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I.  Alignment of the time courses

From the calculation of the doubling rate time courses (Figure 1B), we identified the maximum
doubling rate time point for each country and superimposed the time points with each other to align
them. To demonstrate this, take three countries and show how these three countries are aligned based
on the doubling rate with time. In the figure below, the normalized daily cases are shown and then
these three time traces are aligned at the maximum doubling rate. The dashed vertical line at zero in
the doubling rate aligned figure corresponds to the maximum doubling rate time point for each

country.
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II.  Model for optimizing the quarantine rate

The basic reproduction ratio for the SEIQR model discussed above is given by

R =Lt 2o

where —£—
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represents the extent of unlock. So this equation can be transformed as
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The value of quarantine rate 2' to keep R 0 equal to one would be



a
e max
Fa——a

This equation shows that the required fold change to the keep R0 value lower than one is higher as the
extent of lockdown is more. Thus, we argue that the higher F O(has a benefit of unlocking the economy

but it comes with a cost in spending financial as well as medical resources in testing. The benefit can be

simply written as

F +

F
benefit= “F takes into account the fact that above certain high quarantine rate F 0 the benefit would
0 [od

saturate. The cost, on the other hand, would also increase with higher quarantine rate as
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cost= where F . depicts the maximum capacity of the quarantine rate possible for a particular

country on the basis of it’s financial and medical resource limitations. The overall balance between the

cost and benefit can now be written as

F
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At the optimal F o value, the derivative of the balance equation must be zero. Hence,
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According to the RO value from the analytical calculation, it is in general demonstrable that the

increased transmission rate can be compensated by increasing the quarantine rate. However, the



quarantine rate can be accentuated by increasing the testing rate incurring extra cost. On the other hand
increased transmission rate by partially unlocking the system would benefit the economic transaction.

This can be understood quite intuitively. However, each country has different maximum testing
capacity. The maximum testing capacity is defined as the maximum number of tests a country can
perform per day. Thus, it is not possible to perform more tests than the maximum due to complete
exhaustion of resources. Therefore, the relative cost for tests greater than the maximum would be
infinite. At test rate zero, the cost would be zero. The cost would approach infinity at the maximum

quarantine rate. The simplest possible function which can achieve both the assumptions that it should

o

F —F
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be zero at zero quarantine rate (F o= 0)and infinite at a maximum quranatine rate (F W F C) is

which is a convex function. From this simple principle, we can argue that the cost curve must be
convex as we assumed in the paper based on the assumption that it should monotonically increase with
quarantine rate.

So, the main aim of the cost-benefit model is to quantitatively demonstrate that if the maximum
quarantine rate is high, then the relative increase in cost for increasing the quarantine rate by some
amount is less compared to the case of increasing the quarantine rate by the same amount when
maximum quarantine capacity is low. To demonstrate this we plotted the cost curve for different
maximum quarantine rate capacities for a particular country and show that the cost is higher for lower

maximum capacity for the same increase in quarantine rate.
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This can also be illustrated by taking derivative of the cost with respect to F .

F c F 1 dc 1 F.
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(since F >F ). This further demonstrates

cost (C dF

that the relative change in cost becomes very high when quarantine rate change F . approaches the
maximum capacity F . (F . ~F o ) owing to exhaustion of resources. This conclusion would remain the

same irrespective of the existence of optimum.

As long as the benefit is monotonically increasing with the lockdown opening, at least one maximum
would always exist in the cost-benefit trade-off. However, if benefit is so low that the benefit curve
never intersects the cost curve, there will be no optimum giving rise to a hopeless situation where no

amount of testing is sufficient to open the lockdown.

Ill.  Calculation of of R o from the ODE based model

If we assume quarantine by testing following the agent based model described in the previous section,
the exposed asymptomatic population would also be quarantined with a rate in addition to the

symptomatic infected patients. The equations for this case would be

dSt

= 8 — 85(t)— BS(OI(®) — B,SOE()
4EO. - g SOE(D) + BSOI(D) — o, E() — a E(t) — SE(®)
L0 = o E(t) - aI(t) - 8I(E)

S = I(t) + a E(H) — v Q) — 8Q(t)

dR(t)

= yQ(®) — 3R(?)

Where, we assumed a birth/death rate § and an extra quarantine rate o, in order to accommodate



quarantine by testing which can also identify asymptomatic exposed individuals. In this calculation, we

incorporated both the recovered and death by one equation for R(t).

The jacobian at the infection free equilibrium (I=0,E=0) is given by
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This shows that the reproduction ratio R, would reduce if quarantine rate is increased by increasing the
test rate through o, In the original model for fitting, we assumed that o, is small and additionally, the

natural death rate/birth rate dis also small in the time scale of the pandemic infection progression so
that the total population characteristics remain the same over the timescale. The equation further

demonstrates that R 0 would also reduce if the incubation rate a 1is high indicating the fact that if the

asymptomatic exposed population exhibits symptoms at a higher rate, the spread of infection would be
less. However, this will only happen when an asymptomatic carrier is capable of exposing a susceptible

person. In fact, if 3 0is negligibly small (3 o Ka 3) in the equation above, the R 0 value would no longer
reduce with increasing a X This result further illustrates that the effect of asymptomatic spread of

infection can be largely mitigated by facilitating more testing and quarantine of the asymptomatic
individuals.

According to our calculation shown above, the values of RO is given by

o p
R = -
0 (0(2+8)((x1+0(3+8—[30)




For the special case we used to fit the data, we assumed that asymptomatic population is not spreading

much infection, i.e. 8 0 = 0. Additionally, the asymptomatic cases are not quarantined, i.e o ; ~ 0.

The & represents the natural death rate of the population. So the term 8-6S(t) corresponds to a birth rate
6 and death rate § for the population where the total population size is normalized to one. Thus at
steady state when there is no infection S(t)=1. Now, if we make the final assumption that the natural
death rate is small compared to the time scale of infection spread, we can set 6 = 0 in the calculation

of RO. Consideration of these three assumptions finally produce the RO as

p

With the introduction of lock down parameter the transmission rate 3 is replaced as 3 , finally

p

max

producing the RO used in the main text R, = _E_?P_ Here , ?P— is the lockdown degree, p = 1

2 max max

being the full lockdown case whereas p = P being the full unlock scenario. Thus f is the value of

transmission rate at full unlock situation.
IV. A case for the periodic lockdown

In a previous study, it was suggested that a periodic lockdown may be a good strategy to optimize

unlock and economic activity [1]. Thus, if after every T 1time of full unlock, a lockdown period is

imposed for a period of T2 over a total time N and this cycle continues. Hene, over a cycle of period T,

for the interval T1 , the pp = land followed by an interval T 5 where p = 1. The average R o over this

max

period is given by
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To keep the average equal to 1,
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average R o at equal to 1. This shows that as the effect of lockdown p is high the allowed unlock period

would also be high. The allowed period can further be stretched by increasing the quarantine rate



involved with testing and quarantining the exposed subjects at a rate a, where as small value of a,

corresponds to the case when testing rate is low which is used in fitting the data.
V. Scaling relation between agent based model and analytical model

In order to investigate the scaling between ODE based and agent based models, we calculated the
quarantine rate required to maintain RO at a value of 1 from the analytical calculation and the
corresponding RO value required to maintain RO at 1 from the agent based model. We then performed
the calculation for all the countries at different unlock degrees and plotted them. So, the x-axis displays
the testing rate required to keep RO<1 determined by the ABM whereas the y-axis represents the
quarantine rate required to keep RO<I determined from the analytical calculation. For example, the four
red points correspond to four unlock degrees for the USA (square : Full unlock, diamond: 75 % unlock,
triangle: 57% unlock and circle: 37% unlock). Similar procedure was followed for other countries as
indicated in the figure. Indeed, we found that all points fall on a straight line displaying a high
correlation. This result suggests that ODE-based model and agent-based model scale in a linear fashion
with each other if we use the same parameter values for both cases and keep the population size the
same for all the countries. Thus, one can convert fold change in quarantine rate to fold change in testing

rate with a linear scaling.
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VII. Supplementary Figure legends

Figure S1: (A) The regions highlighted in figure 1B are expanded to display the country names (B)
The correlation between test rate and doubling rate at two different time points is shown using scatter
plot (t=6 and 30 corresponds to the time after alignment as described in the previous section) (C) The
scatter plot between test rate and daily confirmed cases for generating the Figure 1C and 1D is shown
at two different time points, as an example.

Figure S2: The SEIQR models fit the data for 50 countries, as indicated, for the cumulative confirmed

cases. The figures indicate the cumulative data and the corresponding fit is based on the SEIQR model



explained the study.The number of days in X axis corresponds to the time course data available in JHU
CSSE [40] where 0 coroposponts to 22™ January, 2020 and the end time point corresponds to 15"
August, 2020. It can be noted that keeping the fitted parameters constant but varying extent of
lockdown the future increase or decrease in the infection spread trajectory for a given country can be
estimated.

Figure S3: (A)The scatter plot showing the relationship between the R 0 and different demographic and

medical facility factors as indicated in the figures and in their legend. (B) The scatter plot shows the

relationship between the frequencies of seven clades in different countries and corresponding R 0

values.

Figure S4: (A-D) The relationship between the RO values and the testing rates for different extents of

unlock is shown, as indicated, for different countries. (E) The total number of confirmed cases evolving
with time is shown for different percentages of superspreaders, shown here for testing rate of 9/10000
Figure S5: The dynamics of the spread of the infection starting from the initial one infected agent at
the centre is shown as a representative output of the agent based stochastic simulation. This example is
the result of a simulation for parameter values of the USA with full unlock condition at the testing rate
2.4/10000. The blue, red, green and cyan respectively represent susceptible, undetected
infected(asymptomatic+symptomatic), quarantined and recovered agents respectively. The quarantine

is performed by testing individuals through contact tracing of the already quarantined patients
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Figure S1B and S1C
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Figure S2
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Figure S3A

45 Ty v
-
L=~
a0 - - = .
B -
& 35 el
a >
g -
an —
IM.'\.J -
o
25 ]
T T T T T
L B - T =
= - =@ = ™
Repraduction Mumber
75 ) Ty -
I O o
A B v
2 g W g
ST
G5
E' L
g &a
- -
55 g
T T T T T
L
= - =@ = ™

Repraduction Mumber

2
g
2 104
a - w [
- W
S
I 1 1 | |
- ™ g O @
- L=} L=} - o™

Repraduction Mumber

Figure S3B

Hospitabeds 10000 Heslcare spanding {(%GOP)

Papulation dansity

s
15
Y
P o T g
10 ""i-‘s..l:!:
= =
-
5 v .
11-‘
- Vagpa
T "I' e

- N
(==

Repraduction Mumber

1 | |
o3 9
L=} - o™

10t ==
g
107 4 ¥
L v a
Vg Y
1n“-'i vt
o
e T
10" e
.u-uu‘“ -
I 1 1 | |
01 02 a5 10 20

Repraduction Mumber

Y1000

Doctars' 1000 ]

Papulaion sizef1=10%)

200
100
=0

20
10

10?

0*

i’

1n|l

=) L=
L .
1 e
SRy
L =
T
_Fr . L T
- e
i w‘I-u
. -
]
I 1 1 I 1
L D - T
= = = - ™

Repraduction Mumber

20

a1 02 a5

10 240

Repraduction Mumber



Bangladesh
Chjle
= Arggptina
o
Inglia
lagan ¢
Rifjsren
< = uga Folgnd
o - riggal
= Eslignia
[ 9 ;
= ggnore
= Nl
£ o Spgin
2 = Isrgel IrefgRBmark Craatia
e Grgpee Auglria Luxerghy
a
5} Finjand  Switzgr
o ¢ lcejand i
24 NewZgaland
Canada
Thagand e
- Frapee
Ch Netheglands
D;]S D|10 ﬂIED n'sn
Fraction
L
Chile
e |
o
Ingia
¢ Jagan
ugsia Swegden
e Polgnd A
s 7 Porlpgal W
o
o Hungary singg
= N PO
£ Ausgala ¥ Belgiria,,
5 0 | Spain Kogea Ay ™
£ e isigel Dergnark. Irelgnd s
3 Luxergbourg Rigies
=]
o Finjand )
Gl
& lesand e
oA NewZgaland
Cagada
Thajand
W< e
_ Fragice
S Netheglands
0.6D5 0.0‘10 D.dED DdSD 0.1‘00 DéDD DSIDO
Fraction
GR
Bangladesh
Chyle
= Arggptina
o
Ingia
R Jagan Sugde
n R
& = Dga Pognd®
™ . u
- E [
< Ausfdfia i ia
g, e sy B0
S @] Derwarkc%a Irelgnd
E Luxergbourg Auglria Grgpee
Q.
@ Finjand  Switzgrland
o A hse;,andze
o NewZgaland
W
- Frapee
E Netheglands
0.05 010 020 0.50
Fraction

GH
Chle
Argegi
S rgetina
Ingia
Jagan ¢
Russia Sweden
@ ininsd UgA
&£ - Porjugal
-2 Singgpore Ro e Noguay
© ) Lajvia  Belg fpany
5 2 1 mmmylalwsia Craati Di
= relg roatia TS
.§ Grepee ARty
‘% Switzgriand Finjgnd
& Iceland
o NewZgaland
Canada
Thajand e
- Frapce
< Netheglands
0 65 0. ‘1D 0. ‘ZD 0 IED
Fraction
S
Bangiadesh
Chile
<
o
Inglia
5 Jag;n
o e %hnd UgA
o - Forjgal
o .
S begum € S
"59 w | Gergany Malass SW“’que-
9 o pgark lalgysia
E LuxMﬁrqane
=%
@« Switzgrland .
o B losjgnd Chjna
o NewZgaland
Cagada
Thajand
W hd
- Frapee
< Nethgglands
0.6D2 0605 0 620 DDISD ‘ D.ZIDD D.S‘DD
Fraction
V -
S .
L -
O .
G I
r T T T ]
-0.4 -0.2 0.0 02 04

Pearson correlation coreffecient

Reproduction ratio Ry

Reproduction ratio Ry

[¢]
Inglia
Jaga
Rugsia Sweden
2 PolgHgh
. Porjugal
Singgpore
gy Mo £
i Belgum, ;:%Pia Aljgnalia
w | Srgin r%ea.a
=
Dangrark lsrgelrélgnd 4
Auglria
lzgrland )
lcelgnd Chpna
g 1 NewZgaland
Cagada
¥ Thajand
[ITS
Frapee
< Netheglands
ﬁdDS nn'm DdED DDISD DWIDG GEIDD D.%DD
Fraction
v
Chyle
< |
o
Ingia
reeRugsia
o i USAPGlgnd
- Porlpgal
Singgpore Itgly Norgy
Gergifi@ sy%ua
w
< Isrgel Irefgnd
Aué%erqhoung Grepee
. Switzgrland  Finjand
China lcejan
oA NewZgaland
Canada
ar“?hajand
UK
_ Fragpce
N Netheglands
0.605 0.610 D.dED O.OISD D.1‘DD
Fraction



Figure S4
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Figure S5

0: Susceptible, 1: asymtomatic, 2: symptomatic, 3: quarantined, 4: removed







