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Recap question:

Feb. 11, 2025
1. Critique the following incorrect statement: in the 

Israeli ICU, 515 people are hospitalized due to 
COVID. Of these, 214 were not vaccinated and 
301 were vaccinated. Therefore, the vaccines do 
not work (data from Sept. 2021) 

2. Explain why the last bar of this graph does not 
contradict the rest of the bars

von Kügelgen et al (2021)
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Recap question:

Feb. 11, 2025

1. There could be a Simpson’s paradox lurking 
behind the numbers, … 

2. This is Simpson’s paradox: there were more 
infected in the oldest age group in Italy, which 
raised overall mortality levels

von Kügelgen et al (2021)
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Epidemiology - Part 1

Feb. 11, 2025

By the end of this lecture, you will be able to: 

1. Recap p-values 
2. Explain Dorfman’s testing method 
3. Calculate sensitivity and specificity of 

repeated COVID tests 



Last bits of hypothesis 
testing
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Hypothesis testing

Consider the following example: 
48 bank supervisors (all male) were given the same 
personnel file and asked whether the person should 
be promoted or not. The files are identical, except 
that 24 of the files were assigned to belong to male 
employees and 24 to females. Of the 48 files, 35 
were promoted, 21 of which belonged to males and 
the rest belonged to females. 



So there is a 30% difference between men and 
women promoted. Could this have been due to 
chance?

The percentage of men promoted

The percentage of women promoted



Terminology:

     : null hypothesis that there is no discrimination, 
i.e. each person is equally likely to get promoted. 

     : alternative hypothesis, i.e., there is some sort of 
discrimination. Ofter this is just the complement of . 

  -value: probability of obtaining results that are at least as 
extreme as the observed results, if the null hypothesis were 
correct, i.e.,  

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJ jk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="a6j6uwjKEM9hPHy8ula7v+lZThY=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPqhSNGeSSwIbNDAxNmZzczsyZkwyd48aAxXv0ib/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0N/WbT6g0j+SjGcfoh3QgeZ8zaqz0UO3edIslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhj OBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+td+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0njrOxdli/uz0uV2yyOPBzBMZyCB1dQgSrUoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A3gGNig==</latexit>

HA

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcF LsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="X4dwwbe9zKWmbBS4yy6xFIT1zc0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxonlAsoTZyWwyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYkUBl33yyksLa+srhXXSxubW9s75d29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W49cGxGrBxwn3I/oQIlQMIpWuk/IVa9ccavuDOQv8XJSgRz1Xvmz249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkyCp9EsbalkIyU39OZDQyZhwFtjOiODSL3lT8z+ukGF76mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLf0nzpOqdV8/uTiu16zyOIhzAIRyDBxdQg1uoQwMYDOAJXuDVkc6z8+a8z1sLTj6zD7/gfHwDtSaNbw==</latexit>p =
<latexit sha1_base64="2UQCo68N1jFbTi6osf4i7aRo4Hc=">AAACHnicbVDLSgMxFM34tr6qLt0Ei6CbMqNWXRbduKxgVeiUcie9o8HMg+SOtIz9Ejf+ihsXigiu9G9MHwutHgg5nHMvyTlBqqQh1/1yJianpmdm5+YLC4tLyyvF1bULk2RaYF0kKtFXARhUMsY6SVJ4lWqEKFB4Gdye9P3LO9RGJvE5dVNsRnAdy1AKICu1ipXatk/YobwtwxA1xgI5EFcIhvie62/1+D0/bbk73Ic01UmHu2XXaxVL9hqA/yXeiJTYCLVW8cNvJyKLMCahwJiG56bUzEGTFAp7BT8zmIK4hWtsWBpDhKaZD+L1+JZV2jxMtD0x8YH6cyOHyJhuFNjJCOjGjHt98T+vkVF41MxlnGZkgw8fCjPFKeH9rnhbahSkupaA0NL+lYsb0CDINlqwJXjjkf+Si92yd1CunO2XqsejOubYBttk28xjh6zKTlmN1ZlgD+yJvbBX59F5dt6c9+HohDPaWWe/4Hx+A6etoEY=</latexit>

P (di↵erence at least 30%|H0) ⇡ 0.01



was used when discovering the Higgs boson               

or                is common in biomedical research

<latexit sha1_base64="Oa7LTD6kw88FDlRE4yKYM/cPCsk="></latexit>

H0 is true H0 is false
Do not reject H0 Correct inference Type II error

Reject H0 Type I error Correct inference

What value of the    - value is significant?<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

This is a value judgement and differs between 
fields, depending on how serious it would be 
to draw the wrong conclusion. Given a level  
of significance, we reject the null hypothesis if 
we witness the    - value is smaller than    .

α

p α

α = 0.05 α = 0.01

α = 0.0000003



Example 2: 
Tom has two roommates: Ryan and Hugo. Every week, 
Tom draws a name out of a bucket to randomly select 
the roommates to take the trash out that week. Hugo 
suspects that Tom is cheating, so he starts keeping 
track of the draws, and he finds that out of 12 draws,  
Tom didn’t get picked even once!

Tom is not cheating so each roommate gets 
picked 1/3 of the time 
Tom is cheating



P(Tom not picked in a given draw |     ) 

P(Tom not picked in 12 consecutive draws |     ) 

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="uVPdZZBwBzSMHOj6oIh1sRTXb9Y="></latexit>

p = P (Tom not picked in at least 12 draws|H0)

= P (Tom not picked in 12 draws|H0) ⇡ 0.008

Hint: the probabilities of independent events multiply
<latexit sha1_base64="m4R5CibqsTjndEiEFebT7yT3i44=">AAACDXicbZC7SgNBFIZn4y3GW9TSZjAKSRN2xVsjxNhYRjCJkF3C7OwkGTI7u8ycFcOSF7DxVWwsFLG1t/NtnFwKTfxh4OM/53Dm/H4suAbb/rYyC4tLyyvZ1dza+sbmVn57p6GjRFFWp5GI1J1PNBNcsjpwEOwuVoyEvmBNv381qjfvmdI8krcwiJkXkq7kHU4JGKudP6gVL7EL7AFSTGSAh7hawhfYuCWXBhEYqpba+YJdtsfC8+BMoYCmqrXzX24Q0SRkEqggWrccOwYvJQo4FWyYcxPNYkL7pMtaBiUJmfbS8TVDfGicAHciZZ4EPHZ/T6Qk1HoQ+qYzJNDTs7WR+V+tlUDn3Eu5jBNgkk4WdRKBIcKjaHDAFaMgBgYIVdz8FdMeUYSCCTBnQnBmT56HxlHZOS2f3BwXKtVpHFm0h/ZRETnoDFXQNaqhOqLoET2jV/RmPVkv1rv1MWnNWNOZXfRH1ucPKWiYdQ==</latexit>

P (A and B) = P (A) · P (B)



P(Tom not picked in a given draw |     ) 

P(Tom not picked in 12 consecutive draws |     ) 

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="uVPdZZBwBzSMHOj6oIh1sRTXb9Y="></latexit>

p = P (Tom not picked in at least 12 draws|H0)

= P (Tom not picked in 12 draws|H0) ⇡ 0.008

Hint: the probabilities of independent events multiply
<latexit sha1_base64="m4R5CibqsTjndEiEFebT7yT3i44=">AAACDXicbZC7SgNBFIZn4y3GW9TSZjAKSRN2xVsjxNhYRjCJkF3C7OwkGTI7u8ycFcOSF7DxVWwsFLG1t/NtnFwKTfxh4OM/53Dm/H4suAbb/rYyC4tLyyvZ1dza+sbmVn57p6GjRFFWp5GI1J1PNBNcsjpwEOwuVoyEvmBNv381qjfvmdI8krcwiJkXkq7kHU4JGKudP6gVL7EL7AFSTGSAh7hawhfYuCWXBhEYqpba+YJdtsfC8+BMoYCmqrXzX24Q0SRkEqggWrccOwYvJQo4FWyYcxPNYkL7pMtaBiUJmfbS8TVDfGicAHciZZ4EPHZ/T6Qk1HoQ+qYzJNDTs7WR+V+tlUDn3Eu5jBNgkk4WdRKBIcKjaHDAFaMgBgYIVdz8FdMeUYSCCTBnQnBmT56HxlHZOS2f3BwXKtVpHFm0h/ZRETnoDFXQNaqhOqLoET2jV/RmPVkv1rv1MWnNWNOZXfRH1ucPKWiYdQ==</latexit>

P (A and B) = P (A) · P (B)



P(Tom not picked in a given draw |     ) 

P(Tom not picked in 12 consecutive draws |     ) 

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="uVPdZZBwBzSMHOj6oIh1sRTXb9Y="></latexit>

p = P (Tom not picked in at least 12 draws|H0)

= P (Tom not picked in 12 draws|H0) ⇡ 0.008



P(Tom not picked in a given draw |     ) 

P(Tom not picked in 12 consecutive draws |     ) 

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="uVPdZZBwBzSMHOj6oIh1sRTXb9Y="></latexit>

p = P (Tom not picked in at least 12 draws|H0)

= P (Tom not picked in 12 draws|H0) ⇡ 0.008



P(Tom not picked in a given draw |     ) 

P(Tom not picked in 12 consecutive draws |     ) 

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="uVPdZZBwBzSMHOj6oIh1sRTXb9Y="></latexit>

p = P (Tom not picked in at least 12 draws|H0)

= P (Tom not picked in 12 draws|H0) ⇡ 0.008

because there were 12 draws in total



What value of the    - value is significant?<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

This is a value judgement and differs between 
fields, depending on how serious it would be 
to draw the wrong conclusion

<latexit sha1_base64="cls0GPrDRpWiaPqW5/eg/kpHkag=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVq16EohePFewHtEvJpmkbms2uyaxQlv4JLx4U8erf8ea/MW33oK0PQh7vzTAzL4ilMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go9up33zi2ohIPeA45n5IB0r0BaNopVZMrolbdivdYsl+M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9n+07IiVV6pB9p+xSSmfq7I6WhMeMwsJUhxaFZ9Kbif147wf6VnwoVJ8gVmw/qJ5JgRKbHk57QnKEcW0KZFnZXwoZUU4Y2ooINwVs8eZk0zsreRblyf16q3mRx5OEIjuEUPLiEKtxBDerAQMIzvMKb8+i8OO/Ox7w052Q9h/AHzucPy4mOhA==</latexit>

p = 0.05
<latexit sha1_base64="avWzsmnH3Rgr0lO0IjwYxhUC550=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdRGCXjxGMA9IljA76U2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFwxRV3XR3BYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3k785hMqzWP5YEYJ+hHtSx5yRo2VWgm5Jm7F9bqlsv2mIIvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nAcbGTakwoG9I+ti2VNELtZ9N9x+TYKj0Sxso+achU/d2R0UjrURTYyoiagZ73JuJ/Xjs14ZWfcZmkBiWbDQpTQUxMJseTHlfIjBhZQpnidlfCBlRRZmxERRuCN3/yImmcVryLyvn9Wbl6k8dRgEM4ghPw4BKqcAc1qAMDAc/wCm/Oo/PivDsfs9IlJ+85gD9wPn8AxXmOgA==</latexit>

p = 0.01

<latexit sha1_base64="/EJuM5LtC7qTPRTKPTnaNwBI5YE=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCoz3jdC0Y3LCvYC7VAyaaYNTTJjkimUoc/hxoUibn0Yd76NaTuCtv4Q+PjPOZyTP4g508Z1v5zc0vLK6lp+vbCxubW9U9zdq+soUYTWSMQj1QywppxJWjPMcNqMFcUi4LQRDG4n9caQKs0i+WBGMfUF7kkWMoKNtfwYXSO37E512imWfhgtgpdBCTJVO8XPdjciiaDSEI61bnlubP wUK8MIp+NCO9E0xmSAe7RlUWJBtZ9Ojx6jI+t0URgp+6RBU/f3RIqF1iMR2E6BTV/P1ybmf7VWYsIrP2UyTgyVZLYoTDgyEZokgLpMUWL4yAImitlbEeljhYmxORVsCN78lxehflL2Lsrn92elyk0WRx4O4BCOwYNLqMAdVKEGBB7hCV7g1Rk6z86b8z5rzTnZzD78kfPxDfdkj6Q=</latexit>

p = 0.0000003 was used when discovering the Higgs boson               

or                is common in biomedical research

<latexit sha1_base64="Oa7LTD6kw88FDlRE4yKYM/cPCsk="></latexit>

H0 is true H0 is false
Do not reject H0 Correct inference Type II error

Reject H0 Type I error Correct inference

Do not reject  Accept!!!≠



Drawbacks of the Framework of Hypothesis Testing

• More inclined towards not rejecting the null hypothesis 

• The result depends on the choice of null hypothesis



Epidemiology  is the study and analysis of the 
incidence, distribution, and possible control of 
diseases and other factors relating to health.



Types of COVID-19 tests

Diagnostic tests: show if you have an active 
coronavirus infection. 

- molecular tests 
- antigen tests

Antibody tests: show if you have been infected 
by coronavirus in the past



Molecular tests 
(Ex: RT-PCR) Antigen tests

saliva, nasal or throat swab nasal or throat swab 

detect genetic materials of 
the virus

detect specific proteins of 
the virus

highly sensitive and 
specific

highly specific but less 
sensitive

a few hours to days less than an hour

Used at Princeton



Molecular tests 
(Ex: RT-PCR) Antigen tests

saliva, nasal or throat swab nasal or throat swab 

detect genetic materials of 
the virus

detect specific proteins of 
the virus

highly sensitive and 
specific

highly specific but less 
sensitive

a few hours to days less than an hour

Used at Princeton



Resources: having an adequate number of 
trained health professionals to collect and 
process samples along with an adequate supply 
of reagents and testing machines

Challenges in testing

Time: having the test results available promptly 
to avoid infected people from unknowingly 
spreading the virus to others.



At Princeton



Pool testing

combine samples from many patients into testing 
pools strategically rather than testing samples 
from each individual patient separately



Dorfman’s method

If the test result of a pool is negative, everyone in 
that pool is free of infection. If a pool tests positively, 
each individual in the pool is then tested.



Dorfman’s method is useful when the population 
infection rate, or prevalence, is low. Consider the 
scenario that there is an infected person in every 
pool instead. How many tests are needed?



If      samples are grouped into    pools with 
samples each, with prevalence   , the expected 
number of tests per person is

Asymptomatic weekly 
positivity rate at PU 
less than 10% at the 
peak



At Princeton, pooling was used starting Feb 2021 

After some experiments, settled on 4 individual 
samples combined into one pool, and a positive result 
of the pool triggered individual tests of the 4 samples. 

Saves work when there are less than ~10% positive 
cases 



At Princeton, pooling was used starting Feb 2021 

After some experiments, settled on 4 individual 
samples combined into one pool, and a positive result 
of the pool triggered individual tests of the 4 samples. 

Saves work when there are less than ~10% positive 
cases 



When the test has sensitivity      and specificity     , 
the expected number of tests per person is

Sensitivity = probability that test shows positive given that you are infected 
Specificity = probability that test shows negative given that you are not infected

Non-perfect tests



What happens to sensitivity and specificity for 
each individual?



What happens to sensitivity and specificity for 
each individual?

An infected person needs two tests (pool and subsequent 
individual test) to be positive to be correctly shown 
as positive. 
Expect sensitivity to decrease, but specificity to increase!



What happens to sensitivity and specificity for 
each individual?

An infected person needs two tests (pool and subsequent 
individual test) to be positive to be correctly shown 
as positive. 
Expect sensitivity to decrease, but specificity to increase!



The sensitivity and specificity of Dorfman’s method is

and

For                                             , we have



Repeated testing



36

Recall what we did for a single test: Consider 
one COVID test with 84% sensitivity and 99% 
specificity. (I = infected), and assume 10% of the 
population is infected 

P(positive | I) = 0.84            True positive 
P(negative | I) = 0.16           False negative 
P(negative | nI) = 0.99         True negative 
P(positive | nI) = 0.01           False positive

We used Bayes’ rule to get the formula:

Repeated testing



37
· · ·

8.4 infected

0.9

Example 1: 
P(test positive | I) = 0.84            True positive 
P(test negative | I) = 0.16           False negative 
P(test negative | nI) = 0.99         True negative 
P(test positive | nI) = 0.01           False positive

· · ·

10 infected

· · ·

90 not infected

1.6 0.9

· · ·

10 infected

· · ·

90 not infected



Repeated testing

After the first test, 

: sensitivity, : specificity, 
: prevalence, 

: population size

(+, I) (-, I) (-, nI) (+, nI)

Graphical illustration of the math:



<latexit sha1_base64="xx73kurdA7RrBrHcp6yzEEOJhZ4="></latexit>

P (I|+) =
pNSe

pNSe + qN(1� Sp)
=

pSe

pSe + q(1� Sp)

(+, I) (-, I) (-, nI) (+, nI)



(+, I) (-, I) (-, nI) (+, nI)

<latexit sha1_base64="xx73kurdA7RrBrHcp6yzEEOJhZ4="></latexit>

P (I|+) =
pNSe

pNSe + qN(1� Sp)
=

pSe

pSe + q(1� Sp)



When testing again we do the same math, but 
only look at the individuals who tested positive 
in the first test, so the probability to be infected 
is now

<latexit sha1_base64="KgnLPTquxWtldWRDCiGJw5b8uoA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQEcKu+DoGvegtgnlAsoTZyWwyZnZmmZkVwpp/8OJBEa/+jzf/xkmyB40WNBRV3XR3BTFn2rjul5NbWFxaXsmvFtbWNza3its7DS0TRWidSC5VK8CaciZo3TDDaStWFEcBp81geDXxmw9UaSbFnRnF1I9wX7CQEWys1IjLN49Hh91iya24U6C/xMtICTLUusXPTk+SJKLCEI61bntubPwUK8MIp+NCJ9E0xmSI+7RtqcAR1X46vXaMDqzSQ6FUtoRBU/XnRIojrUdRYDsjbAZ63puI/3ntxIQXfspEnBgqyGxRmHBkJJq8jnpMUWL4yBJMFLO3IjLAChNjAyrYELz5l/+SxnHFO6uc3p6UqpdZHHnYg30ogwfnUIVrqEEdCNzDE7zAqyOdZ+fNeZ+15pxsZhd+wfn4BoFgjnE=</latexit>

p(I|+)
In other words, we replace:

<latexit sha1_base64="b7ZxdI1jimfVFDBT1wR0KMHny8M=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBYmPYFV+NELSxjGAekCxhdjJJhszObmbuKmFJ46/YWChi62fY+TdOki008cCFwzn3cu89fiS4Bsf5tjILi0vLK9nV3Nr6xuaWvb1T1WGsKKvQUISq7hPNBJesAhwEq0eKkcAXrOb3b8Z+7YEpzUN5D8OIeQHpSt7hlICRWvbeADcV7/aAKBU+4kEBX2H3OCq07LxTdCbA88RNSR6lKLfsr2Y7pHHAJFBBtG64TgReQhRwKtgo14w1iwjtky5rGCpJwLSXTB4Y4UOjtHEnVKYk4In6eyIhgdbDwDedAYGenvXG4n9eI4bOpZdwGcXAJJ0u6sQCQ4jHaeA2V4yCGBpCqOLmVkx7RBEKJrOcCcGdfXmeVE+K7nnx7O40X7pO48iifXSAjpCLLlAJ3aIyqiCKRugZvaI368l6sd6tj2lrxkpndtEfWJ8/YvCU+w==</latexit>

q ! q0 = 1� p0



<latexit sha1_base64="Efq3+YLxkprw6NU16qD9yDqZ2Q0=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKeyKr2PQiyeJYh6QhDA76U2GzM4uM7NCWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dfiy4Nq777eSWlldW1/LrhY3Nre2d4u5eXUeJYlhjkYhU06caBZdYM9wIbMYKaegLbPjDm4nfeEKleSQfzSjGTkj7kgecUWOlh7vjbrHklt0pyCLxMlKCDNVu8avdi1gSojRMUK1bnhubTkqV4UzguNBONMaUDWkfW5ZKGqLupNNLx+TIKj0SRMqWNGSq/p5Iaaj1KPRtZ0jNQM97E/E/r5WY4KqTchknBiWbLQoSQUxEJm+THlfIjBhZQpni9lbCBlRRZmw4BRuCN//yIqmflr2L8vn9WalyncWRhwM4hBPw4BIqcAtVqAGDAJ7hFd6cofPivDsfs9ack83swx84nz8KLo0N</latexit>

N 0

<latexit sha1_base64="3CzYcEMgYPaYpF2v6RKas//YVTY=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPEU9gVX8egF08SwTwgWcLsZDYZMjO7zMwKYckvePGgiFd/yJt/42yyB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49vMbz9RpVkkH80kpr7AQ8lCRrDJpLh6X+2XK27NnQEtEy8nFcjR6Je/eoOIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv10dusUnVhlgMJI2ZIGzdTfEykWWk9EYDsFNiO96GXif143MeG1nzIZJ4ZKMl8UJhyZCGWPowFTlBg+sQQTxeytiIywwsTYeEo2BG/x5WXSOqt5l7WLh/NK/SaPowhHcAyn4MEV1OEOGtAEAiN4hld4c4Tz4rw7H/PWgpPPHMIfOJ8/OoWNuA==</latexit>

p0N 0 <latexit sha1_base64="s8wwH27fuvp5daXE5ng6vdnqTyE=">AAAB63icbVDLSgNBEOz1GeMr6tHLYJB4Crvi6xj04kkimAckS5idzCZDZmbXmVkhLPkFLx4U8eoPefNvnE32oIkFDUVVN91dQcyZNq777Swtr6yurRc2iptb2zu7pb39po4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW09UaRbJBzOOqS/wQLKQEWwy6bFyV+mVym7VnQItEi8nZchR75W+uv2IJIJKQzjWuuO5sfFTrAwjnE6K3UTTGJMRHtCOpRILqv10eusEHVulj8JI2ZIGTdXfEykWWo9FYDsFNkM972Xif14nMeGVnzIZJ4ZKMlsUJhyZCGWPoz5TlBg+tgQTxeytiAyxwsTYeIo2BG/+5UXSPK16F9Xz+7Ny7TqPowCHcAQn4MEl1OAW6tAAAkN4hld4c4Tz4rw7H7PWJSefOYA/cD5/ADwMjbk=</latexit>

q0N 0

<latexit sha1_base64="vDkhTmWXF+ZQ7CUIWuu+xuzcy4g=">AAAB7nicbVDJSgNBEK1xjXGLevQyGCSewoy4HYNePElEs0AyhJ5OTdKkp6fp7hHCkI/w4kERr36PN//GznLQxAcFj/eqqKoXSs608bxvZ2l5ZXVtPbeR39za3tkt7O3XdZIqijWa8EQ1Q6KRM4E1wwzHplRI4pBjIxzcjP3GEyrNEvFohhKDmPQEixglxkoNWborPXSwUyh6ZW8Cd5H4M1KEGaqdwle7m9A0RmEoJ1q3fE+aICPKMMpxlG+nGiWhA9LDlqWCxKiDbHLuyD22SteNEmVLGHei/p7ISKz1MA5tZ0xMX897Y/E/r5Wa6CrImJCpQUGni6KUuyZxx7+7XaaQGj60hFDF7K0u7RNFqLEJ5W0I/vzLi6R+WvYvyuf3Z8XK9SyOHBzCEZyAD5dQgVuoQg0oDOAZXuHNkc6L8+58TFuXnNnMAfyB8/kDVGyO7Q==</latexit>

p0N 0Se

<latexit sha1_base64="55l8pMgOInGYyHS3GokLdcgP2w4=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSKtC0sivpZFN66kon1AGspketMOncyEmYlQQj/DjQtF3Po17vwbp20W2nrgwuGce7n3niBmVGnH+bZyS8srq2v59cLG5tb2TnF3r6lEIgk0iGBCtgOsgFEODU01g3YsAUcBg1YwvJn4rSeQigr+qEcx+BHucxpSgrWRvLh8V664Jw9dOO4WS07VmcJeJG5GSihDvVv86vQESSLgmjCslOc6sfZTLDUlDMaFTqIgxmSI++AZynEEyk+nJ4/tI6P07FBIU1zbU/X3RIojpUZRYDojrAdq3puI/3leosMrP6U8TjRwMlsUJszWwp78b/eoBKLZyBBMJDW32mSAJSbapFQwIbjzLy+S5mnVvaie35+VatdZHHl0gA5RBbnoEtXQLaqjBiJIoGf0it4sbb1Y79bHrDVnZTP76A+szx/5Y4/E</latexit>

p0N 0(1� Se)
<latexit sha1_base64="vWRE41dk/brRwgcDx6vcHnjkaKQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPEU9gVX8egF08S0TwgWcLsZDYZMjs7zswKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BZIzbVz328ktLa+sruXXCxubW9s7xd29ho4TRWidxDxWrQBrypmgdcMMpy2pKI4CTpvB8HriN5+o0iwWD2YkqR/hvmAhI9hYqflYvi3fd2W3WHIr7hRokXgZKUGGWrf41enFJImoMIRjrdueK42fYmUY4XRc6CSaSkyGuE/blgocUe2n03PH6MgqPRTGypYwaKr+nkhxpPUoCmxnhM1Az3sT8T+vnZjw0k+ZkImhgswWhQlHJkaT31GPKUoMH1mCiWL2VkQGWGFibEIFG4I3//IiaZxUvPPK2d1pqXqVxZGHAziEY/DgAqpwAzWoA4EhPMMrvDnSeXHenY9Za87JZvbhD5zPH2aijvk=</latexit>

q0N 0Sp

<latexit sha1_base64="pIUGno77xY0zJSSSJpGk3eEBhas=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VaF5ZEfC2LblxJRfuANJTJdNIOnWTizI1QQj/DjQtF3Po17vwbp20WWj1w4XDOvdx7jx8LrsG2v6zcwuLS8kp+tbC2vrG5VdzeaWqZKMoaVAqp2j7RTPCINYCDYO1YMRL6grX84dXEbz0ypbmM7mEUMy8k/YgHnBIwkvtQvilXnKO7bnzYLZbsqj0F/kucjJRQhnq3+NnpSZqELAIqiNauY8fgpUQBp4KNC51Es5jQIekz19CIhEx76fTkMT4wSg8HUpmKAE/VnxMpCbUehb7pDAkM9Lw3Ef/z3ASCCy/lUZwAi+hsUZAIDBJP/sc9rhgFMTKEUMXNrZgOiCIUTEoFE4Iz//Jf0jyuOmfV09uTUu0yiyOP9tA+qiAHnaMaukZ11EAUSfSEXtCrBdaz9Wa9z1pzVjazi37B+vgGC7eP0A==</latexit>

q0N 0(1� Sp)

(++, I) (+-, I) (+-, nI) (++, nI)

When testing again we do the same math, but 
only look at the individuals who tested positive 
in the first test, so the probability to be infected 
is now

<latexit sha1_base64="KgnLPTquxWtldWRDCiGJw5b8uoA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQEcKu+DoGvegtgnlAsoTZyWwyZnZmmZkVwpp/8OJBEa/+jzf/xkmyB40WNBRV3XR3BTFn2rjul5NbWFxaXsmvFtbWNza3its7DS0TRWidSC5VK8CaciZo3TDDaStWFEcBp81geDXxmw9UaSbFnRnF1I9wX7CQEWys1IjLN49Hh91iya24U6C/xMtICTLUusXPTk+SJKLCEI61bntubPwUK8MIp+NCJ9E0xmSI+7RtqcAR1X46vXaMDqzSQ6FUtoRBU/XnRIojrUdRYDsjbAZ63puI/3ntxIQXfspEnBgqyGxRmHBkJJq8jnpMUWL4yBJMFLO3IjLAChNjAyrYELz5l/+SxnHFO6uc3p6UqpdZHHnYg30ogwfnUIVrqEEdCNzDE7zAqyOdZ+fNeZ+15pxsZhd+wfn4BoFgjnE=</latexit>

p(I|+)
In other words, we replace:

<latexit sha1_base64="b7ZxdI1jimfVFDBT1wR0KMHny8M=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBYmPYFV+NELSxjGAekCxhdjJJhszObmbuKmFJ46/YWChi62fY+TdOki008cCFwzn3cu89fiS4Bsf5tjILi0vLK9nV3Nr6xuaWvb1T1WGsKKvQUISq7hPNBJesAhwEq0eKkcAXrOb3b8Z+7YEpzUN5D8OIeQHpSt7hlICRWvbeADcV7/aAKBU+4kEBX2H3OCq07LxTdCbA88RNSR6lKLfsr2Y7pHHAJFBBtG64TgReQhRwKtgo14w1iwjtky5rGCpJwLSXTB4Y4UOjtHEnVKYk4In6eyIhgdbDwDedAYGenvXG4n9eI4bOpZdwGcXAJJ0u6sQCQ4jHaeA2V4yCGBpCqOLmVkx7RBEKJrOcCcGdfXmeVE+K7nnx7O40X7pO48iifXSAjpCLLlAJ3aIyqiCKRugZvaI368l6sd6tj2lrxkpndtEfWJ8/YvCU+w==</latexit>

q ! q0 = 1� p0



<latexit sha1_base64="Efq3+YLxkprw6NU16qD9yDqZ2Q0=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKeyKr2PQiyeJYh6QhDA76U2GzM4uM7NCWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dfiy4Nq777eSWlldW1/LrhY3Nre2d4u5eXUeJYlhjkYhU06caBZdYM9wIbMYKaegLbPjDm4nfeEKleSQfzSjGTkj7kgecUWOlh7vjbrHklt0pyCLxMlKCDNVu8avdi1gSojRMUK1bnhubTkqV4UzguNBONMaUDWkfW5ZKGqLupNNLx+TIKj0SRMqWNGSq/p5Iaaj1KPRtZ0jNQM97E/E/r5WY4KqTchknBiWbLQoSQUxEJm+THlfIjBhZQpni9lbCBlRRZmw4BRuCN//yIqmflr2L8vn9WalyncWRhwM4hBPw4BIqcAtVqAGDAJ7hFd6cofPivDsfs9ack83swx84nz8KLo0N</latexit>

N 0

<latexit sha1_base64="3CzYcEMgYPaYpF2v6RKas//YVTY=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPEU9gVX8egF08SwTwgWcLsZDYZMjO7zMwKYckvePGgiFd/yJt/42yyB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49vMbz9RpVkkH80kpr7AQ8lCRrDJpLh6X+2XK27NnQEtEy8nFcjR6Je/eoOIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv10dusUnVhlgMJI2ZIGzdTfEykWWk9EYDsFNiO96GXif143MeG1nzIZJ4ZKMl8UJhyZCGWPowFTlBg+sQQTxeytiIywwsTYeEo2BG/x5WXSOqt5l7WLh/NK/SaPowhHcAyn4MEV1OEOGtAEAiN4hld4c4Tz4rw7H/PWgpPPHMIfOJ8/OoWNuA==</latexit>

p0N 0 <latexit sha1_base64="s8wwH27fuvp5daXE5ng6vdnqTyE=">AAAB63icbVDLSgNBEOz1GeMr6tHLYJB4Crvi6xj04kkimAckS5idzCZDZmbXmVkhLPkFLx4U8eoPefNvnE32oIkFDUVVN91dQcyZNq777Swtr6yurRc2iptb2zu7pb39po4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW09UaRbJBzOOqS/wQLKQEWwy6bFyV+mVym7VnQItEi8nZchR75W+uv2IJIJKQzjWuuO5sfFTrAwjnE6K3UTTGJMRHtCOpRILqv10eusEHVulj8JI2ZIGTdXfEykWWo9FYDsFNkM972Xif14nMeGVnzIZJ4ZKMlsUJhyZCGWPoz5TlBg+tgQTxeytiAyxwsTYeIo2BG/+5UXSPK16F9Xz+7Ny7TqPowCHcAQn4MEl1OAW6tAAAkN4hld4c4Tz4rw7H7PWJSefOYA/cD5/ADwMjbk=</latexit>

q0N 0

<latexit sha1_base64="vDkhTmWXF+ZQ7CUIWuu+xuzcy4g=">AAAB7nicbVDJSgNBEK1xjXGLevQyGCSewoy4HYNePElEs0AyhJ5OTdKkp6fp7hHCkI/w4kERr36PN//GznLQxAcFj/eqqKoXSs608bxvZ2l5ZXVtPbeR39za3tkt7O3XdZIqijWa8EQ1Q6KRM4E1wwzHplRI4pBjIxzcjP3GEyrNEvFohhKDmPQEixglxkoNWborPXSwUyh6ZW8Cd5H4M1KEGaqdwle7m9A0RmEoJ1q3fE+aICPKMMpxlG+nGiWhA9LDlqWCxKiDbHLuyD22SteNEmVLGHei/p7ISKz1MA5tZ0xMX897Y/E/r5Wa6CrImJCpQUGni6KUuyZxx7+7XaaQGj60hFDF7K0u7RNFqLEJ5W0I/vzLi6R+WvYvyuf3Z8XK9SyOHBzCEZyAD5dQgVuoQg0oDOAZXuHNkc6L8+58TFuXnNnMAfyB8/kDVGyO7Q==</latexit>

p0N 0Se

<latexit sha1_base64="55l8pMgOInGYyHS3GokLdcgP2w4=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSKtC0sivpZFN66kon1AGspketMOncyEmYlQQj/DjQtF3Po17vwbp20W2nrgwuGce7n3niBmVGnH+bZyS8srq2v59cLG5tb2TnF3r6lEIgk0iGBCtgOsgFEODU01g3YsAUcBg1YwvJn4rSeQigr+qEcx+BHucxpSgrWRvLh8V664Jw9dOO4WS07VmcJeJG5GSihDvVv86vQESSLgmjCslOc6sfZTLDUlDMaFTqIgxmSI++AZynEEyk+nJ4/tI6P07FBIU1zbU/X3RIojpUZRYDojrAdq3puI/3leosMrP6U8TjRwMlsUJszWwp78b/eoBKLZyBBMJDW32mSAJSbapFQwIbjzLy+S5mnVvaie35+VatdZHHl0gA5RBbnoEtXQLaqjBiJIoGf0it4sbb1Y79bHrDVnZTP76A+szx/5Y4/E</latexit>

p0N 0(1� Se)
<latexit sha1_base64="vWRE41dk/brRwgcDx6vcHnjkaKQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPEU9gVX8egF08S0TwgWcLsZDYZMjs7zswKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BZIzbVz328ktLa+sruXXCxubW9s7xd29ho4TRWidxDxWrQBrypmgdcMMpy2pKI4CTpvB8HriN5+o0iwWD2YkqR/hvmAhI9hYqflYvi3fd2W3WHIr7hRokXgZKUGGWrf41enFJImoMIRjrdueK42fYmUY4XRc6CSaSkyGuE/blgocUe2n03PH6MgqPRTGypYwaKr+nkhxpPUoCmxnhM1Az3sT8T+vnZjw0k+ZkImhgswWhQlHJkaT31GPKUoMH1mCiWL2VkQGWGFibEIFG4I3//IiaZxUvPPK2d1pqXqVxZGHAziEY/DgAqpwAzWoA4EhPMMrvDnSeXHenY9Za87JZvbhD5zPH2aijvk=</latexit>

q0N 0Sp

<latexit sha1_base64="pIUGno77xY0zJSSSJpGk3eEBhas=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VaF5ZEfC2LblxJRfuANJTJdNIOnWTizI1QQj/DjQtF3Po17vwbp20WWj1w4XDOvdx7jx8LrsG2v6zcwuLS8kp+tbC2vrG5VdzeaWqZKMoaVAqp2j7RTPCINYCDYO1YMRL6grX84dXEbz0ypbmM7mEUMy8k/YgHnBIwkvtQvilXnKO7bnzYLZbsqj0F/kucjJRQhnq3+NnpSZqELAIqiNauY8fgpUQBp4KNC51Es5jQIekz19CIhEx76fTkMT4wSg8HUpmKAE/VnxMpCbUehb7pDAkM9Lw3Ef/z3ASCCy/lUZwAi+hsUZAIDBJP/sc9rhgFMTKEUMXNrZgOiCIUTEoFE4Iz//Jf0jyuOmfV09uTUu0yiyOP9tA+qiAHnaMaukZ11EAUSfSEXtCrBdaz9Wa9z1pzVjazi37B+vgGC7eP0A==</latexit>

q0N 0(1� Sp)

(++, I) (+-, I) (+-, nI) (++, nI)

<latexit sha1_base64="81SCxRU6TV47ju0gF1rfnQkhvJE="></latexit>

P (I|++) =
p0N 0Se

p0N 0Se + q0N 0(1� Sp)
=

p0Se

p0Se + q0(1� Sp)

=
pS2

e

pS2
e + q(1� Sp)2

⇡ 0.94



If we perform a third test, we test the samples 
whose first two test results are positive, and the 
same calculations give



Estimating prevalence

(+, I) (-, I) (-, nI) (+, nI)

1000
150 850

135 15 808 42



If we neglect the number of false positives, the number of 
positives after  tests should be approximately      times the 
number of positive cases in the population, which can be  
used to estimate the total number of positives.

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k
<latexit sha1_base64="qx6cGGDDZTxspW42LeAdXip3jxI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8eKpi20sWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jts1Bqw8GHu/NMDMvTAXXxnW/nMLS8srqWnG9tLG5tb1T3t1r6CRTDH2WiES1QqpRcIm+4UZgK1VI41BgMxxeT/3mIyrNE3lvRikGMe1LHnFGjZX8uy4+DLvlilt1ZyB/iZeTCuSod8ufnV7CshilYYJq3fbc1ARjqgxnAielTqYxpWxI+9i2VNIYdTCeHTshR1bpkShRtqQhM/XnxJjGWo/i0HbG1Az0ojcV//PamYkugzGXaWZQsvmiKBPEJGT6OelxhcyIkSWUKW5vJWxAFWXG5lOyIXiLL/8ljZOqd149uz2t1K7yOIpwAIdwDB5cQA1uoA4+MODwBC/w6kjn2Xlz3uetBSef2YdfcD6+AaJzjpY=</latexit>

Sk
e
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