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A bstrad: We present OUI methodoloBY and stochastic discn:h::~vcnt 
simulation dc\'t:lopcd to model the screcniDj of passcngen for pandemic 
influenza at tht: US pon~f~D[ry airports. Our mod~1 uniqu4.:ly combines 
epidemiology modt:lling. c"olving infi:::clCd states and conditions of passengers 
over time. and operational considcr.uions of IcrtcniDS in a Jinglc simulation. 
Thc simulation begins 'lith international aircraft aninls to the US. Passengers 
an: thcn modornlyassigned to one; of thret: Sl8tt;1 - not inreclI::d. lnkctcd with 
pandemic inOuenza and infected ~ith other respinllory illness P3SSCngcrs th..:n 
pass through VariOLIS screening layers (i .e, pre«panure screenmg. cn roule 
I(;l\.'\:ni08. primary sc~ning and ~ndary sc:recning) and ultimately ..:,ut tlk! 
syswm. We uack the status of each passenger o\·..:r lirru:, with a sJk:ciaJ 
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emphasis OD false negatin:s (i .e. paskngcrs infected "1th pandemic influenza. 
bul arc not identified as such) as these passengers pose: a significant threat as 
they could unknowingly spread the pandemic inOu~nza virus throughout our 
nation. 

Keywordl: epidemiology modelling; fuJsc ncgah\'c; pandemic influenza; 
passenger screening: probability of detcctio~ procciS simulation. 
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lotroduction 

In the event of confirmed human outbreak of a pandemic influenza vi rus overseas, the 
United States NationaJ Strategy for Pandemic Influenza calls for the implementation of 
pre-departure screening at international origin airports. en route screening and arrival 
screening at the US ports-of-entry (Homeland Security Council US, 2006). To ascertain 
the potential efficacy of passenger screening and the resulting operational impacts, \"'C 

budt a stochastic. discrete-event simulation of the US airport entry screening. This model 
uniquely combines epidemiology modelling. evolving infected states and conditions of 
passengers over time, and operational impacts of passen8$:r screening in a single 
integralcd simulation. 

Under different pandemic scenarios, subsequent analysis based on this simulation can 
provide insights about the possible range of benefits, costs and impacts of alternative 
mitigative, diagnostic and quarantme me8:Jures. These insights can help decision-makers 
plan for the resources needed at the port-of..,ntry airports, anticipate the possible 
developments if a pandemic emerges, and ascertain appropriate courses of action. 
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Predictions from the simulation model can be used in pandemic influenza border 
planning to address questions about the numbers of passengers who will screened, the 
number of infected passengers that will be identified and not idcnnfled. screening times 
and delays, supply and personnel needs, space requirements at the airport and other 
related planning considerations. 

2 Metbodology 

The screening process which our simulation models is consistent with the draft 
Department of Homeland Security (DHS) and Centers for Disease Control and 
Prevention (CDC) concept plan for pandemic innuenza border planning and the concept 
of operations for air entry screening. in which there is primary and secondary active 
surveillance at pon-of-entry airports (US Department of Homeland Security (DHS), 
2007). 

Prevalence. The analysis makes assumptions about the prevalence of pandemic influenza 
in foreign regions, i.e . epidemic curves, based on analysis of plaUSIb le global pandemic 
influenza condi tions. In our model. we use four general geographic regions - Asia, 
Ewope. Latin America and Canada. The prevalence in foreign regions affects the 
associated prevalence among travellers from these regions to the US. Recent US 
Department of Transportation data on the numbers of flights and passengers into each US 
airport provide estimates of the possible volume of passenger traffic . We run our 
simulation for 100 days of screening with the assumption Ulat screening starts while the 
prevalence rates are still low in the foreign regions , During the 100 simulated days, the 
prevalence rales then rise and then fall back to near zero. 

Illness progression alld delection . The passenger screening simulation model uses these 
estimates, randomly determines whether a passenger is infected (based on the 
prevalence). and tracks the progression of the illness in each infected passenger, A key 
input to this part of the analysis is the estimated effectiveness of accwately detecting 
infected passengers at exit screening prior to departure, en route, and at primary active 
surveillance upon arrival at the US airport. 

Mitigative and diagnostic measures for saY!ening . The efficacy of antiviral drugs 
provided at the airport, the ability of health care professionals to identify that a passenger 
possibly has innuenza of any type, and the sensitivity and speCificity of diagnostic 
methods for determining whether a person who is suspected of being infected is actually 
infected are also key inputs to the analysis. Input values are based on a review of the 
scientific literature and on subject matter experts' estimates. 

3 Passeoger process sirnuIatioo overview 

We constructed a stochastic, discrete-event simulation of anticipated passenger screening 
operations, and the corresponding flow of passengers, using the Rockwell Arena 
Professional Edition applications software (Rockwell Automation. Inc, 2006; Kelton, 
SadowslU and Sturrock, 2007). The simulation starts with the generation of ai rcraft 
arrivals and passenger loads from international originating airports according to daily 
night schedules, Consistent with federal plans, we assumed that these nights will be 
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fU110clied into the 18 airports that have CDC and prevention quarantine stations. Each 
passenger is categorised into one of three infected states as discussed below. Passengers 
then pass through the screening layers (i .e pre-depanwe screening. en route screening, 
primary screening and secondary screening) and ultimately exit the system with one of 
four declared outcomes. 

True positive Passenger is infected with pandemic influenza and IS declared infected 
\Io1th pandemic influenza. 

False positive. Passenger is nol infected with pandemic influenz.a, but is declared infected 
with pandemic influenza. 

True negative. Passenger IS not Infected with pandemic influenza and is not declared 
mfected with pandemic influenza. 

False negative. Passenger is infected with pandemic influenza, but is not declared 
infected with pandemic influenza.. 

We note that false negative passengers are the significant threat to our nation because 
they will exil the screening system and unknowingly spread the pandemic influenza virus 
Ihroughoul the COWltry. 

Passcnier process simulation locie 

To construct our simulation of screening and quarantine station operations, we first 
developed a simulation flow logic diagram as shown in Figure I. The logic stans wilh the 
assignment of probabilities for each individual passenger entering the system, that is. the 
probability of being in one of Ihree true infecled slates: nol infected, infecled wilh 
pandemic influenza or infected with other respiratory illness. The probabihties being 
infecled with pllJldemic influenza or olher respiralory illness are labelled as p" and p~, 
rC5pectively . Thus, the probability of noI being infected is I-p....- p .. (this assumes thai the 
infecled stales are mulually exclusive). 

Next, passengers pass through an origin screening layer where they could be detected 
and culled out as being potentially infected with pandemic influenza, regardless of Iheir 
true infected state. Of course, tht: probabi lity of being culled out is related to a 
passenger ' s true infected state and present rondition if infecled (i .e. asymptomatic or 
symptomatic); passengers are also allowed to recover as the simulation proceeds as the 
time elapsed to recover for each passenger is tracked. Assumed probabilities for these 
detection rales will be provided in Section 5 for this and the other screening layers in the 
modelled process. As with the origin, remaining passengers can be identified during the 
flight to the US or after arrival as they pass through primary screening. Passengers who 
are identified as potentially infected en route or at primary screerung are sent to 
secondary screening for a more thorough examination and possibly for diagnostic tesls 
(e g. reve..e transcription polymerase chain reaclion (RT-PCR) diagno.is; US 
Departmenl of Health and Human Service., 2006). After secondary screening is 
compleled. passengers are declared as eilher being infecled or nol. Lastly, the simulalion 
labulales simulaled passenger .lales againSilheir 'Irue' infecled slale as modelled when 
they enler the system so Ihal each passenger faJls inlo one of the four oulcomes - true 
positive, false positive. true negative or false negative. 

6 R. T. Briganti"t aJ. 
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•~ilure 2 Scrccnshot of major elcmcn15 (the larger blocks) associated with the passenger process 
simulacion (sec: online \'Cflion for colours) 
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5 Passenger process simulation details 

This section describes the key components of the simulation. A high-level screenshot of 
the simulation is shown in Figure 2 . 

5.1 Generation of aircraft arrivals and passenger loadr 

The simulation starts with the generation of aircraft arrivals and passenger loads from 
international origins. Individual origins 9.-ocre grouped into one of four geographic 
regions - Asia, Europe, Latin America and Canada (e.g. nights from Hong Kong are in 
the Asia region). The modelled aircraft arrivals and passenger load distributions for San 
Francisco [nternalional Airport (SFO) are shown in Figure 3 (US Department of 
Transportation, Research and Innovative Technology Administration RITA (2006)). 
A portion of the Arena sub-module for the generation of these aircraft is shown In 

Figure 4. Passenger loads on each flight are determined by modelling historical 
minimum. mode and maximum historical passenger loads and then drawing a specific 
passenger load for each night from a triangular probability distribution (Law and 
Kelton, 2000). 

5.2 Assignment ofilofected probabilities 

After passengers are generated in the simulation. they are assigned probabilities of being 
infected with pandemic influenza, P • • other respiratory illness, P",. or not infected, 
l- p;.-p" . The functional form"", used for p. for each region is as follows : 

4c • ( . t,, -4/ ~ 'I'Pip, = j I + IOt-v,-o, )16)· x 10 

Ficu re l San Francisco intemationaJ aircraft arrivals and passenger lOOld mstributions 
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.'i&ure 4 	 SCf\:.4.:nsbot of sub~odulc for aircraft gcneration and assisnrncnt of infected 
probabilitic:, (sec online version for colours) 
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T.ble I ParameteR used 10 compll1e P. 

ParanNlMr ASUI Europ# LmmAlHrlcQ c_ 
.o\pproX-imate Ro 3.0 2.4 2.1 2.0 

Center of curve 22 43 58 70 

Spn:ad of curve: 4.5 9.5 12 II 

Amplitude max 11.5% 4.5% 25';' 2.0V, 

where j '" 1-4 pertaining to the legion of interest (i .e. Asia. Europe. Latin America or 
Canada). oJ is the centre of the epidemic curve, hJ is a measure of the spread of the 
epidemic curve, c, is the peak amplitude of the epidemic curve and I. is the simulation 
time in days (integer), The form of trus curve is based on epidemic curves experienced in 
the 1918 intluenza pandemic and presented by (though not necessarily endorsed by) 
M. Cetron (DGMQ, CDC) which originated with S. Barren and MIDAS. A summary of 
parameter values for the different regions is provided in Table I. These parameters yield 
the conesponding plevalence curves used for the probability of passeng.... being infecled 
with pandemic influenza, based on their respective origin regions, as shown in Figure 5. 
The approximate value for the more common basic reproduction number, ~. based on 
the selected parameter values for p~ are also provided in Table I (Kretzschmar et ai. , 
2004). For P., we assumed a constant value of 3% throughout the simulation (Malone, 
MadJid and Casscells, 2006). Again, we ran our simulation for 100 simulated days. 
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Pilure 5 	 ProbabiJit), of passenger being infected with pandemic influenza.. pip, as a function of 
simularioD day by origin region (sec: online vcnion for oo lours) 
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Next, for passengers who are infected with pandemic influenza or other respiratory 
IIlDC!S, we model the elapsed time since these passengers were fint infected and when 
they become infectious. symptomatic and recover. in particular, using the parameters 
contained in Fiswe 6, each passenger infected is 8'iven the following a"ributes \1Ihich arc 
drawn independently 

time when they first become symptomatic, 'If - U( 12. SO) in hours 

time when they 'WOuld recover, l, - U(120, 384) in hours; the elapsed time since they 
were infected, lip -U(O, I,) in hours. 

The same approach applies for those infected with other respiratory iU ness. 
Using the parameters contained in Figure 7, ..-w: assign infected passengers with the 

following attributes: 

time when passenger first becomes infectious, I lf - arg min(/.p, U( IO, 48» in hours 

perind during which an infected passenger is infectious, 1'0 - U(48, arg minI 21 6, 
1,-1,» in hours. 

Thus, a passenger is no longer infectious after lit + liD hours. These functions ensure that a 
passenger cannot become symptomatic prior to becoming infectious nor be infectious 
after they recover. 

Throughout the simulalion, the elapsed lime since being infected is updated so thai a 
passenger's condition can change during the screening process and the correspondmg 
detection parameter is applied at each screening layer. 
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Fi::ure 6 	 Parameters :md variables for as~mplomalic and symptomatic timc.5 for infected 
paucngcrs 
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Ficure 7 	 Parnmctcrs and variables for infectious and infected times for in fected passengers 
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5.3 Modelling ojpre-departure screening Tabid Table ofdetection parameters at \'arious screening stagC$ (~t online \'crsion 
for colours) 

In our model, each passenger passes through a simulated prewdeparture screening layer at 
the originating airport. Detection parameters that determine if a passenger is denied night 
depend on Ihe passenger 's lrue Infecled ,Iale (i .e. infecled with pandemic influenza, 
infected with other respiratory illness or not infected) and the passenger's condition 
(I e. asymptomatic or symptomatic). These parameters and parameters for the other 
screening layers are shown in Table 2. The 'gold ' coloured cells indicated the baseline or 
Scenario I parameters values used in Ihis study. We have also included model IOHic to 
allow. uscr specifIed percenlage (e.g. 50'10) of passengers who are infecled and 
symptomatic. and who decide not to ny. This is akin to passenger self'"'5creening as 
passengers who reel ill may decide 10 slay home unlillhey feel belter, especially if il i. 
known lhal a pandemic has slaned and lhey may scrulinised dwing travel. 

5.4 Modelling ojell rOllle screenillg 

We next model the en route progression of the stale of infected passengers and their 
polential deteclion by Ihe flighl crew. In lhis case, we also include a 2 hours pre-arrival 
lime at the international origin for passengers. This time is accounted for in the model for 
disease progression. As above, passengers belonging to any of the true infected states 
could be idenlified by the flighl crew, which would then require subsequent examination 
al secondary screening after Ihe flighl arrives in the US and the passengers ",e 
disembarked. In this case, these potentially infected passengers bypass primary screenins 
and are sent dlrec.tly to secondary screening in the model. In our model, as we track the 
progression of infected states and the conesponding flight durations, if a passenger ever 
reaches the symptomatic slate en route, we usc the higher en foute detection probabilities 
as shown In Table 2 for symptomatic passengers. 

5.5 MoJ.lling 0/primary scr••nillg 

Upon arrival in the US, all international passengers that were not identified en roule as 
polentially infecled wilh pandemic influenza will pas. through primary screening. Again, 
infecled passenger slates are updaled based on time elapsed ,ince being infecled. We 
model a standard 10 minute trans it time to the primary area screening area. Passengers 
will also typically 'NDit in line for primary screening due to finite resowce levels and 
space. The delay time wailing in line al primary screening is acGOWlted for in modelling 
passenger states and subsequent detection probabilities. At primary screening, W'C 

assumed a baseline resource level of six screeners who each monilor a single primary 
screening point with an assumed mean service time of 17.33 sec. To implement this in 
the model, we aclually use a triangular distribution with minimum ~ 10, mode - 12 and 
maximum " 30 sec and draw a single occurrence from this distribution for each 
individual passenger upon processing at primary screening. Using the detection 
probabililles in Table 2, suspecled ill passengen are rouled 10 secondary scre.ning for 
further examination. The renuuning passengers arc allowed 10 leave the screening system 
and 10 proceed 10 Ihe federal inspeclion services (FIS; e.g. cusloms and immigralion 
inspeclions). 
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5.6 Modelling ofsecmlliary screening alld diagnoslic lesls 

For those passengers directed 10 secondary processing, we update the progression of the 
Illness in infected passengers. For passengers arriving from primary screening, "'e 

include another 10 minute transit time from primary screening. As before, passengers 
also have to wait in line to be seeD by health care professionals at secondary screening so 
that this wait time is accounted for and the state of their Illness is updated prior to 
examination so that the appropriale detection probability is applied. At this point, lhe 
medical professional can release the passenger to the FIS as not being suspected ill or can 
direct the passenger to undergo a formal diagnostic lest. In the latter case, we modelled 
an RT-PCR diagnostic test "ith sensitivity (i .e. infected wi th pandemic influenza) and 
specificity (i .e. not infected with pandemic influenza) values as shown in Table 2. At 
secondary screening, our baseline assumption includes a total of eight medical 
professionals to process passengers and decide on passenger conditions/diagnostic tests. 
It is assumed that the mean service time for each passenger 7.67 minutes. To implement 
this in the model, we actually use B triangular distribution with minimum =3, mode >= 5 
and maximum - 15 minutes and draw a single OCCWTence from this for each individual 
passenger going through secondary screening. 

For the RT-PCR test, we assumed. mean processing time of 7.67 hours (triangular 
distribution with minimum =3, mode - 5 and maximum - 15 hours). The estimates were 
based on discussions with subject matter experts in the field . These discussions indicated 
that e\'en though the actual lest could be done in a considerably shorter amount of time, 
the collection of a specimen from the passenger, its delivery to a testing laboratory 
(perhaps to 8 different part of the city from the airport) and reporting on results could 
cause the test to take significantly longer. After airport health screening personnel receive 
the RT·PC'R test results, the passenger 's condition is declared as either being infected 
with pandemic influenza or nol 

5. ::- Data collectioll on passenger outcomes 

Ultimately, every passenger who enters the US in our model is given one of the four 
outcomes discussed above {i.e. true positive, false positive, true negative or false 
negative). These outcomes are tracked over time in the simulation and are used for 
computing various metrics and results , a sample of which is shO\vn in Section 6. 

6 Sam ple resul~ 

Running ow simulation produces a variety of pertment output metrics, both 
epidemiological (e g. number of pandenuc influenza infected passengers entering the US 
over time) and operational in nature (e.g. passenger waiting times at the various screening 
layers). 

Figure 8 shows a sample of a portion of the simulation output as captured in 8 

spreadsheet. Additional sample results are shown in Figures 9-13 based on our 
assumptions for SFO. Figure 9 shows a comparison of false negative, true positive and 
false positive passengers by simulation day for SFO. Figure 10 shows. similar plot of 
combined false negative and true positive passengers broken oul by respective origin 
regions. Figure II shows a comparison of false negative outcomes if no screening v..-as 
done at all , if just origin exit screening was invoked. and then the full entry screening 
process as described. 
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Figure 12 shows false positive outcomes by region for SFO. It is important 10 track and 
account for false positivc passengcrs because they will consume screening process 
resources (both personnel and supplies like antiviral medications>. add to the overall 
mean wait time of passengcn in the airports. and cause stress to these erroneously 
dIagnosed passengers 

Lastly. Figure IJ displays the total time in the screening system upon arrival at SFO 
for the diflerent pBSsenger outcomes. True positive and false positive passengers spend 
considerably longer time in the system because they are sent to secondary screening and a 
large percentage of these passengers then undergo RT-PCR testing. 

FieuR 9 	 Aggregate false negative, uue positive and false positive summary for San Francisco 
international airpon (mean numbe r ofoulcomes by day for 30 simulation replications) 

...to 

Fiiure 10 	 Aggregate faJle negative and true positive summary for San Franeisco international 
airport (mean number of outcomes by day for 30 simulation replications) 
(au online vc:nioo fo r calouTI) 
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FieuR 11 	 Comparison of false negative outcome! for different len:ls of screening for SM 
Fmncisco international airport (mean number ofoutcomes by day for 30 simulalion 
rcplicalioos) (5(..'e online vcnioDfor colours) 
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Firure 12 	 Comparison of false positive outcomes, by region, fo r San FrancIsco intcmationaJ 
airport (mean number of outcomes by day for 30 simulation n;plications) 
(sec online version for colours) 
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f'jrun: 13 	 Comparison oftoLal Ome in s)stcm by outcome for San Prancisco iotcmalionaJ airport 
(mean number ofoutcomes by day for 30 simulation n:plications) 
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In our work, we focused on SFO but then applied our analysis by appropriately scaling 
the SFO results (i .e. different flight arrival patterns, passenger loads and region origins 
""'ere accounted for) to the other US airport ports of entry for a nation wide look at 
passenger screening. 

ConciusjoDS 

This simulation is quite po\\.'(rful in its ability to model individual passenger infected 
states and conditions stochastically. incorporating epidemiologic prevalence functions 
directly into the simulation, and outputting an estimate on the number of pandemic 
Influenza infected passengers entering the United States 85 a function of time. Detection 
efficacy at the variolls layers can be modelled to detennine the overall effectiveness of 
the screening process Of course, the model is highly dependent on input parameter 
assumptions tike pandemic influenza prevalence rates at origin regions and detection 
probabilities at the various screening layers Hence, care should be talen in makin8 broad 
conclusions from the simulatio~ and sensitivity analysis on results should be conducted. 
In additjon, at this point we have not applied high fidelity modelling of the different 
potential specific screening protocols for each passenger, but this is a potential area for 
future research as warranted. Some specific conclusions and insights based on our resulls 
are as follows . 

Importance ofexil scl'f!t!lJillg. International agreements that enable extensive pre· 
departure sc.reenin8 could greatly reduce the number of infected passengers entering 
the US . In fact , based on the parameters assumed in our study, this is one o f the 
major screen ing layers used to remove infected passengers from inbound flights to 
the United State, 
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Effectiveness ofentry sCIY!t!lling. Effective entry screening can reduce entry of 
infected people by more than 50'1., but effectiveness of screening is limited by the 
number who are asymptomatic. This conclusion points to the need for research on 
technologies/methods that can be used to identifY asymptomatic passengers 

Eflect ofscreelJitlg Oil timing ofemry. The results, indicate that the impact of entry 
screening is primarily on reducing the numbers of infected passengers entering the 
country undetected, and not so much on significantly delaying the day when the 
initial infected passengers enter the country. 

Secondary cases. In addition to the above results and conclusions. secondary cases 
(i .e. those who contracted influenza during travel) are not factored into the above 
stalistics and could be a significant source of additional, undetected infected 
passengers. 

Strai" on resources. Screening activities could require si8nificant airport-tenninaJ 
space and result in significant passenger delays. A key point here is that due to the 
stochastic nature of flight arrivals, passenger loads and service times, queues will 
build up. Resource (e.g. equipment, space and personnel) requirements might need to 
be planned 8Sainst maximum as opposed to the mean queue lengths and holding 
requirements . 

6 	 Diagnostic advances could reduce delays . We are able to estimate passenger 
processing times and queue lengths at various stages in the process, as well as 
resource ut ilisation levels based on the assumed resource staffing levels. This 
capability could facilil,t_assessments of quarantine and screening system needs, 
such as adequate personnel staffing levels. physical space requirements and other 
related infrastructure needs (Quarantine Stations at Ports of Entry Protecting the 
Public ' s Health, 2006). Development of new diagnostic tests could greatly reduce 
delays to airport passengers waitin8 for test results . The major contributor for lon8 
service times for passengers is waiting for RT-PCR lest results . Ifsuch tests could be 
automated and/or made shorter and/or be carried out at point-of~care at the airport, 
wait times could be significantly reduced. 

One last comment worth mentioning is that the simulation allows us to est imate each of 
the true positive, false positive, true negative and false negative values over time. In 
reality, we would only actually know the true positive values under a real pandemic 
since, for example, if we could identify infected passengers, then they would be true 
positive passengers. Knowing this, il might be possible to correl,te model outputs with 
real world observed true positive values to estimate tile false negative passengers into our 
country. 
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