is transformed once more." Bastian finds in the persistence
of low types of life evidence of the "continual surging up through all
geologic time of freshly evolved forms."
I

c 2000 Society for Industrial and Applied Mathematics
!

The Mathematics of Infectious
Diseases∗
Herbert W. Hethcote†
Abstract. Many models for the spread of infectious diseases in populations have been analyzed mathematically and applied to specific diseases. Threshold theorems involving the basic reproduction number R0 , the contact number σ, and the replacement number R are reviewed
for the classic SIR epidemic and endemic models. Similar results with new expressions for
R0 are obtained for MSEIR and SEIR endemic models with either continuous age or age
groups. Values of R0 and σ are estimated for various diseases including measles in Niger
and pertussis in the United States. Previous models with age structure, heterogeneity, and
spatial structure are surveyed.
Key words. thresholds, basic reproduction number, contact number, epidemiology, infectious diseases
AMS subject classifications. Primary, 92D30; Secondary, 34C23, 34C60, 35B32, 35F25
PII. S0036144500371907

1. Introduction. The effectiveness of improved sanitation, antibiotics, and vaccination programs created a confidence in the 1960s that infectious diseases would
soon be eliminated. Consequently, chronic diseases such as cardiovascular disease and

Historical review of mathematical epidemiology

Outline

Daniel Bernoulli. Essai d’une nouvelle analyse de la mortalité causée par la petite
vérole, et des avantages de l’inoculation pour la prévenir. Mémoires de
Mathématiques et de Physique, Académie Royale des Sciences, pages 1–45, 1760
1

W. H. Hamer. On epidemic disease in England. The Lancet, 167(4305):569–574,
1906. doi:10.1016/S0140-6736(01)80187-2
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W. O. Kermack and A. G. McKendrick. A contribution to the mathematical theory
of epidemics. Proceedings of the Royal Society A, 115:700–721, 1927.
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N. T. J. Bailey. The Mathematical Theory of Infectious Diseases. Griffin, 1957
H. W. Hethcote. The mathematics of infectious diseases. SIAM Review,
42(4):599–653, 2000. doi:10.1137/S0036144500371907

Concept #1: Compartmental Models

vaccination

each individual is in one of multiple possible states:
Susceptible

Infected

Recovered

birth

Susceptible
death

Two types of transitions:
1
2

S → I : interaction between a susceptible and an infected
I → R: spontaneous, independent of interactions

Infected
death

loss of immunity

Recovered
death

Concept # 2: Simplest SIR model
I

S
SUSCEPTIBLE

contagion

a, b, g, d
l

H

k

s

r

asymptomatic
infected,
undetected

D
diagnosis

e

DIAGNOSED
asymptomatic
infected,
detected

h

symptoms

healing

HEALED

INFECTED

A

s = fraction
susceptible

symptoms

R

AILING

diagnosis

RECOGNISED

symptomatic
infected,
undetected

q

symptomatic
infected,
detected

critical

m

healing

n

death

t

r = fraction
recovered

critical

given infection rate β and recovery rate γ,
given initial values s(0), x(0), r (0):

T

EXTINCT

x

x = fraction
infected

differential equation = fundamental mechanism to compute an evolution

THREATENED

E

sx

acutely
symptomatic
infected,
detected

ṡ = −βsx

ẋ = βsx − γx
r˙ = γx

aphical scheme representing the interactions among di↵erent stages of infection in the mathematical model SIDARTHE.
G. Giordano, F. Blanchini, R. Bruno, P. Colaneri, A. Di Filippo, A. Di Matteo, and M. Colaneri. A
SIDARTHE model of COVID-19 epidemic in Italy, 2020. Arxiv preprint. URL: https://arxiv.org/pdf/
2003.09861

DARTHE dynamical system consists of eight ordinary di↵erential equations, describing the evolution of
Scope
simplest
SIR model
Predictions of
ion in each
stageof
over
time:
Ṡ(t) = of S(t)(↵I(t)
+ on
D(t)
+ A(t) + R(t))
In a population
n individuals,
average:
˙
1 contacts
uniformly
randomly
individuals
I(t) =between
S(t)(↵I(t)
+ D(t)
+ A(t)selected
+ R(t))
(✏ + ⇣ + )I(t)
rate β(⌘c +
> ⇢)D(t)
0 so that
Ḋ(t)contact
= ✏I(t)
t ++∆t),
nβc ∆t individuals meet other nβc ∆t
Ȧ(t) = during
⇣I(t)(t, (✓
µ + )A(t)
i.e.,
each
individual
meets βc ∆t
Ṙ(t) = ⌘D(t) + ✓A(t) (⌫ + ⇠)R(t)

(1)
(2)
(3)

ṡ = −βsx

(4)

ẋ = βsx − γx

(5)

<(t)
1 resulting in infection
Ṫ (t)transmission
= µA(t) +fraction
⌫R(t) 0( <+β⌧t )T

(6)

Ḣ(t)

(7)

=

simplest SIR model

I(t) + ⇢D(t) + A(t) + ⇠R(t) + T (t)

=γ

r˙ = γx

recovery rate γ > 0 so that
Ė(t) = ⌧ T (t)
(8)% infected individuals
x(t),
during (t, t + ∆t), nγ∆t individuals recover
100%
i.e., infective
period =
1/γ
uppercase Latin letters
(state variables)
represent
the fraction of population in each stage,80%while all the

β
γ


s −1 x

2

x(t), % infected individuals
100%

s(t)
80%

parameters, denoted by Greek letters, are positive numbers. In particular, the parameters:

60%

r (t)
60%

s(t)

,

r (t)
respectively denote the transmission rate (i.e. the probability of disease transmission
40% in a single
Therefore,
on
average
ct times the average number of contacts per person) due to contacts between a Susceptible20%subject and
ected, a Diagnosed,x(t
an+
Ailing,
Recognised subject. Typically, ↵ is larger than (assuming that
x(t)people
∆t) −a x(t)
= symptoms,
+ 2βt βc even
x(t)s(t)
− γx(t) has not been made yet), which
o avoid contacts with subjects showing
though diagnosis
8
4
12
| {z }
| {z }
∆t
n is probably larger than and (assumingrate
thatβsubjects
who
have
been
diagnosed
are
properly
isolated).
(a) NO OUTBREAK
Hamer’s product
parameters can be modified by social distancing policies (e.g., closing schools, remote working, etc.).

40%

x(t)
20%

t
16

t
4

8

12

(b) OUTBREAK

16

Concept #3: Reproduction number and epidemic threshold

Speculations about uncertain COVID-19 parameters

Basic reproduction number R0 = expected number of secondary cases
produced by a typical infective individual, at start of epidemic

Values before: social distancing, other NPI measures, and fear

R0 = β × 1/γ × s(0)


≈ (contacts/day) × (transmission) × (infective days) × s(0)
R0 > 1

=⇒

exponential growth

x(t), % infected individuals

x(t), % infected individuals

Quantity

Value

Explanation

R0

2.2-2.7
persons

incubation
period
infective
period 1/γ

5 days

doubling
time

2-7 days

Highly dependent upon region, age group, etc.
Some estimates are much higher. (source:
wikipedia)
(median), between exposure and first symptoms,
97.5% before 12 days. (source: wikipedia)
“people can test positive for COVID-19 from 13 days before they develop symptoms” (source:
Report WHO China Joint Mission). includes
asymptomatic infective people.
(source: Imperial College report and “Epidemic
doubling time of the COVID-19 epidemic by Chinese province”)

asymptom
cases

5% - 80%

5 days

100%

100%

R(t) = s(t)/

s(t)
80%

80%

r (t)
60%

60%

R(t) > 1

R(t) < 1

40%

40%

x(t)
20%

20%

x(t)

t
4

8

tpeak

16

12

8

12

t
16

Question 1: what are individual factors in R0 ? For thought
experiments – without further evidence – imagine


R0
≈ (contacts/day) × (transmission) × (infective days) × s(0)
|{z}
|
{z
} |
{z
}
{z
} |{z}
|
2.5 persons

2 persons/day

25%

5 days

1
2

ln(2)
ln(2)
=
≈ 2.3days
(β − γ)
1/2 − 1/5
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100%

Question 2: how to compute the doubling time? While s ≈ 1,
tdoubling ≈
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Question 3 (Herd Immunity): what percentage of the population x ∗
needs to have immunity in order for R(t) = 1? Assume all population
is susceptible s(0) = 100%, then
1 = R(t) = R0 s(t ∗ )

=⇒

x ∗ = 1 − s(t ∗ ) = 1 −

1
= 60%
R0

(c) Heterogeneity by spatial position

(d) Heterogeneity by age structure

More accurate models: Structured Multi-group SIR

Stochastic SIR models

n = number of homogeneous groups in heterogeneous population
based on spatial position, age, social behavior

In the spirit of “simplest SIR” = compartments with transitions
No explicit estimation/computation of contact rates
From differential equations to stochastic virtual worlds
Imperial College model, Report March 16th, 2020

1

for each group, si susceptible, xi infected, or ri recovered

1

synthetic individuals – by spatial position, age, social behavior

2

heterogeneous recovery rate γi

2

3

heterogeneous meeting/contact rate (βc )ij between i and j

synthetic contacts at: (1) home/residence, (2) central hubs (work,
schools, markets, churches), (3) local neighborhoods

3

parameters of person-to-person contact based on large tuning data

4

stochastic individual-based simulation
large-scale Monte-Carlo simulations on HPC clusters

ẋ = βsx − γx

=⇒

ẋi =

Xn

j=1

βt (βc )ij si xj − γi xi

Stochastic simulation + visualization: https://youtu.be/gxAaO2rsdIs

Parameters: infection matrix βt βc , recovery rates γi

Outline
N. M. Ferguson et al. Impact of non-pharmaceutical interventions (NPIs)
to reduce COVID19 mortality and healthcare demand. Technical report,
Imperial College, March 2020. doi:10.25561/77482
1
16 March 2020

Imperial College COVID-19 Response Team

2

1

Impact of non-pharmaceutical interventions (NPIs) to reduce COVID19 mortality and healthcare demand
Neil M Ferguson, Daniel Laydon, Gemma Nedjati-Gilani, Natsuko Imai, Kylie Ainslie, Marc Baguelin,
Sangeeta Bhatia, Adhiratha Boonyasiri, Zulma Cucunubá, Gina Cuomo-Dannenburg, Amy Dighe, Ilaria
Dorigatti, Han Fu, Katy Gaythorpe, Will Green, Arran Hamlet, Wes Hinsley, Lucy C Okell, Sabine van
Elsland, Hayley Thompson, Robert Verity, Erik Volz, Haowei Wang, Yuanrong Wang, Patrick GT Walker,
Caroline Walters, Peter Winskill, Charles Whittaker, Christl A Donnelly, Steven Riley, Azra C Ghani.
On behalf of the Imperial College COVID-19 Response Team
WHO Collaborating Centre for Infectious Disease Modelling
MRC Centre for Global Infectious Disease Analysis
Abdul Latif Jameel Institute for Disease and Emergency Analytics
Imperial College London
Correspondence: neil.ferguson@imperial.ac.uk

Summary
The global impact of COVID-19 has been profound, and the public health threat it represents is the
most serious seen in a respiratory virus since the 1918 H1N1 influenza pandemic. Here we present the
results of epidemiological modelling which has informed policymaking in the UK and other countries
in recent weeks. In the absence of a COVID-19 vaccine, we assess the potential role of a number of
public health measures so-called non-pharmaceutical interventions (NPIs) aimed at reducing
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Statistical model estimation
do not impose a mechanism for transmission, do not model
micro-interactions and micro-transitions between compartments
direct interpolation of signals
model empirically-observed death rate curves

IHME COVID-19 health service utilization forecasting team, C. Murray.
Forecasting COVID-19 impact on hospital bed-days, ICU-days,
ventilator-days and deaths by US state in the next 4 months. medRxiv,
2020. URL: https://covid19.healthdata.org/,
doi:10.1101/2020.03.27.20043752

Institute for Health Metrics and Evaluation (IHME), lead by Dr Murray.
MedRxiv paper March 30th, 2020.
1

Forecasting COVID-19 impact on hospital bed-days, ICU-days, ventilatordays and deaths by US state in the next 4 months

collected: age-specific deaths by day, start date for NPIs, hospital
beds and ICU capacity, & (starting April 17) mobile phone data

2

indirect standardization of age structure

3

only “admin 1 locations” with .31 death/million and time-referenced

4

curve-fitting: cumulative death rate as Gaussian error function

5

statistical covariate: # days from .31 threshold to NPI day
estimated from Wuhan data (before and after NPI impositions)

IHME COVID-19 health service utilization forecasting team

Key Points
Question: Assuming social distancing measures are maintained, what are the forecasted gaps in
available health service resources and number of deaths from the COVID-19 pandemic for each
state in the United States?
Findings: Using a statistical model, we predict excess demand will be 64,175 (95% UI 7,977 to
251,059) total beds and 17,380 (95% UI 2,432 to 57,955) ICU beds at the peak of COVID-19.
Peak ventilator use is predicted to be 19,481 (95% UI 9,767 to 39,674) ventilators. Peak demand
will be in the second week of April. We estimate 81,114 (95% UI 38,242 to 162,106) deaths in
the United States from COVID-19 over the next 4 months.
Meaning: Even with social distancing measures enacted and sustained, the peak demand for
hospital services due to the COVID-19 pandemic is likely going to exceed capacity substantially.
Alongside the implementation and enforcement of social distancing measures, there is an urgent
need to develop and implement plans to reduce non-COVID-19 demand for and temporarily
increase capacity of health facilities.

Abstract

COVID-19 Projections

GHDX

VIZ HUB
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California
Government-mandated social distancing
Mass gathering restrictions

Initial business closure

March 11, 2020

March 19, 2020

Non-essential services closed

Stay at home order

March 19, 2020

March 19, 2020

Importance: This study presents the first set of estimates of predicted health service utilization
and deaths due to COVID-19 by day for the next 4 months for each state in the US.
Objective: To determine the extent and timing of deaths and excess demand for hospital services
due to COVID-19 in the US.
Design, Setting, and Participants: This study used data on confirmed COVID-19 deaths by
day from WHO websites and local and national governments; data on hospital capacity and
utilization for US states; and observed COVID-19 utilization data from select locations to
develop a statistical model forecasting deaths and hospital utilization against capacity by state for
the US over the next 4 months.
Exposure(s): COVID-19.
Main outcome(s) and measure(s): Deaths, bed and ICU occupancy, and ventilator use.
Results: Compared to licensed capacity and average annual occupancy rates, excess demand
from COVID-19 at the peak of the pandemic in the second week of April is predicted to be
64,175 (95% UI 7,977 to 251,059) total beds and 17,380 (95% UI 2,432 to 57,955) ICU beds. At
the peak of the pandemic, ventilator use is predicted to be 19,481 (95% UI 9,767 to 39,674). The
date of peak excess demand by state varies from the second week of April through May. We
estimate that there will be a total of 81,114 (95% UI 38,242 to 162,106) deaths from COVID-19
over the next 4 months in the US. Deaths from COVID-19 are estimated to drop below 10 deaths
per day between May 31 and June 6.
Conclusions and Relevance: In addition to a large number of deaths from COVID-19, the
epidemic in the US will place a load well beyond the current capacity of hospitals to manage,
especially for ICU care. These estimates can help inform the development and implementation of

Educational facilities closed
March 19, 2020

Travel severely limited

1

Not implemented

Deaths per day
4 days

96 COVID-19 deaths

since projected peak in daily deaths

projected on April 16, 2020

Sample references about statistical models
1

IHME COVID-19 health service utilization forecasting team, C. Murray. Forecasting COVID-19
impact on hospital bed-days, ICU-days, ventilator-days and deaths by US state in the next 4
months. medRxiv, 2020. URL: https://covid19.healthdata.org/,
doi:10.1101/2020.03.27.20043752

2

G. Sotgiu, G. A. Gerli, S. Centanni, M. Miozzo, G. W. Canonica, J. B. Soriano, and C. Virchow.
Advanced forecasting of SARS-CoV-2 related deaths in Italy, Germany, Spain, and New York State.
Allergy. doi:10.1111/all.14327

Containment strategy

After May 18, 2020, relaxing social distancing may be possible with containment strategies that include testing,
contact tracing, isolation, and limiting gathering size.

260
240
220

per day

200
180
160
140

Today

Containment strategy

Outline

1
2

historical notes
introduction to mathematical epidemiology
1
2
3

the simplest SIR model
stochastic SIR models
direct statistical estimation

3

summary evaluation

4

conclusion on non-pharmaceutical interventions (NPIs)

Evaluation of Statistical models by UK scientists

Evaluation of SIR models by IHME

From IHME MedRxiv on March 30th, criticism of SIR model:
1

“random mixing between all individuals in a given population”

2

given current estimates of R0 , SIR models “generally” over-predict

3
4

“results of these models are sensitive to starting assumptions”

“SIR models with assumptions of random mixing can overestimate
[...] by not taking into account behavioral change and
government-mandated action”

Summary

From CNN article on April 9th:
From IHME website as of April 9th, prediction of 66K deaths in the
UK by early August. (As of April 20th, IHME predicts 37.5K deaths)
Imperial College model predicts 20K-30K, if NPIs are imposed

260 years old mathematical journey. Results have been stellar.
simplest SIR model explains emerging phenomena
salient features: R(t), growth/decay, and explains NPIs
more realistic, but still extremely data-dependent, models:
1

Professor Sylvia Richardson, Cambridge University and co-chair of the
Royal Statistical Society Task Force on Covid-19, says
1

IHME’s projections are based on ”very strong assumptions about the
way the epidemic will progress.”

2

”based mostly on using the experience in other countries to fit a
smooth curve to the counts of deaths reported so far in the UK,
rather than any modeling of the epidemic itself.”

3

”Methods like this are well known for being extremely sensitive, and
are likely to change dramatically as new information comes in”

https://www.cnn.com/2020/04/08/health/uk-death-toll-coronavirus-estimate-gbr-intl/index.html

2

stochastic structured/multi-group SIR models
statistical models based on data fitting

name
simplest SIR
Stochastic SIR
Statistical models

description
low complexity explanation
mechanistic explanation
direct data fitting

scope
crucial basic understanding
assessment of existing and novel NPIs
prediction

from data to parameters and state – next webinars in series
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Concluding Question: how can we safely reopen UCSB?
What if we were to perform extensive testing, contact tracing and
other measures — for those students willing to consent?

What models and what data would we need?

What would a comprehensive approach entail?
campus infrastructure = health center, classroom, dining
digital infrastructure = mobile app, backend ...



R(t) = βm × βt × 1/γ × s(t)


≈ (contacts/day) × (transmission) × (infective days) × s(t)
Non-pharmaceutical interventions aimed at decreasing R(t):
NPI
washing hands and wearing masks
social distancing and travel restrictions
testing leading to quarantine
contact tracing leading to quarantine

effect
decrease infection transmission βt
decrease contact rates βm
decreases infective duration 1/γ
decreases infective duration 1/γ

