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Supplementary Note 1. Details of the probabilistic bias
analysis in model initialization

We adopt the probabilistic bias analysis [Il 2] to correct the numbers of infections, recoveries,
deaths, and active cases in all countries.

Denote N;, N;¢e(t), and N; 4ni(t) as the population size, the cumulative number of tested in-
dividuals, and the number of untested individuals by time ¢ for country i, respectively. N; =
Nite(t) + Njyne(t). For simplicity, we drop (¢) in the following description. Denote Nlﬁe and
szun
confirmed cases among untested individuals in country i. N; = N,  + N;. . represents the
estimated number of confirmed cases if country i tests its entire population. Due to imperfect

tests, the actual number of infected cases in country ¢, denoted by N7, is

, as the number of confirmed cases among tested individuals and the estimated number of

e+p—1

)

where e and p represent the test sensitivity (the ability to identify patients with a disease cor-
rectly) and test specificity (the ability to identify patients without a disease correctly). Denote
Nfunt_ MS (N5 urn) as the estimated number of confirmed cases among untested individuals
who have moderate or severe (mild or no) symptoms if tested. Thus,
+ + +
N; N',unt,l\/IS + Ni,unt,MN’

s, unt — [

NTunt’MS = N; unt i (M S|unt) Z;(test + |unt, M.S),

K3

Nfum,MN = N unt[l — P (M S|unt)| Z;(test + |unt, MN).

?

Here, &;(M S|unt) represents the fraction of individuals with moderate or severe symptoms
among untested individuals in country i; &;(test + |unt, M.S) (Z;(test + |unt, M N)) presents
the test positivity rate of untested individuals with moderate or severe (mild or no) symptoms

for country i. Denote
P;(test + lunt, M S)

DIS = T test + |1)
_ Py(test + |unt, MN)
Pi(test + |t)

dMN =
Here &2;(test + |t) is the positive rate among tested individuals in country 4, which is estimated

by the N;rte/Ni,te. Therefore,
N* — Ni—!_te +N:unt - (1 _p)Nl
! e+p—1
_ N:tﬁ + N':runt,MS + N':runt,MN - (1 _p)Ni
- P (1)
N
N + Niwne 52 [(arrs — anen) Zi(MS|unt) + qun] = (1= p)N;

e+p—1

Denote the actual number of infected cases among tested individuals as N;;, for country 7, then,

* Ni—j_te - (1 _p)Ni,te
Ni te — .
' e+p—1




We assume that (1) deaths are accurately reported among individuals who are tested positive;
(2) COVID-19 accounts for all reported deaths among individuals who tested positive; and (3)
the case fatality rate among tested individuals and untested individuals are the same. Thus, the
actual case fatality rate (CFR) for country 7 is

+

CFR? Dite
A €N-* 9

2,te

where D;fte is the reported deaths in country ¢. Then, the actual number of deaths in country 4
is

D = CFR! = N} (S2)

Due to limited healthcare resources (e.g., manpower, hospital beds, etc.) for patient monitoring,
the health status for some positive cases with mild symptoms is never counted in the official
data. Assuming that (1) only r; 4 fraction of recovered cases who tested positive are detected in
country ¢ and (2) the fraction of recovered individuals among false positive cases is v; in country
i, then the actual number of recovered individuals who tested cases is

R
* _ i,te . + *
Ri,te = - VZ(Ni,te - eNi,te)’
Ti,de

where Rj:te is the reported number of recovered individuals for country i. See the table below
for better understanding.

H Total number Total deaths Total recoveries H
Tested positive N, Df.. RF,./Tide
True positive eN/y. D;’:te % — ui(N;rte —eNfy.)
False positive N{I’te — ENi*,te 0 Vi(Ni—,tte _ GN;te)
Note that,
Ni—j_te 2 R:,_te/r’i,de + D;—tw (S3)

thus, 1 > 7 ge > Rite/(N;e — D)

= i,te

R:te/ri7d€ 2 Vi(Ni—j_te - eNi*,te) Z R'j,_te/T@de - (BN»*

= i,te

—Difye), (54)

thus, [R;,rte/ri,de - (eNifte - D:rte)]/(NJr —eN;

1,te i,te
number of recovered individuals in country i is

) <vi < Rf,/[riae(N; —eN;

[ i,te

)]. The actual

R = Rite N* S5
i T oNF * AV ( )

1,te

Thus, the actual number of active cases (i.e., currently infected cases) in country i is
I' =N} — R — D}. (S6)

We summarize all denotations in probabilistic bias analysis in Supplementary Table [I] Follow-
ing [I], we define e, p, qms, qun, Pi(MS|unt), r; e, and v; as truncated beta distributions.
We specify the ranges and median values of these parameters as follows. Currently, the real
time reverse transcription—polymerase chain reaction (RT-PCR) test is the most commonly used



method worldwide for diagnosing COVID-19 [3], so we take its test performance as the reference
in the paper. We set e and p range from 65% to 100% (mean: 80%) [4] and 99.98% to 100%
(mean: 99.99%) [5], respectively.

According to the case-finding guidelines in most countries [6 [7, 8, 9], individuals with symptoms
of COVID-19 or acute respiratory infection or asymptomatic individuals who are close contacts
of confirmed cases should be tested. Thus, the test positivity rate of tested individuals should
be higher among tested individuals. Besides, the chance of getting COVID-19 is higher among
individuals with symptoms than those without symptoms, we assume that &Z;(test+|unt, MN) <
P (test+|unt, MS) < P;(test+|t). We set the ranges of gars and gpn as 85% to 100% (mean:
90%) and 20% to 40% (mean: 25%), respectively, based on the studies in [1I 10} [11] .

We set the range of &;(MS|unt) as 10% to 50% (mean: 30%), which is a reasonable estimate
based on the following studies. A study collecting data from a large-scale surveillance study be-
tween May and October 2020 in India reported that, 37% of tested individuals are with symptoms
potentially associated with COVID-19 [I0]. In this study, a majority of tests are administrated
to individuals in risk groups. Another study collecting data among people who completed their
quarantine between August and October 2020 in Singapore reported that 20% of quarantined
people have symptomatic illness [I2]. Two studies focusing on health care workers (HCWs)
across nine countries (India, South Africa, UK, Romania, etc.) reported that the fraction of
HCWs had symptoms compatible with COVID-19 ranges from 0.81% to 56.8% based on data
between March to mid-July 2020 [13| [I4]. These figures help inform the prior distribution of
P;(MS|unt) in the general population although they may not be the actual values because of
the differences in epidemic prevalence and risk exposure levels. There is no evidence to inform
the the prior distributions of 7; 4¢, and v;. We roughly define the prior distribution of r; 4. and
v; as truncated beta distributions based on the constrains in Supplementary Egs. and .
N ¢ is estimated by the number of tests performed in country ¢ (not exceeding the population
size), which can be obtained from Our World in Data by the University of Oxford and the Global
Change Data Lab [15]. Nlﬁe is the official number of total confirmed cases for country ¢, which
can be obtained from the Johns Hopkins Coronavirus Resource Center [16].

We run the estimation process for 10 iterations. For each iteration, we randomly sample the
values of bias parameters e, p, ¢ars,gun, Zi(MS|unt), r; qe, and v; from their prior distributions.
Then, we apply these values to generate a single bias-adjusted estimate of N, D}, R}, and I}
based on Supplementary Eqs. , , , and . After 10° iterations, we can obtain the
distributions of bias-adjusted estimates of N, D}, R}, and I; for each country. We correct the
numbers of total infections, recoveries, deaths, active cases as the median values of all estimates.
Supplementary Figure [I] shows the estimated numbers vs. reported numbers of cumulative
infections, cumulative recoveries, cumulative deaths, and active cases on June 15, 2021, for ten
countries with the largest number of estimated cumulative infections.
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Supplementary Figure 1: Estimated numbers vs. reported numbers of cumulative infections,
cumulative recoveries, cumulative deaths, and active cases on June 15, 2021, for ten countries with
the largest numbers of estimated cumulative infections. a, Cumulative infections. b Cumulative
recoveries. ¢, Cumulative deaths. d, Active cases. Box plots show the distribution of estimated
numbers, which were obtained via 10° Monte Carlo samples from the distribution of estimated
numbers. The central mark (the red line) of each box indicates the median. The bottom and top
edges of each box indicate the 25th and 75th percentiles. The whiskers extend to the minimum
and maximum values of estimated numbers. Black asterisks (*) indicate the reported numbers
for each country. Only 3-letter ISO codes for countries are presented for a clear illustration. See
country codes list in Supplementary Table



Supplementary Table 1: Denotations in probabilistic bias analysis

Denotation Definition
N; Population size of country 4
Ni te The cumulative number of tested population in country ¢
N; unt The number of untested population in country ¢
Nt The estimated number of confirmed cases if country i tests its
v entire population
Nt The number of confirmed cases among tested individuals in
ite country @
+ The estimated number of confirmed cases among untested
bunt individuals
e Test sensitivity
P Test specificity
The estimated number of confirmed cases among untested
N, junt MS individuals who have moderate or severe symptoms if tested
for country
The estimated number of confirmed cases among untested
N:’um’ MN individuals who have mild or no symptoms if tested for
country ¢
P,(MS|unt) The fraction of individuals with moderate or severe symptoms

among untested individuals in country 4

P;(test + lunt, M S)

The test positivity rate of untested individuals with moderate
or severe symptoms for country

Pi(test + |lunt, MN)

The test positivity rate of untested individuals with mild or no
symptoms for country 4

Pi(test + |t)

The test positivity rate of tested individuals in country 4

qms

P (test+]unt,MS)
Pi(test+[t)

Pi(test+]unt,MN)

qMN P (test1]D)

N} The actual number of infected cases in country 4
N The actual number of infected cases among tested individuals in
bte country i

CFR; The actual case fatality rate for country 4

D;f ‘e The reported deaths in country 4

D} The actual number of deaths in country i

R;fte The reported recoveries in country ¢

, The fraction of detected recovered individuals among recovered
i,de individuals who are tested positive for country i

» The fraction of recovered individuals among false positive cases
’ for country @
N The actual number of recoveries among tested individuals in
ite country i

R} The actual number of recovered individuals in country ¢

I The actual number of active cases in country

(3




Supplementary Table 2: Country Alpha 3 ISO codes list

Country name Alpha 3 ISO code
India IND
Brazil BRA

United States of America USA
Mexico MEX
Indonesia IDN
Bangladesh BGD
Argentina ARG
Pakistan PAK

Iran IRN

Colombia COL




Supplementary Note 2. Details of the adaptive policy adop-
tion strategy

Following [I7], we integrate the impact of NPIs through a reduction in the value of the basic
reproduction number and consider two levels of NPI intensity: stringent and mild NPIs. Denote
the effectiveness of stringent and mild NPIs as csringent and cmid, respectively. Then, the
effectiveness of NPIs at time ¢ for country 14 is represented by
C(t) _ Cstringent7 Re,i(t) 2 11
(1) =
Cmild; Re7i(t) < 1
R, ;(t) is the local effective reproduction number for country ¢ at time ¢. According to the assess-
ment of different control measures based on the real-world data [18,[19], we set the effectiveness of
stringent and mild NPIs as 80% and 40%, respectively. R, ;(t) can be computed as the dominant
eigenvalue of the Next Generation Matrix (NGM) [20] associated with the dynamical system

considered. The local disease transmission dynamics within country ¢ (when it is isolated from
the metapopulation network) is represented by the following equations:

BpSi(t) = —gps(t ZZCS )TUln,m + €Vi(t),
0,V ZZ L =) [C) () TUl i — €Vil1),

O () = Y 1C (O TUlnm — o E7 ) (8),

n

atEi‘,/m(t) = Z(l - ﬂn)[CiV (t)Tu]n,m - UEXm(t),

n

atjfm(t) = UES ( ) aI’L m( )
Oy (1) = TEY (1) — al )y (8),

1, M

ORi(t) =Y (1= Fim)all, () + > [1— (1= em) FimlaLl, (t),

m

t):Z}—i,maIi, +Z 1_5m zmaIV ( )

EV

2m7 ,m?

I°

,m)

This system has 4M infected states (E;
subsystem is

and I}, for strain m). The infected

B () = Y [CF (O TUnm — B (1),

n

OB (8) =Y (L= na)[CY () TUlnm — 0B, (1),

n
v v v
8t[i,m(t) = JEi,m( ) aIl m(t)
The infected subsystem is composed by the state variable x = [Efl, Cey Ef M
EXl, ceey EXM, I¢S,17 e IfM, IXl, ceey [XM]. Then, we can construct the transmission term Vg



and the transition term Vg ; as follows.

[ LG TU T

(L= m)[C TUIn

L (L =) [CY TU i
' 0

and

Vvyi=

Hence, the transmission matrix M ; and the transition matrix My ; become

0o (1 — CZ)SZ/NZ(TU)T (1 — Cl)Sl/Nl(TZ/{)T
Mo.— |00 (- ci)Vi/Ni (M, TU)T (1 = ¢;)Vi/Ni( M, TU)T
Fi=
’ 00 0 0
0 o0 0 0
and
My ; — olanrsons 0

—olonranm oloprions



where M, = diag(l —n1,...,1 —nar). Therefore, the next generation matrix for country ¢ is
given by

NGF; = Mg My ;!

0 0 (1 — CZ)SZ/NZ(TU)T (1 — CZ)SZ/NZ<TU)T

0 0 (1-c¢)Vi/N;(M,TU)T (1—c;)Vi/N;(M,TU)T| [21 0
0 0 0 0 11 14}
00 0 0

The local effective reproduction number of country ¢ is the dominant eigenvalue of NGF;. In
the main text, we assume that the threshold of the local effective reproduction number leading
to stringent NPIs is 1. Sensitivity analysis results (Supplementary Figures show that,
relaxation of NPIs before the pandemic is well-contained substantially extends the duration of
the pandemic and leads to more deaths globally. With a higher threshold leading to stringent
NPIs, HICs need to donate more vaccines to protect themselves.

10



Supplementary Note 3. Estimation of country-level severity
matrices

To account for the heterogeneity in the healthcare burden of COVID-19 and the age structure
in different countries, we set a country-specific severity matrix in our model. The severity of
strain m for country ¢ (F; ) corresponds to the infection fatality rate of strain m for country
i. Generally, the infection fatality rate is crudely estimated by the case fatality rate, i.e., the
proportion of deaths among identified confirmed cases. Denote the infection fatality rate for
country ¢ as I FR;, then,

Zi(infected|a) Z;(a)
Z;(infected)

Fii=1FR; = Z P;(deceased|in fected, a)

Pi(infected|a) P;(a)
P;(infected)

~» CFRi,

where a denotes a specific age group, &;(deceased|infected,a) represents the probability of
dying from the disease for infected individuals at age group a, CFR; , denotes the age-specific
case fatality rate for age group a in country i, &;(infected|a) represents the probability of
getting infected for individuals in age group a in country i, &;(infected) denotes the probability
of getting infected in country i, and &;(a) represents the proportion of individuals in age group
a, as a share of the whole population in country 7. Due to limited data for age-specific case
morbidity and fatality rates for a specific age group in each country, we set the same values of
CFR; , and Z;(infected|a)/ P;(infected) among HICs and LMICs, i.e.,

F € H
CFRZ'CL _ C RH,av ZE )
“~“\CFRy., icl,

and P s (in fected|a)

Z;i(infected|a) _ {m, i€ H,

- mnjeciteala -

P (infected) Filinfecteay» € L.
The values of CFRy o, CFRL ., @f:gﬁiiili‘;), and %}L(l(%)fgiiils) are computed based on data
from India and the United States [2I]. Specific values are shown in Supplementary Tables
and Z;(a) is adopted from the latest version of World Population Prospects (https:
//population.un.org/wpp/)). Overall, the average case fatality rates among HICs and LMICs
are 0.03 and 0.01, respectively.

11
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Supplementary Table 3: Values of CF Ry, and Py (infected|a)/ Py (infected) for each age
group. All values are computed based on the data collected in the United States in [21].

Age group | CFRy, | Pu(infected|a)/ Py (infected)
0-4 years 0.000469 0.272094

5-17 years | 0.000178 0.374405

18-29 years | 0.000743 1.345548

30-39 years | 0.002493 1.277579

40-49 years | 0.006584 1.299682

50-64 years | 0.023755 1.115650

65-74 years | 0.087082 0.806557

75-84 years | 0.187557 0.955430

> 85 years | 0.295713 1.912334

12



Supplementary Table 4: Values of CFRy , and Zr(infected|a)/ Pr(infected) for each age
group. All values are computed based on the data collected in India in [21].

Age group | CFRy, | Pu(infected|a)/ Py (infected)
0-4 years | 0.000743 0.186034

5-17 years | 0.000446 0.372069

18-29 years | 0.000855 1.150155

30-39 years | 0.002845 1.330793

40-49 years | 0.008077 1.214549

50-64 years | 0.023537 1.270905

65-74 years | 0.058491 1.140730

75-84 years | 0.096675 1.0287501

> 85 years | 0.130241 0.758821
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Supplementary Note 4. Details of the multi-strain model

An infected individual with strain m infects each of its contacts independently with probability
T, then, recovers or deceases with probability [1—(1—¢,,)F; ] and (1—€p, ) Fi m v, respectively.
The virus mutates when adapting to a new host before subsequent infections. The virus in
strain m can either remains as strain m with probability 1 — u,, or mutates to strain m + 1
(one-direction stepwise mutation) with probability p,. In other words, a susceptible individual
receiving infection from an infected individual with strain m can either become an infected
individual with strain m (with probability 1 — p,,) or one with strain m + 1 (with probability

Hom)-

14



Supplementary Note 5. Details of global vaccine allocation
strategies

Available vaccines will be allocated to each country based on the prioritization criteria and the
vaccine demand for each country. Denote €2;(t) as the number of vaccines allocated to country i at
time ¢. €;(t) depends on the global supply of vaccines, the global vaccine allocation strategy, and
the demand of vaccines for country ¢ at time t. Denote vs;(t) as the vaccine stock held by country 4
at time ¢, then the demand of vaccines for country ¢ at time ¢ is dem;(t) = max{2S;(t)—vs;(t), 0},
which means each country orders vaccines that can vaccinate the entire susceptible population.
Specifically, each global vaccine allocation strategy determines the value of ;(¢) in two steps.
First, available vaccines will be allocated to each country based on the prioritization criteria.
Second, the remaining vaccines will be allocated to each country based on the demand unmet
in the first step. Four prioritization criteria are considered: the population size, prevalence,
incidence, and the mortality rate. The number of vaccines allocated to country i at time ¢ for
each step is Q}(¢) and Q7 (t), Q;(t) = QL (t) + Q?(¢). We describe the details of each strategy as
follows.

e Equitable population size-based allocation. In the first step, available daily vaccines
will be allocated to all countries proportional to the population size, i.e.,

Q} (t) = min {dem;(t), [o(t + 1) — (1)) SN

e Equitable prevalence-based allocation. In the first step, available daily vaccines will
be allocated to all countries according to the prevalence, which is defined as the number of
active cases (currently infectious cases) per capita, i.e.,

QL(t) = min {dem;(t), [p(t + 1) — *’“”%}’

e Equitable incidence-based allocation. In the first step, available daily vaccines will
be allocated to all countries according to the incidence, which is defined as the number of
new cases during two weeks as a share of the total population, i.e.,

Tewm (g) — Jeum (¢ — 14)
S, I (t) — I (i — 14)

Q;(t) = min {dem;(t), [p(t +1) — ¢(t)] b

where If%™(t) denotes the cumulative number of infectious cases as a share of the total
population for country ¢ at time t.

¢ Equitable mortality rate-based allocation. In the first step, available daily vaccines
will be allocated to all countries according to the mortality rate, which is defined as the
number of new deaths during two weeks as a share of the total population, i.e.,

D;(t)/N; — D;(t — 14) /N;
>_; Dj(t)/N;j — D;(t — 14)/N;

where D;(t) denotes the cumulative number of deaths for country ¢ at time ¢.

Q} (t) = min {dem;(t), [p(t +1) — @(t)] |2
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For all equitable strategies, in the second step, remaining vaccines will be allocated to each
country proportional to the demand unmet in the first step, i.e.,

dem;(t) — Q1 (t)
32, dem;(t) — Q(t)

Q3(t) = min {dem;(t) — Q; (t), [p(t + 1) — o(t) — Z Q;(1)] }-

For all inequitable strategies, a minimum fraction y of vaccines available at time ¢ are purchased
to high-income countries (HICs), remaining vaccines are allocated to low- and middle-income
countries (LMICs). Denote H and L as the sets of HICs and LMICs, respectively. Among
each of the income groups, vaccines are allocated equitably according to one of the prioritization
criteria. HICs are assumed to be allocated with vaccines no less than in the equitable strategies.
Denote the actual fraction of global vaccine supply allocated to HICs at time t as X(¢) and
X(t) > x. We specify the values of X(¢), QL(t), and Q?(¢) in each inequitable strategy as
follows.

e Inequitable population size-based allocation.

ZjeH Nj

X (t) = max {x, TNJ}
Thus,
. Ni X[t +1) — )]
. min {demi(t), S N0 } i€ H,
0= {demy, MU= XU D Oy

> jer Ni(t)
e Inequitable prevalence-based allocation.

> jen 1i()/N;

X0) = max {6 =TGN,
Thus,
| LE)/NIX Bt +1) — o)y
o min {dem (1), e LO/N; joieH
0= {dem, LU Xt £ ) =ty
o > jer Lit)/N;

e Inequitable incidence-based allocation.

S e L5 () — I (¢ — 14)

X(8) = max {x, ﬁ%im@ —Tem (i — 14)
Thus,
. £ (1) — I (0~ A9]X ()[4 1) — (1)
N {demi(t), = ey ) S
0= faemy ), 70 = 1000 = XOle £ ) =l
s D eI (t) — I5em (t — 14)] ‘
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e Inequitable mortality rate-based allocation.

2jen Di(#)/N;j — D;(t — 14)/N;

X(t) = max {x, Zj D;(t)/N; — D;(t — 14)/N;
Thus,
| (28— DD Y (ot + 1) — ()] y
. min {demi(t), szeH[Dj]Zt)/Nj — Dj(t—14)/N;] } et

in {dem, (0 5 — PN - X @)l + 1) = ()] }
S erlDi(t)/Nj — Dj(t — 14)/Nj]
For all inequitable strategies, in the second step,

min {demi(t) —Q(t),

dem;(t) — QL(t) .
{X(®)p(t+1) -y al }Z Q;(t)} icH,

jeH jeEH dem]( )

dem;(t) — QL) )
{1 = XO]le(t+ IEDINIHO }Z Q}(t)} ielL.

= eLdemj()—

The number of individuals that can be fully vaccinated for country i at time ¢ equals half the

Q; (t)—i—vsi (t)
B —

number of available vaccines for country i at time ¢, i.e., Denote the maximum

daily vaccination rate for country i as ¢,. Then, the vaccination rate for country i at time ¢
should not exceed either the available vaccine supply or the maximum daily vaccination rate,

e., ¢;(t) = min {S;(t), M,(ﬁi}. The vaccine stock held by country ¢ at next time is
vs;(t + 1) = Qi(t) + vs;(t) — 2¢;(t). In all simulations, we set ¢(7) = >, N;, and 7 is 183
days. The upper bounds of daily vaccination rates for HICs and LMICs are the maximum daily
vaccination rates achieved by HICs and LMICs by June 15, 2021.

a _ NimanGHQL]\J;.J.a i€ H.
;= H

] ;
N; max;er 27]@, 1€ L,

where (;;l is the maximum daily vaccine doses administrated by country i from December 1, 2020,
to June 15, 2021 (¢t = 0). After excluding the extremely high daily vaccination rates in Bhutan
(with a maximum daily vaccination rate of 6% of the population), the upper bounds of the daily
vaccination rate for HICs and LMICs are 1.2% and 1.9%, respectively.
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Supplementary Note 6. Model parameter settings

The model works in a daily time step. For all simulations, we take ¢ = 0.2 corresponding to
an incubation period of five days [22] and take o = 0.2 corresponding to an infectious period of
five days [19 23]. Since no significant changes are found in the incubation period and infectious
period [24], we assume them as identical for all strains. P,; and 7 are computed based on the
real-world air traffic data in 2020 from OAG (https://www.oag.com/)). 7 = 0.00015 is the average
(inflow/outflow) mobility rate per person per day in 2020 [25].

Currently, the duration of vaccinal immunity remains unclear. We set 1/e = 365 (days) based
on publicly available clinical trial data [26 27]. 77 is estimated by the initial basic reproduction
number Ry divided by the infectious period (5 days). Based on the phylogenetic analysis in
the Global Initiative for Sharing All Influenza Data database [28], the global relative genome
frequency of the Alpha, Beta, Gamma, and Delta is 43.8%, 1.2%, 8%, and 36.1%, respectively,
from June 14, 2021 to June 20, 2021. The basic reproduction number is estimated to be 4 [29, [30],
4 [30], 4.4 [30], and 7 [29] B0], for the Alpha, Beta, Gamma, and Delta strain, respectively. No
data is available for the remaining 10.9% of the genomes, we assume that they belong to the
original strain (Ry = 2.79). Therefore, we set Ry = 2.79 x 10.9% + 4 x (43.8% + 1.2%) +
4.4 x 8% + 7 x 36.1% =~ 5 at time 0. F;; is estimated by the case fatality rate for country
i (see Supplementary Note 3). Currently, there are several vaccines with varying efficacy that
have passed through Phase 3 clinical trials, we set 71 and €; as 0.828 and 0.967, respectively,
according to the publicly available clinical trial data [31] [32].

Because of limited data to quantify the viral mutation parameters, M, 6, p1, and A, we use the
historical data for the first 1.5 years of the pandemic (from December 31, 2019, to June 15, 2021)
to inform the values of these parameters. We assume the virus follows a similar mutation process
in the future and perform sensitivity analysis on these parameters (Supplementary Figures
Supplementary Figures .

Most of the viral mutations have little impact on the virus’ ability to transmit and cause se-
vere infections. Variants meeting specific criteria (e.g., increase in transmissibility, increase in
virulence, decrease in effectiveness of public health measures.) are designated as “Variants of
Concern” by the World Health Organization [33]. Although there are thousands of genetic vari-
ants of SARS-CoV-2 [34], only four of them are designated as “Variants of Concern” as of June
15, 2021, i.e., the Alpha, Beta, Gamma, and Delta strain. Thus, the value of M for the first 1.5
years of the pandemic is 5. We assume M ranges from 3 to 10 in the next five years.

The most transmissible strain, Delta, demonstrates 2.5 times higher transmissibility compared
to the original strain. Therefore, here we assume a linear strain space and local movement
by a one-direction stepwise mutation [35], then the transmissibility of each new strain is 26%
(1.26* ~ 2.5) higher than the immediate previous strain, i.e., § = 0.26 for the first 1.5 years of
the pandemic. We assume 6 ranges from 0.1 to 0.5 in the next five years.

There is evidence that mutations in the genome region encoding the spike protein (3822 nu-
cleotides in length from site 21563 to 25384 [36]) may result in increased transmissibility [37]
and viral load [38] of the virus. It is estimated that the mutation rate per virus replication
cycle per site is 3 x 107% and the entire course of infection will take approximately five viral
replication cycles [39]. Thus, the probability that the spike protein region changes per infection
is 1 — ((1 -3 x 1076)%)3822 ~ 0.056. Most of such mutations are neutral. Moreover, the virus
cannot evolve indefinitely, primarily because each nucleotide can only mutate to three others
(e.g., adenine (A) can only mutate to thymine (T) or guanine (G) or cytosine (C)), and we have
limited number of nucleotides [40]. As the virus evolves in the strain space, the probability of
major and new changes per infection decreases because fewer possible genome sequences remain.
It means that the probability of emerging new and more dangerous strains per infection de-
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creases over time [41]. Based on these facts, we assume that (a) for strain 1, only 0.01%-10% of
such mutations can significantly affect the virus’ ability to cause infections, i.e., y1 ranges from
5.6 x 107% to 5.6 x 1073 in the next five years; (b) A ranges from 10% to 10* in the next five
years. We summarize all parameter symbols in the main text in Supplementary Table [5}
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Supplementary Table 5: Model parameter symbols (in the main

text)
Parameters Symbol Values
T The transmissibility matrix
Fi The severity matrix for country ¢
U The mutation matrix
o The number of possible strains emerged 13, 10]

in the model

T The transmissibility of strain 1 1
Fi The average severity of strain 1 0.01737
11 The mutation probability for strain 1 [5.6 x 107°, 5.6 x 1073]
\ The decrease rate of the 102, 104

mutation probability

The distance of antigenicity between the
d vaccine strain and a mutant strain when 15
the cross-immunity is reduced to 1/e

The increase in transmissibility

0 of each new strain [0-1,0.5]
The efficacy against infection from strain n
Thmn for vaccines designed for strain m
. The efficacy against death from strain n
mn for vaccines designed for strain m
The efficacy against infection for vaccines
m . . 0.828
designed for strain 1
The efficacy against death for vaccines
€1 . . 0.967
designed for strain 1
N; The population size for country 4
g, The number of susceptible individuals in
¢ country ¢
V. The number of vaccinated individuals in
! country 1
The number of individuals exposed to strain
E?., m (not yet infectious) without vaccinal

immunity in country ¢

The number of individuals exposed to strain
EY,, m (not yet infectious) with vaccinal
immunity in country

The number of infectious individuals caused

Ifm by strain m without vaccinal immunity in
country ¢
The number of infectious individuals caused
I ZV m by strain m with vaccinal immunity in
country ¢
R The number of recovered individuals in
¢ country ¢
D, The number of deceased individuals in
! country 4
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The vaccination rate

The rate at which vaccinated individuals
gradually lose vaccinal immunity and become
fully susceptible again

1/365

Contacts between susceptible individuals
and infectious individuals

Contacts between vaccinated individuals
and infectious individuals

The effectiveness of non-pharmaceutical
interventions

The reciprocal of the incubation period

0.2

The reciprocal of the infectious period

0.2

The number of individuals travelling from
country ¢ to country j

The average mobility rate (inflow/outflow)

0.00015

The number of individuals allowed to travel
from country ¢ to other cities

The fraction of individuals travelling from
country ¢ to country j

The number of passengers traveling from
country ¢ to country j per day

The cumulative global vaccine supply at time ¢

The time when the maximum daily vaccine
production capacity is reached

183

The rate at which productivity grows

0.0076

The minimum fraction of available vaccines
that are purchased by HICs

{08,
0.9}
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Supplementary Figure 2: The transmissibility and the average severity for each strain, and the
vaccine efficacy against infection and death for each strain. a and b, The transmissibility (7,)
and the average severity (F, = Y., Fi.m/179) of strain m, respectively. ¢ and d, The vaccine
efficacy against infection (7,,) and death (e,,) from strain m. Parameter values M = 5 and

0 =0.2.
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Supplementary Figure 3: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics.
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour). Parameter values M =5, u; = 5.6 x 1072, § = 0.2, and A = 5 x 10.
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Supplementary Figure 4: Impact of inequitable vaccine allocation strategies on epidemic dynam-
ics. a-h, Time series of the prevalence (a-d) and the cumulative mortality rate (e-h) in HICs
under different global vaccine allocation strategies. i-p, Time series of the prevalence (i-1) and the
cumulative mortality rate (m-p) in LMICs under different global vaccine allocation strategies.
Four prioritization criteria for allocation are adopted: the population size (the left panel), preva-
lence (second left panel), incidence (second right panel), and mortality rate (the right panel).
Results from the second year are presented. Parameter values M =5, u; = 5.6 x 1073, § = 0.2,
and A =5 x 102.
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Supplementary Figure 5: Area plots of the fraction of active cases in HICs and LMICs. Figures
in the left panel (a), the middle panel (b), and the right panel (c) are based on the equitable,
inequitable and x = 0.8, and inequitable and x = 0.9 vaccine allocation strategies, respectively.
All results are based on the prioritization criterion of the population size. Parameter values
M =5, =56x1073,60=0.2,and A =5 x 10%.
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epidemic dynamics.
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M = 6, p; = 5.6 x 1073, § = 0.26, and A = 10°.
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Supplementary Figure 7: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics. a-h, Time series of the prevalence (a-d) and the cumulative mortality
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M =4, 1, = 5.6 x 1075, § = 0.4, and A\ = 102,
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Supplementary Figure 8: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics. a-h, Time series of the prevalence (a-d) and the cumulative mortality
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M = 7, p1; = 5.6 x 1074, # = 0.2, and A\ = 10%.
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Supplementary Figure 9: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics. a-h, Time series of the prevalence (a-d) and the cumulative mortality
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M = 3, p1; = 5.6 x 107°, # = 0.5, and A = 10%.
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Supplementary Figure 10: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics. a-h, Time series of the prevalence (a-d) and the cumulative mortality
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M =5, p1; = 5.6 x 1074, # = 0.1, and A\ = 103,
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Supplementary Figure 11: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics.
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M =4, p; = 5.6 x 1073, § = 0.22, and A = 10°.
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Supplementary Figure 12: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics. a-h, Time series of the prevalence (a-d) and the cumulative mortality
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M = 3, p1; = 5.6 x 107°, § = 0.3, and A\ = 10%.
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Supplementary Figure 13: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics.

a-h, Time series of the prevalence (a-d) and the cumulative mortality

rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the

prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M = 10, u; = 5.6 x 1073, § = 0.12, and \ = 103.

rate (the right panel).
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Supplementary Figure 14: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics. a-h, Time series of the prevalence (a-d) and the cumulative mortality
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Parameter values M =9, p1; = 5.6 x 107°, # = 0.1, and A\ = 102,
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Comparison of the impact of four prioritization criteria for global
vaccine allocation. a-c, Cumulative incidence worldwide under different global vaccine allocation
strategies. d-f, Cumulative mortality rate worldwide under different global vaccine allocation
strategies. Parameters values M =5, ;13 = 5.6 x 1073, § = 0.2, and A = 5 x 102.
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Supplementary Figure 17: Comparison of the impact of four prioritization criteria for global
vaccine allocation. a-c, Cumulative incidence worldwide under different global vaccine allocation
strategies. d-f, Cumulative mortality rate worldwide under different global vaccine allocation
strategies. Parameters values M =4, 1, = 5.6 x 1073, § = 0.22, and \ = 102.
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Supplementary Figure 18: Emergence of new strains under equitable and inequitable vaccine
allocation strategies. a-c, Area plots of the fraction of daily new cases produced by different
strains in HICs. d-f, The ratio between the number of new cases produced by different strains
and the population in HICs. Figures in the left panel, the middle panel, and the right panel are
based on the equitable, inequitable and y = 0.8, and inequitable and x = 0.9 vaccine allocation
strategies, respectively. All results are based on the prioritization criterion of the population
size. The inset in subfigure d is the zoomed version of subfigure d. Parameters values M = 5,
1 =56x1072,0=0.2, and A =5 x 102.
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Supplementary Figure 19: Emergence of new strains under equitable and inequitable vaccine
allocation strategies. a-c, Area plots of the fraction of daily new cases produced by different
strains in LMICs. d-f, The ratio between the number of new cases produced by different strains
and the population in LMICs. Figures in the left panel, the middle panel, and the right panel are
based on the equitable, inequitable and y = 0.8, and inequitable and x = 0.9 vaccine allocation
strategies, respectively. All results are based on the prioritization criterion of the population
size. The inset in subfigure d is the zoomed version of subfigure d. Parameters values M = 5,
1 =56x1072,0=0.2, and A =5 x 102.
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Supplementary Figure 21: Impact of different allow-donation vaccine allocation strategies on
epidemic dynamics. a and c, Fraction of HICs and LMICs benefiting from donations. b and d,
Average lives saved by vaccine donations as the share of the national population in HICs (rg)
and LMICs (rp). e, Fraction of HICs donating vaccines. f, Total number of donated vaccines. g
and h, Prevalence in HICs and LMICs under different vaccine allocation strategies. Dash lines
indicate the time when the pandemic ends. Countries with larger population sizes are prioritized
for vaccination. Parameter values M = 4, p; = 5.6 x 1073, # = 0.22, and A = 102,
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Supplementary Figure 24: Impact of different allow-donation vaccine allocation strategies on
epidemic dynamics. a and c, Fraction of HICs and LMICs benefiting from donations. b and d,
Average lives saved by vaccine donations as the share of the national population in HICs (rg)
and LMICs (rp). e, Fraction of HICs donating vaccines. f, Total number of donated vaccines. g
and h, Prevalence in HICs and LMICs under different vaccine allocation strategies. Dash lines
indicate the time when the pandemic ends. Countries with larger population sizes are prioritized
for vaccination. Parameter values M =9, p; = 5.6 x 1075, # = 0.1, and A\ = 102,
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Supplementary Figure 25: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics.
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by
the same colour. The duration of natural immunity is two years. Parameter values M = 5,
1 =5.6x1073,0=0.2, and A =5 x 102,
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Supplementary Figure 26: Impact of different allow-donation vaccine allocation strategies on
epidemic dynamics. a and ¢, Fraction of HICs and LMICs benefiting from donations. b and d,
Average lives saved by vaccine donations as the share of the national population in HICs ()
and LMICs (rz,). e, Fraction of HICs donating vaccines. f, Total number of donated vaccines. g
and h, Prevalence in HICs and LMICs under different vaccine allocation strategies. Dash lines
indicate the time when the pandemic ends. Countries with larger population sizes are prioritized
for vaccination. The duration of natural immunity is two years. Parameter values M = 5,
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Supplementary Figure 27: The global mobility network. Nodes represent countries/regions.
Edges represent the aggregated number of seats on scheduled commercial flights between coun-
tries/regions per day. The size of a node is proportional to the number of neighboring coun-
tries/regions (countries/regions that are reachable via direct flights). Only 3-letter ISO codes for
countries/regions are presented for a clear illustration.
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Supplementary Figure 28: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics.
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Stringent NPIs are triggered when the local effective reproduction number exceeds
0.8. Parameter values M =5, ju; = 5.6 x 1072, 0 = 0.2, and A = 5 x 102,
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a-h, Time series of the prevalence (a-d) and the cumulative mortality
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g and h, Prevalence in HICs and LMICs under different vaccine allocation strategies. Dash

Countries with larger population sizes are

prioritized for vaccination. Stringent NPIs are triggered when the local effective reproduction
number exceeds 0.8. Parameter values M =5, 17 = 5.6 x 1073, § = 0.2, and A = 5 x 102.
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Supplementary Figure 30: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics. a-h, Time series of the prevalence (a-d) and the cumulative mortality rate
(e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of prevalence
(i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine allocation
strategies. Four prioritization criteria for allocation are adopted: the population size (the left
panel), prevalence (second left panel), incidence (second right panel), and mortality rate (the
right panel). Dash lines indicate the time when the pandemic ends (time exceeding five years
is not presented; dashed lines referring to the priority criterion are represented by the same
colour. Stringent NPIs are triggered when the local effective reproduction number exceeds 1.2.
Parameter values M =5, u; = 5.6 x 1073, # = 0.2, and A\ = 5 x 10°.
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Supplementary Figure 31: Impact of different allow-donation vaccine allocation strategies on
epidemic dynamics. a and ¢, Fraction of HICs and LMICs benefiting from donations. b and d,
Average lives saved by vaccine donations as the share of the national population in HICs ()
and LMICs (rp). e, Fraction of HICs donating vaccines. f, Total number of donated vaccines.
g and h, Prevalence in HICs and LMICs under different vaccine allocation strategies. Dash
lines indicate the time when the pandemic ends. Countries with larger population sizes are
prioritized for vaccination. Stringent NPIs are triggered when the local effective reproduction
number exceeds 1.2. Parameter values M =5, 17 = 5.6 x 1073, § = 0.2, and A = 5 x 102.
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Supplementary Figure 32: Impact of equitable and inequitable vaccine allocation strategies on
epidemic dynamics.
rate (e-h) in HICs under different global vaccine allocation strategies. i-p, Time series of the
prevalence (i-1) and the cumulative mortality rate (m-p) in LMICs under different global vaccine
allocation strategies. Four prioritization criteria for allocation are adopted: the population size
(the left panel), prevalence (second left panel), incidence (second right panel), and mortality
rate (the right panel). Dash lines indicate the time when the pandemic ends (time exceeding
five years is not presented; dashed lines referring to the priority criterion are represented by the
same colour. Stringent NPIs are triggered when the local effective reproduction number exceeds
1.4. Parameter values M =3, p; = 5.6 x 1073, § = 0.5, and \ = 5 x 102.
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