
Bayesian inference 
methods for ecology

Theory Applications

What is Bayesian inference?

Probability 101 

Bayes’ theorem in biology

Priors and likelihood

Interpretation of posteriors

Markov Chain Monte Carlo

Population dynamics in 
microscopic and 
macroscopic communities

ODE generative models: 
Morphogen patterning of 
embryonic tissues  

Phylogeny and model 
selection



What about p-values?

Example 1.1: Determining a proportion
Hypothesis testing

(AKA, the dangers of p-values, and how Bayesian inference comes to the rescue)

Question: Is proliferation more probable than cell death?

P-value strategy:

Set null hypothesis: Rate proliferation same as death 

Perform experiment: Measure N = 12 events and count number of proliferations 
For instance in this case you measured n = 9 proliferations

Calculate probability 
of observation:

calculate p-value:  
(deviation from null)

Binomial distribution 

Evaluate significance: P-value is >0.05 therefore we can’t reject the null hypothesis

Probability the observation  
or more extreme values

6

p-value



What about p-values?

Example 1.1: Determining a proportion
Hypothesis testing

(AKA, the dangers of p-values, and how Bayesian inference comes to the rescue)

Question: Is proliferation more probable than cell death?

P-value strategy:

Set null hypothesis: Rate proliferation same as death 

Perform experiment:

Calculate probability 
of observation:

calculate p-value:  
(deviation from null)

Evaluate significance: P-value is <0.05 therefore we can reject the null hypothesis

Probability the observation  
or more extreme values

p-value

Negative binomial

Observe cells until      3 deaths are detected, 
for instance n=9 proliferations were observed before 3 
(different intention but same data as previous example!)



What about p-values?

Example 1.1: Determining a proportion
Hypothesis testing

(AKA, the dangers of p-values, and how Bayesian inference comes to the rescue)

Question: Is proliferation more probable than cell death?

Bayesian strategy:

Set null hypothesis:

Perform experiment:

Calculate likelihood 
of observation:

Calculate posterior 
distribution of p

Observe cells until      3 deaths 
n=9 proliferations were observed 

Measure N = 12 events  
and count number of 
proliferations n = 9

Binomial distribution Negative binomial

Uninformative prior

Posterior is independent of the observatory intention (as it should be)

Calculate HDR: HDR(95%) = [0.091,0.537]
Contains 0.5 so p=0.5 is 

a credible value! 



What about p-values?

Example 1.1: Determining a proportion
Hypothesis testing

(AKA, the dangers of p-values, and how Bayesian inference comes to the rescue)

Question: Is proliferation more probable than cell death?

Bayesian strategy:

Bayesian inference only depends on the data, 
not on the observer intention

Hypothesis testing does not affect the inference process, 
this allows for multiple hypothesis testing



Example 1.2: Population growth

<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵

time

<latexit sha1_base64="DNWiczjyLDhIaUKCCjxHIQ//VUw=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7Hm9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4A0e6N/A==</latexit>

N0 ?

How do I infer the values of     and    ? <latexit sha1_base64="LMnQx4k/nqHUOyobbgs38DUOrY8=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbtJNPEW9OIxgnlAsoTZySQZMzuzzMwKYck/ePGgIF79Hm/+jZMHQUULGoqqbrq7wpgzbTzv01lZXVvf2MxsZbd3dvf2cweHDS0TRWidSC5VK8SaciZo3TDDaStWFEchp81wdD31mw9UaSbFnRnHNIjwQLA+I9hYqdHBPB7ibi7vuZfFSrlQQb7rzYA8t+gXL7zzpZKHBWrd3EenJ0kSUWEIx1q3fS82QYqVYYTTSbaTaBpjMsID2rZU4IjqIJ1dO0GnVumhvlS2hEEz9ftEiiOtx1FoOyNshvq3NxX/8tqJ6VeClIk4MVSQ+aJ+wpGRaPo66jFFieFjSzBRzN6KyBArTIwNKGtDWP7+P2kWXL/k+v5tKV+9WuSRgWM4gTPwoQxVuIEa1IHAPTzCM7w40nlyXp23eeuKs5g5gh9w3r8AdYOPiQ==</latexit>↵

<latexit sha1_base64="oAAtxKKaWMHtZ5dTfTIAnrw+q7M=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7IW9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4AJAuOMg==</latexit>

Nf

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�

<latexit sha1_base64="rr78rhRKe6m3FegkgziMBmm/rtU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ90HZXdOOygn1AO5RMJtNGM8mQZIQy9B/cuFDErf/jzr8xfQgqeuDC4Zx7ufeeIOFMG4Q+nNza+sbmVn67sLO7t39QPDzqapkqQjtEcqn6AdaUM0E7hhlO+4miOA447QV3l3O/d0+VZlLcmGlC/RiPBYsYwcZK3WFIucGjYgm59brXrNQgchvVSrnctKTsVaqoAT0XLVACK7RHxfdhKEkaU2EIx1oPPJQYP8PKMMLprDBMNU0wucNjOrBU4JhqP1tcO4NnVglhJJUtYeBC/T6R4VjraRzYzhibif7tzcW/vEFqooafMZGkhgqyXBSlHBoJ56/DkClKDJ9agoli9lZIJlhhYmxABRvC16fwf9Itu17NRdfVUutiFUcenIBTcA48UActcAXaoAMIuAUP4Ak8O9J5dF6c12VrzlnNHIMfcN4+AQRIj24=</latexit>

�



Example 1.2: Population growth

<latexit sha1_base64="DNWiczjyLDhIaUKCCjxHIQ//VUw=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7Hm9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4A0e6N/A==</latexit>

N0

<latexit sha1_base64="oAAtxKKaWMHtZ5dTfTIAnrw+q7M=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7IW9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4AJAuOMg==</latexit>

Nf

<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵
<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�

How do I infer the values of     and    ? <latexit sha1_base64="LMnQx4k/nqHUOyobbgs38DUOrY8=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbtJNPEW9OIxgnlAsoTZySQZMzuzzMwKYck/ePGgIF79Hm/+jZMHQUULGoqqbrq7wpgzbTzv01lZXVvf2MxsZbd3dvf2cweHDS0TRWidSC5VK8SaciZo3TDDaStWFEchp81wdD31mw9UaSbFnRnHNIjwQLA+I9hYqdHBPB7ibi7vuZfFSrlQQb7rzYA8t+gXL7zzpZKHBWrd3EenJ0kSUWEIx1q3fS82QYqVYYTTSbaTaBpjMsID2rZU4IjqIJ1dO0GnVumhvlS2hEEz9ftEiiOtx1FoOyNshvq3NxX/8tqJ6VeClIk4MVSQ+aJ+wpGRaPo66jFFieFjSzBRzN6KyBArTIwNKGtDWP7+P2kWXL/k+v5tKV+9WuSRgWM4gTPwoQxVuIEa1IHAPTzCM7w40nlyXp23eeuKs5g5gh9w3r8AdYOPiQ==</latexit>↵
<latexit sha1_base64="rr78rhRKe6m3FegkgziMBmm/rtU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ90HZXdOOygn1AO5RMJtNGM8mQZIQy9B/cuFDErf/jzr8xfQgqeuDC4Zx7ufeeIOFMG4Q+nNza+sbmVn67sLO7t39QPDzqapkqQjtEcqn6AdaUM0E7hhlO+4miOA447QV3l3O/d0+VZlLcmGlC/RiPBYsYwcZK3WFIucGjYgm59brXrNQgchvVSrnctKTsVaqoAT0XLVACK7RHxfdhKEkaU2EIx1oPPJQYP8PKMMLprDBMNU0wucNjOrBU4JhqP1tcO4NnVglhJJUtYeBC/T6R4VjraRzYzhibif7tzcW/vEFqooafMZGkhgqyXBSlHBoJ56/DkClKDJ9agoli9lZIJlhhYmxABRvC16fwf9Itu17NRdfVUutiFUcenIBTcA48UActcAXaoAMIuAUP4Ak8O9J5dF6c12VrzlnNHIMfcN4+AQRIj24=</latexit>

�



Example 1.2: Population growth

<latexit sha1_base64="DNWiczjyLDhIaUKCCjxHIQ//VUw=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7Hm9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4A0e6N/A==</latexit>

N0

<latexit sha1_base64="oAAtxKKaWMHtZ5dTfTIAnrw+q7M=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7IW9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4AJAuOMg==</latexit>

Nf

time

ce
lls

<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵
<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�

<latexit sha1_base64="YrEKPxCxmpdOupgwdIe83CZWwyA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBRSlJUXQjFN24rGBboQllMrlph04ezEyEEgpu/BU3LhRx60+482+ctFlo64ELZ865l7n3eAlnUlnWt1FaWl5ZXSuvVzY2t7Z3zN29joxTQaFNYx6Le49I4CyCtmKKw30igIQeh643us797gMIyeLoTo0TcEMyiFjAKFFa6psHDuHJkOBL3MBOzalhxweu8rfdN6tW3ZoCLxK7IFVUoNU3vxw/pmkIkaKcSNmzrUS5GRGKUQ6TipNKSAgdkQH0NI1ICNLNpjdM8LFWfBzEQlek8FT9PZGRUMpx6OnOkKihnPdy8T+vl6rgws1YlKQKIjr7KEg5VjHOA8E+E0AVH2tCqGB6V0yHRBCqdGwVHYI9f/Ii6TTq9lnduj2tNq+KOMroEB2hE2Sjc9REN6iF2oiiR/SMXtGb8WS8GO/Gx6y1ZBQz++gPjM8f9/WVKA==</latexit>

↵ = 2 � = 1

How do I infer the values of     and    ? <latexit sha1_base64="LMnQx4k/nqHUOyobbgs38DUOrY8=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbtJNPEW9OIxgnlAsoTZySQZMzuzzMwKYck/ePGgIF79Hm/+jZMHQUULGoqqbrq7wpgzbTzv01lZXVvf2MxsZbd3dvf2cweHDS0TRWidSC5VK8SaciZo3TDDaStWFEchp81wdD31mw9UaSbFnRnHNIjwQLA+I9hYqdHBPB7ibi7vuZfFSrlQQb7rzYA8t+gXL7zzpZKHBWrd3EenJ0kSUWEIx1q3fS82QYqVYYTTSbaTaBpjMsID2rZU4IjqIJ1dO0GnVumhvlS2hEEz9ftEiiOtx1FoOyNshvq3NxX/8tqJ6VeClIk4MVSQ+aJ+wpGRaPo66jFFieFjSzBRzN6KyBArTIwNKGtDWP7+P2kWXL/k+v5tKV+9WuSRgWM4gTPwoQxVuIEa1IHAPTzCM7w40nlyXp23eeuKs5g5gh9w3r8AdYOPiQ==</latexit>↵
<latexit sha1_base64="rr78rhRKe6m3FegkgziMBmm/rtU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ90HZXdOOygn1AO5RMJtNGM8mQZIQy9B/cuFDErf/jzr8xfQgqeuDC4Zx7ufeeIOFMG4Q+nNza+sbmVn67sLO7t39QPDzqapkqQjtEcqn6AdaUM0E7hhlO+4miOA447QV3l3O/d0+VZlLcmGlC/RiPBYsYwcZK3WFIucGjYgm59brXrNQgchvVSrnctKTsVaqoAT0XLVACK7RHxfdhKEkaU2EIx1oPPJQYP8PKMMLprDBMNU0wucNjOrBU4JhqP1tcO4NnVglhJJUtYeBC/T6R4VjraRzYzhibif7tzcW/vEFqooafMZGkhgqyXBSlHBoJ56/DkClKDJ9agoli9lZIJlhhYmxABRvC16fwf9Itu17NRdfVUutiFUcenIBTcA48UActcAXaoAMIuAUP4Ak8O9J5dF6c12VrzlnNHIMfcN4+AQRIj24=</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N

<latexit sha1_base64="DNWiczjyLDhIaUKCCjxHIQ//VUw=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7Hm9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4A0e6N/A==</latexit>

N0

<latexit sha1_base64="oAAtxKKaWMHtZ5dTfTIAnrw+q7M=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7IW9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4AJAuOMg==</latexit>

Nf

time

ce
lls

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�

<latexit sha1_base64="YrEKPxCxmpdOupgwdIe83CZWwyA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBRSlJUXQjFN24rGBboQllMrlph04ezEyEEgpu/BU3LhRx60+482+ctFlo64ELZ865l7n3eAlnUlnWt1FaWl5ZXSuvVzY2t7Z3zN29joxTQaFNYx6Le49I4CyCtmKKw30igIQeh643us797gMIyeLoTo0TcEMyiFjAKFFa6psHDuHJkOBL3MBOzalhxweu8rfdN6tW3ZoCLxK7IFVUoNU3vxw/pmkIkaKcSNmzrUS5GRGKUQ6TipNKSAgdkQH0NI1ICNLNpjdM8LFWfBzEQlek8FT9PZGRUMpx6OnOkKihnPdy8T+vl6rgws1YlKQKIjr7KEg5VjHOA8E+E0AVH2tCqGB6V0yHRBCqdGwVHYI9f/Ii6TTq9lnduj2tNq+KOMroEB2hE2Sjc9REN6iF2oiiR/SMXtGb8WS8GO/Gx6y1ZBQz++gPjM8f9/WVKA==</latexit>

↵ = 2 � = 1

How do I infer the values of     and    ? <latexit sha1_base64="LMnQx4k/nqHUOyobbgs38DUOrY8=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbtJNPEW9OIxgnlAsoTZySQZMzuzzMwKYck/ePGgIF79Hm/+jZMHQUULGoqqbrq7wpgzbTzv01lZXVvf2MxsZbd3dvf2cweHDS0TRWidSC5VK8SaciZo3TDDaStWFEchp81wdD31mw9UaSbFnRnHNIjwQLA+I9hYqdHBPB7ibi7vuZfFSrlQQb7rzYA8t+gXL7zzpZKHBWrd3EenJ0kSUWEIx1q3fS82QYqVYYTTSbaTaBpjMsID2rZU4IjqIJ1dO0GnVumhvlS2hEEz9ftEiiOtx1FoOyNshvq3NxX/8tqJ6VeClIk4MVSQ+aJ+wpGRaPo66jFFieFjSzBRzN6KyBArTIwNKGtDWP7+P2kWXL/k+v5tKV+9WuSRgWM4gTPwoQxVuIEa1IHAPTzCM7w40nlyXp23eeuKs5g5gh9w3r8AdYOPiQ==</latexit>↵
<latexit sha1_base64="rr78rhRKe6m3FegkgziMBmm/rtU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ90HZXdOOygn1AO5RMJtNGM8mQZIQy9B/cuFDErf/jzr8xfQgqeuDC4Zx7ufeeIOFMG4Q+nNza+sbmVn67sLO7t39QPDzqapkqQjtEcqn6AdaUM0E7hhlO+4miOA447QV3l3O/d0+VZlLcmGlC/RiPBYsYwcZK3WFIucGjYgm59brXrNQgchvVSrnctKTsVaqoAT0XLVACK7RHxfdhKEkaU2EIx1oPPJQYP8PKMMLprDBMNU0wucNjOrBU4JhqP1tcO4NnVglhJJUtYeBC/T6R4VjraRzYzhibif7tzcW/vEFqooafMZGkhgqyXBSlHBoJ56/DkClKDJ9agoli9lZIJlhhYmxABRvC16fwf9Itu17NRdfVUutiFUcenIBTcA48UActcAXaoAMIuAUP4Ak8O9J5dF6c12VrzlnNHIMfcN4+AQRIj24=</latexit>

�







Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N

Posterior distributions

time

ce
lls

<latexit sha1_base64="Np+Z1YTdAIOgtKCNIP6VoQxaZqY=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgadlE87oFvXiSCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jbPJCipa0FBUddPd5UWcKe04H1ZmZXVtfSO7mdva3tndy+8ftFUYSwotGvJQdj2igDMBLc00h24kgQQeh443uUz8zj1IxUJxq6cRuAEZCeYzSrSR7vqa8SHg64E/yBccu14r1ytn2LGdBRJSqpbqFVxMlQJK0Rzk3/vDkMYBCE05UapXdCLtzojUjHKY5/qxgojQCRlBz1BBAlDubHHxHJ8YZYj9UJoSGi/U7xMzEig1DTzTGRA9Vr+9RPzL68Xar7kzJqJYg6DLRX7MsQ5x8j4eMglU86khhEpmbsV0TCSh2oSUMyF8fYr/J+2SXSzbzs15oXGRxpFFR+gYnaIiqqIGukJN1EIUCfSAntCzpaxH68V6XbZmrHTmEP2A9fYJb4aQxQ==</latexit>

Ñf

<latexit sha1_base64="DomYQhwImghVc1ES4DaAHxl7pmo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZBqa2d2RTeupIJ9SDuWTJppQzOZIckIZehXuHGhiFs/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZpeWV1bXsem5jc2t7J7+711RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qY+q17KhWLxI0ex9QL8UCwgBGsjXR71Qvu0iI7nvTyBWS7TqXqViCykVt2XGRIFZ26zhks2WiGAlig3su/d/sRSUIqNOFYqU4JxdpLsdSMcDrJdRNFY0xGeEA7hgocUuWls4Mn8MgofRhE0pTQcKZ+n0hxqNQ49E1niPVQ/fam4l9eJ9GB46VMxImmgswXBQmHOoLT72GfSUo0HxuCiWTmVkiGWGKiTUY5E8LXp/B/0jyxSxUbXZcLtfNFHFlwAA5BEZRAFdTAJaiDBiAgBA/gCTxb0nq0XqzXeWvGWszsgx+w3j4BwMeQZQ==</latexit>

N (i)
f

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

?

<latexit sha1_base64="vYOa3l9IsTVLwWBwNc9XzEhE6BI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgodSkqLopVD04rGCbYUmlMlm0y7dbMLuRiilF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds/cP2irJJKEtkvBEPgSgKGeCtjTTnD6kkkIccNoJhjdTv/NIpWKJuNejlPox9AWLGAFtpJ595AFPB1CveRWvgr2Qcg24jt2eXXaqzgx4mbg5KaMczZ795YUJyWIqNOGgVNd1Uu2PQWpGOJ2UvEzRFMgQ+rRrqICYKn88e2CCT40S4iiRpoTGM/X3xBhipUZxYDpj0AO16E3F/7xupqMrf8xEmmkqyHxRlHGsEzxNA4dMUqL5yBAgkplbMRmABKJNZiUTgrv48jJp16ruRdW5Oy83rvM4iugYnaAz5KJL1EC3qIlaiKAJekav6M16sl6sd+tj3lqw8plD9AfW5w/ooZSq</latexit>

↵ = 2 � = 1

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N

Posterior distributions

time

ce
lls

<latexit sha1_base64="Np+Z1YTdAIOgtKCNIP6VoQxaZqY=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgadlE87oFvXiSCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jbPJCipa0FBUddPd5UWcKe04H1ZmZXVtfSO7mdva3tndy+8ftFUYSwotGvJQdj2igDMBLc00h24kgQQeh443uUz8zj1IxUJxq6cRuAEZCeYzSrSR7vqa8SHg64E/yBccu14r1ytn2LGdBRJSqpbqFVxMlQJK0Rzk3/vDkMYBCE05UapXdCLtzojUjHKY5/qxgojQCRlBz1BBAlDubHHxHJ8YZYj9UJoSGi/U7xMzEig1DTzTGRA9Vr+9RPzL68Xar7kzJqJYg6DLRX7MsQ5x8j4eMglU86khhEpmbsV0TCSh2oSUMyF8fYr/J+2SXSzbzs15oXGRxpFFR+gYnaIiqqIGukJN1EIUCfSAntCzpaxH68V6XbZmrHTmEP2A9fYJb4aQxQ==</latexit>

Ñf

<latexit sha1_base64="DomYQhwImghVc1ES4DaAHxl7pmo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZBqa2d2RTeupIJ9SDuWTJppQzOZIckIZehXuHGhiFs/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZpeWV1bXsem5jc2t7J7+711RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qY+q17KhWLxI0ex9QL8UCwgBGsjXR71Qvu0iI7nvTyBWS7TqXqViCykVt2XGRIFZ26zhks2WiGAlig3su/d/sRSUIqNOFYqU4JxdpLsdSMcDrJdRNFY0xGeEA7hgocUuWls4Mn8MgofRhE0pTQcKZ+n0hxqNQ49E1niPVQ/fam4l9eJ9GB46VMxImmgswXBQmHOoLT72GfSUo0HxuCiWTmVkiGWGKiTUY5E8LXp/B/0jyxSxUbXZcLtfNFHFlwAA5BEZRAFdTAJaiDBiAgBA/gCTxb0nq0XqzXeWvGWszsgx+w3j4BwMeQZQ==</latexit>

N (i)
f

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="vYOa3l9IsTVLwWBwNc9XzEhE6BI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgodSkqLopVD04rGCbYUmlMlm0y7dbMLuRiilF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds/cP2irJJKEtkvBEPgSgKGeCtjTTnD6kkkIccNoJhjdTv/NIpWKJuNejlPox9AWLGAFtpJ595AFPB1CveRWvgr2Qcg24jt2eXXaqzgx4mbg5KaMczZ795YUJyWIqNOGgVNd1Uu2PQWpGOJ2UvEzRFMgQ+rRrqICYKn88e2CCT40S4iiRpoTGM/X3xBhipUZxYDpj0AO16E3F/7xupqMrf8xEmmkqyHxRlHGsEzxNA4dMUqL5yBAgkplbMRmABKJNZiUTgrv48jJp16ruRdW5Oy83rvM4iugYnaAz5KJL1EC3qIlaiKAJekav6M16sl6sd+tj3lqw8plD9AfW5w/ooZSq</latexit>

↵ = 2 � = 1

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N

Posterior distributions

time

ce
lls

<latexit sha1_base64="Np+Z1YTdAIOgtKCNIP6VoQxaZqY=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgadlE87oFvXiSCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jbPJCipa0FBUddPd5UWcKe04H1ZmZXVtfSO7mdva3tndy+8ftFUYSwotGvJQdj2igDMBLc00h24kgQQeh443uUz8zj1IxUJxq6cRuAEZCeYzSrSR7vqa8SHg64E/yBccu14r1ytn2LGdBRJSqpbqFVxMlQJK0Rzk3/vDkMYBCE05UapXdCLtzojUjHKY5/qxgojQCRlBz1BBAlDubHHxHJ8YZYj9UJoSGi/U7xMzEig1DTzTGRA9Vr+9RPzL68Xar7kzJqJYg6DLRX7MsQ5x8j4eMglU86khhEpmbsV0TCSh2oSUMyF8fYr/J+2SXSzbzs15oXGRxpFFR+gYnaIiqqIGukJN1EIUCfSAntCzpaxH68V6XbZmrHTmEP2A9fYJb4aQxQ==</latexit>

Ñf

<latexit sha1_base64="DomYQhwImghVc1ES4DaAHxl7pmo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZBqa2d2RTeupIJ9SDuWTJppQzOZIckIZehXuHGhiFs/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZpeWV1bXsem5jc2t7J7+711RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qY+q17KhWLxI0ex9QL8UCwgBGsjXR71Qvu0iI7nvTyBWS7TqXqViCykVt2XGRIFZ26zhks2WiGAlig3su/d/sRSUIqNOFYqU4JxdpLsdSMcDrJdRNFY0xGeEA7hgocUuWls4Mn8MgofRhE0pTQcKZ+n0hxqNQ49E1niPVQ/fam4l9eJ9GB46VMxImmgswXBQmHOoLT72GfSUo0HxuCiWTmVkiGWGKiTUY5E8LXp/B/0jyxSxUbXZcLtfNFHFlwAA5BEZRAFdTAJaiDBiAgBA/gCTxb0nq0XqzXeWvGWszsgx+w3j4BwMeQZQ==</latexit>

N (i)
f

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="NMYpOoLWgPSoIpLTHuV9x5bobb8=">AAAB+3icdVDJSgNBEO1xjXEb49FLYxDiwTATJttBCHrxJBHMApkQajqdpEnPQnePGEJ+xYsHRbz6I978G3uSCCr6oODxXhVV9byIM6ks68NYWV1b39hMbaW3d3b39s2DTFOGsSC0QUIeirYHknIW0IZiitN2JCj4Hqctb3yZ+K07KiQLg1s1iWjXh2HABoyA0lLPzJzjnAs8GsGZ26dcwel1z8xa+Wq16tglrEml5DhOQsqFSrGE7bw1RxYtUe+Z724/JLFPA0U4SNmxrUh1pyAUI5zO0m4saQRkDEPa0TQAn8rudH77DJ9opY8HodAVKDxXv09MwZdy4nu60wc1kr+9RPzL68RqUOlOWRDFigZksWgQc6xCnASB+0xQovhEEyCC6VsxGYEAonRcaR3C16f4f9Is5O1i3rpxsrWLZRwpdISOUQ7ZqIxq6ArVUQMRdI8e0BN6NmbGo/FivC5aV4zlzCH6AePtE+89k8I=</latexit>

= (↵� �)N

<latexit sha1_base64="vYOa3l9IsTVLwWBwNc9XzEhE6BI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgodSkqLopVD04rGCbYUmlMlm0y7dbMLuRiilF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds/cP2irJJKEtkvBEPgSgKGeCtjTTnD6kkkIccNoJhjdTv/NIpWKJuNejlPox9AWLGAFtpJ595AFPB1CveRWvgr2Qcg24jt2eXXaqzgx4mbg5KaMczZ795YUJyWIqNOGgVNd1Uu2PQWpGOJ2UvEzRFMgQ+rRrqICYKn88e2CCT40S4iiRpoTGM/X3xBhipUZxYDpj0AO16E3F/7xupqMrf8xEmmkqyHxRlHGsEzxNA4dMUqL5yBAgkplbMRmABKJNZiUTgrv48jJp16ruRdW5Oy83rvM4iugYnaAz5KJL1EC3qIlaiKAJekav6M16sl6sd+tj3lqw8plD9AfW5w/ooZSq</latexit>

↵ = 2 � = 1

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N

Posterior distributions

time

ce
lls

<latexit sha1_base64="Np+Z1YTdAIOgtKCNIP6VoQxaZqY=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgadlE87oFvXiSCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jbPJCipa0FBUddPd5UWcKe04H1ZmZXVtfSO7mdva3tndy+8ftFUYSwotGvJQdj2igDMBLc00h24kgQQeh443uUz8zj1IxUJxq6cRuAEZCeYzSrSR7vqa8SHg64E/yBccu14r1ytn2LGdBRJSqpbqFVxMlQJK0Rzk3/vDkMYBCE05UapXdCLtzojUjHKY5/qxgojQCRlBz1BBAlDubHHxHJ8YZYj9UJoSGi/U7xMzEig1DTzTGRA9Vr+9RPzL68Xar7kzJqJYg6DLRX7MsQ5x8j4eMglU86khhEpmbsV0TCSh2oSUMyF8fYr/J+2SXSzbzs15oXGRxpFFR+gYnaIiqqIGukJN1EIUCfSAntCzpaxH68V6XbZmrHTmEP2A9fYJb4aQxQ==</latexit>

Ñf

<latexit sha1_base64="DomYQhwImghVc1ES4DaAHxl7pmo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZBqa2d2RTeupIJ9SDuWTJppQzOZIckIZehXuHGhiFs/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZpeWV1bXsem5jc2t7J7+711RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qY+q17KhWLxI0ex9QL8UCwgBGsjXR71Qvu0iI7nvTyBWS7TqXqViCykVt2XGRIFZ26zhks2WiGAlig3su/d/sRSUIqNOFYqU4JxdpLsdSMcDrJdRNFY0xGeEA7hgocUuWls4Mn8MgofRhE0pTQcKZ+n0hxqNQ49E1niPVQ/fam4l9eJ9GB46VMxImmgswXBQmHOoLT72GfSUo0HxuCiWTmVkiGWGKiTUY5E8LXp/B/0jyxSxUbXZcLtfNFHFlwAA5BEZRAFdTAJaiDBiAgBA/gCTxb0nq0XqzXeWvGWszsgx+w3j4BwMeQZQ==</latexit>

N (i)
f

<latexit sha1_base64="NMYpOoLWgPSoIpLTHuV9x5bobb8=">AAAB+3icdVDJSgNBEO1xjXEb49FLYxDiwTATJttBCHrxJBHMApkQajqdpEnPQnePGEJ+xYsHRbz6I978G3uSCCr6oODxXhVV9byIM6ks68NYWV1b39hMbaW3d3b39s2DTFOGsSC0QUIeirYHknIW0IZiitN2JCj4Hqctb3yZ+K07KiQLg1s1iWjXh2HABoyA0lLPzJzjnAs8GsGZ26dcwel1z8xa+Wq16tglrEml5DhOQsqFSrGE7bw1RxYtUe+Z724/JLFPA0U4SNmxrUh1pyAUI5zO0m4saQRkDEPa0TQAn8rudH77DJ9opY8HodAVKDxXv09MwZdy4nu60wc1kr+9RPzL68RqUOlOWRDFigZksWgQc6xCnASB+0xQovhEEyCC6VsxGYEAonRcaR3C16f4f9Is5O1i3rpxsrWLZRwpdISOUQ7ZqIxq6ArVUQMRdI8e0BN6NmbGo/FivC5aV4zlzCH6AePtE+89k8I=</latexit>

= (↵� �)N

<latexit sha1_base64="vYOa3l9IsTVLwWBwNc9XzEhE6BI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgodSkqLopVD04rGCbYUmlMlm0y7dbMLuRiilF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds/cP2irJJKEtkvBEPgSgKGeCtjTTnD6kkkIccNoJhjdTv/NIpWKJuNejlPox9AWLGAFtpJ595AFPB1CveRWvgr2Qcg24jt2eXXaqzgx4mbg5KaMczZ795YUJyWIqNOGgVNd1Uu2PQWpGOJ2UvEzRFMgQ+rRrqICYKn88e2CCT40S4iiRpoTGM/X3xBhipUZxYDpj0AO16E3F/7xupqMrf8xEmmkqyHxRlHGsEzxNA4dMUqL5yBAgkplbMRmABKJNZiUTgrv48jJp16ruRdW5Oy83rvM4iugYnaAz5KJL1EC3qIlaiKAJekav6M16sl6sd+tj3lqw8plD9AfW5w/ooZSq</latexit>

↵ = 2 � = 1

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="3vwKril+kaBZ3eYEasuKEXOFoUE=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cK9kPaUCbbTbt0swm7G6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZKj/VKF0UyxLNeqexW3RnIMvFyUoYc9V7pq9uPaRoxaahArTuemxg/Q2U4FWxS7KaaJUhHOGAdSyVGTPvZ7OAJObVKn4SxsiUNmam/JzKMtB5Hge2M0Az1ojcV//M6qQmv/YzLJDVM0vmiMBXExGT6PelzxagRY0uQKm5vJXSICqmxGRVtCN7iy8ukeV71Lqvu/UW5dpPHUYBjOIEKeHAFNbiDOjSAQgTP8ApvjnJenHfnY9664uQzR/AHzucP9bCP2w==</latexit> P
(↵

)

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="1YgylkNuFcixGGpOzX5DmzfmYhI=">AAAB8HicbVBNS8NAEN34WetX1aOXxSLUS0lE0WPRi8cK9kPaUDabSbt0swm7E6GU/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKUw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmiTTHBo8kYluB8yAFAoaKFBCO9XA4kBCKxjeTv3WE2gjEvWAoxT8mPWViARnaKXHeqUbgkR21iuV3ao7A10mXk7KJEe9V/rqhgnPYlDIJTOm47kp+mOmUXAJk2I3M5AyPmR96FiqWAzGH88OntBTq4Q0SrQthXSm/p4Ys9iYURzYzpjhwCx6U/E/r5NhdO2PhUozBMXni6JMUkzo9HsaCg0c5cgSxrWwt1I+YJpxtBkVbQje4svLpHle9S6r7v1FuXaTx1Egx+SEVIhHrkiN3JE6aRBOYvJMXsmbo50X5935mLeuOPnMEfkD5/MH+7+P3w==</latexit> P
(�
)

Bayesian inference yields how much information can 
we extract from the data with a model

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N
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<latexit sha1_base64="Np+Z1YTdAIOgtKCNIP6VoQxaZqY=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgadlE87oFvXiSCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jbPJCipa0FBUddPd5UWcKe04H1ZmZXVtfSO7mdva3tndy+8ftFUYSwotGvJQdj2igDMBLc00h24kgQQeh443uUz8zj1IxUJxq6cRuAEZCeYzSrSR7vqa8SHg64E/yBccu14r1ytn2LGdBRJSqpbqFVxMlQJK0Rzk3/vDkMYBCE05UapXdCLtzojUjHKY5/qxgojQCRlBz1BBAlDubHHxHJ8YZYj9UJoSGi/U7xMzEig1DTzTGRA9Vr+9RPzL68Xar7kzJqJYg6DLRX7MsQ5x8j4eMglU86khhEpmbsV0TCSh2oSUMyF8fYr/J+2SXSzbzs15oXGRxpFFR+gYnaIiqqIGukJN1EIUCfSAntCzpaxH68V6XbZmrHTmEP2A9fYJb4aQxQ==</latexit>

Ñf

<latexit sha1_base64="DomYQhwImghVc1ES4DaAHxl7pmo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZBqa2d2RTeupIJ9SDuWTJppQzOZIckIZehXuHGhiFs/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZpeWV1bXsem5jc2t7J7+711RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qY+q17KhWLxI0ex9QL8UCwgBGsjXR71Qvu0iI7nvTyBWS7TqXqViCykVt2XGRIFZ26zhks2WiGAlig3su/d/sRSUIqNOFYqU4JxdpLsdSMcDrJdRNFY0xGeEA7hgocUuWls4Mn8MgofRhE0pTQcKZ+n0hxqNQ49E1niPVQ/fam4l9eJ9GB46VMxImmgswXBQmHOoLT72GfSUo0HxuCiWTmVkiGWGKiTUY5E8LXp/B/0jyxSxUbXZcLtfNFHFlwAA5BEZRAFdTAJaiDBiAgBA/gCTxb0nq0XqzXeWvGWszsgx+w3j4BwMeQZQ==</latexit>

N (i)
f

<latexit sha1_base64="NMYpOoLWgPSoIpLTHuV9x5bobb8=">AAAB+3icdVDJSgNBEO1xjXEb49FLYxDiwTATJttBCHrxJBHMApkQajqdpEnPQnePGEJ+xYsHRbz6I978G3uSCCr6oODxXhVV9byIM6ks68NYWV1b39hMbaW3d3b39s2DTFOGsSC0QUIeirYHknIW0IZiitN2JCj4Hqctb3yZ+K07KiQLg1s1iWjXh2HABoyA0lLPzJzjnAs8GsGZ26dcwel1z8xa+Wq16tglrEml5DhOQsqFSrGE7bw1RxYtUe+Z724/JLFPA0U4SNmxrUh1pyAUI5zO0m4saQRkDEPa0TQAn8rudH77DJ9opY8HodAVKDxXv09MwZdy4nu60wc1kr+9RPzL68RqUOlOWRDFigZksWgQc6xCnASB+0xQovhEEyCC6VsxGYEAonRcaR3C16f4f9Is5O1i3rpxsrWLZRwpdISOUQ7ZqIxq6ArVUQMRdI8e0BN6NmbGo/FivC5aV4zlzCH6AePtE+89k8I=</latexit>

= (↵� �)N

<latexit sha1_base64="vYOa3l9IsTVLwWBwNc9XzEhE6BI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgodSkqLopVD04rGCbYUmlMlm0y7dbMLuRiilF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds/cP2irJJKEtkvBEPgSgKGeCtjTTnD6kkkIccNoJhjdTv/NIpWKJuNejlPox9AWLGAFtpJ595AFPB1CveRWvgr2Qcg24jt2eXXaqzgx4mbg5KaMczZ795YUJyWIqNOGgVNd1Uu2PQWpGOJ2UvEzRFMgQ+rRrqICYKn88e2CCT40S4iiRpoTGM/X3xBhipUZxYDpj0AO16E3F/7xupqMrf8xEmmkqyHxRlHGsEzxNA4dMUqL5yBAgkplbMRmABKJNZiUTgrv48jJp16ruRdW5Oy83rvM4iugYnaAz5KJL1EC3qIlaiKAJekav6M16sl6sd+tj3lqw8plD9AfW5w/ooZSq</latexit>

↵ = 2 � = 1

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="3vwKril+kaBZ3eYEasuKEXOFoUE=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cK9kPaUCbbTbt0swm7G6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZKj/VKF0UyxLNeqexW3RnIMvFyUoYc9V7pq9uPaRoxaahArTuemxg/Q2U4FWxS7KaaJUhHOGAdSyVGTPvZ7OAJObVKn4SxsiUNmam/JzKMtB5Hge2M0Az1ojcV//M6qQmv/YzLJDVM0vmiMBXExGT6PelzxagRY0uQKm5vJXSICqmxGRVtCN7iy8ukeV71Lqvu/UW5dpPHUYBjOIEKeHAFNbiDOjSAQgTP8ApvjnJenHfnY9664uQzR/AHzucP9bCP2w==</latexit> P
(↵

)

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="1YgylkNuFcixGGpOzX5DmzfmYhI=">AAAB8HicbVBNS8NAEN34WetX1aOXxSLUS0lE0WPRi8cK9kPaUDabSbt0swm7E6GU/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKUw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmiTTHBo8kYluB8yAFAoaKFBCO9XA4kBCKxjeTv3WE2gjEvWAoxT8mPWViARnaKXHeqUbgkR21iuV3ao7A10mXk7KJEe9V/rqhgnPYlDIJTOm47kp+mOmUXAJk2I3M5AyPmR96FiqWAzGH88OntBTq4Q0SrQthXSm/p4Ys9iYURzYzpjhwCx6U/E/r5NhdO2PhUozBMXni6JMUkzo9HsaCg0c5cgSxrWwt1I+YJpxtBkVbQje4svLpHle9S6r7v1FuXaTx1Egx+SEVIhHrkiN3JE6aRBOYvJMXsmbo50X5935mLeuOPnMEfkD5/MH+7+P3w==</latexit> P
(�
)

Bayesian inference yields how much information can 
we extract from the data with a model

- Would this result change 

if we had a Gaussian 

prior distribution? 

Question:

- What experiment would 

you propose to obtain 

narrower posteriors of the 

rates? 

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N
<latexit sha1_base64="NMYpOoLWgPSoIpLTHuV9x5bobb8=">AAAB+3icdVDJSgNBEO1xjXEb49FLYxDiwTATJttBCHrxJBHMApkQajqdpEnPQnePGEJ+xYsHRbz6I978G3uSCCr6oODxXhVV9byIM6ks68NYWV1b39hMbaW3d3b39s2DTFOGsSC0QUIeirYHknIW0IZiitN2JCj4Hqctb3yZ+K07KiQLg1s1iWjXh2HABoyA0lLPzJzjnAs8GsGZ26dcwel1z8xa+Wq16tglrEml5DhOQsqFSrGE7bw1RxYtUe+Z724/JLFPA0U4SNmxrUh1pyAUI5zO0m4saQRkDEPa0TQAn8rudH77DJ9opY8HodAVKDxXv09MwZdy4nu60wc1kr+9RPzL68RqUOlOWRDFigZksWgQc6xCnASB+0xQovhEEyCC6VsxGYEAonRcaR3C16f4f9Is5O1i3rpxsrWLZRwpdISOUQ7ZqIxq6ArVUQMRdI8e0BN6NmbGo/FivC5aV4zlzCH6AePtE+89k8I=</latexit>

= (↵� �)N

time

ce
lls

time

ce
lls

time

ce
lls

<latexit sha1_base64="TxCgtAElcXfmKKL8Bavc1lY+QcU=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UkouhGKLpxWcE+oAnlZjJph04ezEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDCmXPuZe49XsKZVJb1bZSWlldW18rrlY3Nre0dc3evLeNUENoiMY9F1wNJOYtoSzHFaTcRFEKP0443usn9zgMVksXRvRon1A1hELGAEVBa6psHDvBkCPgK207NqWHHp1zlT6tvVq26NQVeJHZBqqhAs29+OX5M0pBGinCQsmdbiXIzEIoRTicVJ5U0ATKCAe1pGkFIpZtNT5jgY634OIiFrkjhqfp7IoNQynHo6c4Q1FDOe7n4n9dLVXDpZixKUkUjMvsoSDlWMc7zwD4TlCg+1gSIYHpXTIYggCidWkWHYM+fvEjap3X7vG7dnVUb10UcZXSIjtAJstEFaqBb1EQtRNAjekav6M14Ml6Md+Nj1loyipl99AfG5w+aOpT8</latexit>

↵ = 1 � = 0
<latexit sha1_base64="vfoOgSyqBAhq298rJq9I5D184QQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UkRdGNUHTjsoJthSaUyeSmHTp5MDMRSihu/BU3LhRx61e482+ctFlo64ELZ865l7n3eAlnUlnWt1FaWl5ZXSuvVzY2t7Z3zN29joxTQaFNYx6Le49I4CyCtmKKw30igIQeh643us797gMIyeLoTo0TcEMyiFjAKFFa6psHDuHJkOBL3HBqTg07PnCVP+2+WbXq1hR4kdgFqaICrb755fgxTUOIFOVEyp5tJcrNiFCMcphUnFRCQuiIDKCnaURCkG42PWGCj7Xi4yAWuiKFp+rviYyEUo5DT3eGRA3lvJeL/3m9VAUXbsaiJFUQ0dlHQcqxinGeB/aZAKr4WBNCBdO7YjokglClU6voEOz5kxdJp1G3z+rW7Wm1eVXEUUaH6AidIBudoya6QS3URhQ9omf0it6MJ+PFeDc+Zq0lo5jZR39gfP4AnVGU/g==</latexit>

↵ = 2 � = 1
<latexit sha1_base64="8mX21SYk6OxZxuGQu3/G8qqKEZY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UkVdGNUHTjsoJ9QBPKZDJph04ezNwIpRQ3/oobF4q49Svc+TdO2iy09cCFM+fcy9x7vERwBZb1bRSWlldW14rrpY3Nre0dc3evpeJUUtaksYhlxyOKCR6xJnAQrJNIRkJPsLY3vMn89gOTisfRPYwS5oakH/GAUwJa6pkHDhHJgOArfOpUnAp2fCYge9Z6ZtmqWlPgRWLnpIxyNHrml+PHNA1ZBFQQpbq2lYA7JhI4FWxSclLFEkKHpM+6mkYkZModT0+Y4GOt+DiIpa4I8FT9PTEmoVKj0NOdIYGBmvcy8T+vm0Jw6Y55lKTAIjr7KEgFhhhneWCfS0ZBjDQhVHK9K6YDIgkFnVpJh2DPn7xIWrWqfV617s7K9es8jiI6REfoBNnoAtXRLWqgJqLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MHoGiVAA==</latexit>

↵ = 3 � = 2

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N
<latexit sha1_base64="NMYpOoLWgPSoIpLTHuV9x5bobb8=">AAAB+3icdVDJSgNBEO1xjXEb49FLYxDiwTATJttBCHrxJBHMApkQajqdpEnPQnePGEJ+xYsHRbz6I978G3uSCCr6oODxXhVV9byIM6ks68NYWV1b39hMbaW3d3b39s2DTFOGsSC0QUIeirYHknIW0IZiitN2JCj4Hqctb3yZ+K07KiQLg1s1iWjXh2HABoyA0lLPzJzjnAs8GsGZ26dcwel1z8xa+Wq16tglrEml5DhOQsqFSrGE7bw1RxYtUe+Z724/JLFPA0U4SNmxrUh1pyAUI5zO0m4saQRkDEPa0TQAn8rudH77DJ9opY8HodAVKDxXv09MwZdy4nu60wc1kr+9RPzL68RqUOlOWRDFigZksWgQc6xCnASB+0xQovhEEyCC6VsxGYEAonRcaR3C16f4f9Is5O1i3rpxsrWLZRwpdISOUQ7ZqIxq6ArVUQMRdI8e0BN6NmbGo/FivC5aV4zlzCH6AePtE+89k8I=</latexit>

= (↵� �)N

time

ce
lls

time

ce
lls

time

ce
lls

<latexit sha1_base64="TxCgtAElcXfmKKL8Bavc1lY+QcU=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UkouhGKLpxWcE+oAnlZjJph04ezEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDCmXPuZe49XsKZVJb1bZSWlldW18rrlY3Nre0dc3evLeNUENoiMY9F1wNJOYtoSzHFaTcRFEKP0443usn9zgMVksXRvRon1A1hELGAEVBa6psHDvBkCPgK207NqWHHp1zlT6tvVq26NQVeJHZBqqhAs29+OX5M0pBGinCQsmdbiXIzEIoRTicVJ5U0ATKCAe1pGkFIpZtNT5jgY634OIiFrkjhqfp7IoNQynHo6c4Q1FDOe7n4n9dLVXDpZixKUkUjMvsoSDlWMc7zwD4TlCg+1gSIYHpXTIYggCidWkWHYM+fvEjap3X7vG7dnVUb10UcZXSIjtAJstEFaqBb1EQtRNAjekav6M14Ml6Md+Nj1loyipl99AfG5w+aOpT8</latexit>

↵ = 1 � = 0
<latexit sha1_base64="vfoOgSyqBAhq298rJq9I5D184QQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UkRdGNUHTjsoJthSaUyeSmHTp5MDMRSihu/BU3LhRx61e482+ctFlo64ELZ865l7n3eAlnUlnWt1FaWl5ZXSuvVzY2t7Z3zN29joxTQaFNYx6Le49I4CyCtmKKw30igIQeh643us797gMIyeLoTo0TcEMyiFjAKFFa6psHDuHJkOBL3HBqTg07PnCVP+2+WbXq1hR4kdgFqaICrb755fgxTUOIFOVEyp5tJcrNiFCMcphUnFRCQuiIDKCnaURCkG42PWGCj7Xi4yAWuiKFp+rviYyEUo5DT3eGRA3lvJeL/3m9VAUXbsaiJFUQ0dlHQcqxinGeB/aZAKr4WBNCBdO7YjokglClU6voEOz5kxdJp1G3z+rW7Wm1eVXEUUaH6AidIBudoya6QS3URhQ9omf0it6MJ+PFeDc+Zq0lo5jZR39gfP4AnVGU/g==</latexit>

↵ = 2 � = 1
<latexit sha1_base64="8mX21SYk6OxZxuGQu3/G8qqKEZY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF6UkVdGNUHTjsoJ9QBPKZDJph04ezNwIpRQ3/oobF4q49Svc+TdO2iy09cCFM+fcy9x7vERwBZb1bRSWlldW14rrpY3Nre0dc3evpeJUUtaksYhlxyOKCR6xJnAQrJNIRkJPsLY3vMn89gOTisfRPYwS5oakH/GAUwJa6pkHDhHJgOArfOpUnAp2fCYge9Z6ZtmqWlPgRWLnpIxyNHrml+PHNA1ZBFQQpbq2lYA7JhI4FWxSclLFEkKHpM+6mkYkZModT0+Y4GOt+DiIpa4I8FT9PTEmoVKj0NOdIYGBmvcy8T+vm0Jw6Y55lKTAIjr7KEgFhhhneWCfS0ZBjDQhVHK9K6YDIgkFnVpJh2DPn7xIWrWqfV617s7K9es8jiI6REfoBNnoAtXRLWqgJqLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MHoGiVAA==</latexit>

↵ = 3 � = 2

 Stochastic theory says…
<latexit sha1_base64="Qzxr6MqtKg3gDCK42UHU3E9x9Ws="></latexit>

�(t) = N0
↵+ �

↵� �
e2(↵��)t

⇣
1� e(↵��)t

⌘

Likelihood <latexit sha1_base64="aWIgrIKAMboCYajyManHWCvAiKk="></latexit>

NY

i=1

P (datapoint i|↵, �) =
<latexit sha1_base64="Leqh8OQkLHggBHIm2ysb+v8XZuM=">AAACCnicdZDLSgNBEEV74ivGV9Slm9YgRJAwI/GRhRB04zKCMUImhJqeTtKk50F3jRDGrN34K25cKOLWL3Dn39iJQVT0QkNxbhVddb1YCo22/W5lpqZnZuey87mFxaXllfzq2qWOEsV4nUUyUlceaC5FyOsoUPKrWHEIPMkbXv905DeuudIiCi9wEPNWAN1QdAQDNKid36wV3QCwp4LUB4ThjQsy7sGu63OJsEOPaTtfsEuVvfKRXaFOyR6LGlI5sMvOFymQiWrt/JvrRywJeIhMgtZNx46xlYJCwSQf5txE8xhYH7q8acoQAq5b6fiUId02xKedSJkXIh3T7xMpBFoPAs90jtbWv70R/MtrJtg5aqUijBPkIfv8qJNIihEd5UJ9oThDOTAFMCXMrpT1QAFDk17OhPB1+//F5V7J2S/Z5+VC9WQSR5ZskC1SJA45JFVyRmqkThi5JffkkTxZd9aD9Wy9fLZmrMnMOvkh6/UDqrOaPA==</latexit>

P (data|↵, �) =
<latexit sha1_base64="eocipr+YZDM9llhSUg8MWNyNC88="></latexit>

NY

i=1

N (Ñf � Ñ (i)
f ,�)

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N
<latexit sha1_base64="NMYpOoLWgPSoIpLTHuV9x5bobb8=">AAAB+3icdVDJSgNBEO1xjXEb49FLYxDiwTATJttBCHrxJBHMApkQajqdpEnPQnePGEJ+xYsHRbz6I978G3uSCCr6oODxXhVV9byIM6ks68NYWV1b39hMbaW3d3b39s2DTFOGsSC0QUIeirYHknIW0IZiitN2JCj4Hqctb3yZ+K07KiQLg1s1iWjXh2HABoyA0lLPzJzjnAs8GsGZ26dcwel1z8xa+Wq16tglrEml5DhOQsqFSrGE7bw1RxYtUe+Z724/JLFPA0U4SNmxrUh1pyAUI5zO0m4saQRkDEPa0TQAn8rudH77DJ9opY8HodAVKDxXv09MwZdy4nu60wc1kr+9RPzL68RqUOlOWRDFigZksWgQc6xCnASB+0xQovhEEyCC6VsxGYEAonRcaR3C16f4f9Is5O1i3rpxsrWLZRwpdISOUQ7ZqIxq6ArVUQMRdI8e0BN6NmbGo/FivC5aV4zlzCH6AePtE+89k8I=</latexit>

= (↵� �)N

time

ce
lls

<latexit sha1_base64="Np+Z1YTdAIOgtKCNIP6VoQxaZqY=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgadlE87oFvXiSCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jbPJCipa0FBUddPd5UWcKe04H1ZmZXVtfSO7mdva3tndy+8ftFUYSwotGvJQdj2igDMBLc00h24kgQQeh443uUz8zj1IxUJxq6cRuAEZCeYzSrSR7vqa8SHg64E/yBccu14r1ytn2LGdBRJSqpbqFVxMlQJK0Rzk3/vDkMYBCE05UapXdCLtzojUjHKY5/qxgojQCRlBz1BBAlDubHHxHJ8YZYj9UJoSGi/U7xMzEig1DTzTGRA9Vr+9RPzL68Xar7kzJqJYg6DLRX7MsQ5x8j4eMglU86khhEpmbsV0TCSh2oSUMyF8fYr/J+2SXSzbzs15oXGRxpFFR+gYnaIiqqIGukJN1EIUCfSAntCzpaxH68V6XbZmrHTmEP2A9fYJb4aQxQ==</latexit>

Ñf

<latexit sha1_base64="DomYQhwImghVc1ES4DaAHxl7pmo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZBqa2d2RTeupIJ9SDuWTJppQzOZIckIZehXuHGhiFs/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZpeWV1bXsem5jc2t7J7+711RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qY+q17KhWLxI0ex9QL8UCwgBGsjXR71Qvu0iI7nvTyBWS7TqXqViCykVt2XGRIFZ26zhks2WiGAlig3su/d/sRSUIqNOFYqU4JxdpLsdSMcDrJdRNFY0xGeEA7hgocUuWls4Mn8MgofRhE0pTQcKZ+n0hxqNQ49E1niPVQ/fam4l9eJ9GB46VMxImmgswXBQmHOoLT72GfSUo0HxuCiWTmVkiGWGKiTUY5E8LXp/B/0jyxSxUbXZcLtfNFHFlwAA5BEZRAFdTAJaiDBiAgBA/gCTxb0nq0XqzXeWvGWszsgx+w3j4BwMeQZQ==</latexit>

N (i)
f

<latexit sha1_base64="vYOa3l9IsTVLwWBwNc9XzEhE6BI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgodSkqLopVD04rGCbYUmlMlm0y7dbMLuRiilF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds/cP2irJJKEtkvBEPgSgKGeCtjTTnD6kkkIccNoJhjdTv/NIpWKJuNejlPox9AWLGAFtpJ595AFPB1CveRWvgr2Qcg24jt2eXXaqzgx4mbg5KaMczZ795YUJyWIqNOGgVNd1Uu2PQWpGOJ2UvEzRFMgQ+rRrqICYKn88e2CCT40S4iiRpoTGM/X3xBhipUZxYDpj0AO16E3F/7xupqMrf8xEmmkqyHxRlHGsEzxNA4dMUqL5yBAgkplbMRmABKJNZiUTgrv48jJp16ruRdW5Oy83rvM4iugYnaAz5KJL1EC3qIlaiKAJekav6M16sl6sd+tj3lqw8plD9AfW5w/ooZSq</latexit>

↵ = 2 � = 1

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="3vwKril+kaBZ3eYEasuKEXOFoUE=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cK9kPaUCbbTbt0swm7G6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZKj/VKF0UyxLNeqexW3RnIMvFyUoYc9V7pq9uPaRoxaahArTuemxg/Q2U4FWxS7KaaJUhHOGAdSyVGTPvZ7OAJObVKn4SxsiUNmam/JzKMtB5Hge2M0Az1ojcV//M6qQmv/YzLJDVM0vmiMBXExGT6PelzxagRY0uQKm5vJXSICqmxGRVtCN7iy8ukeV71Lqvu/UW5dpPHUYBjOIEKeHAFNbiDOjSAQgTP8ApvjnJenHfnY9664uQzR/AHzucP9bCP2w==</latexit> P
(↵

)

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="3vwKril+kaBZ3eYEasuKEXOFoUE=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cK9kPaUCbbTbt0swm7G6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbqd+64kpzWP5YMYJ8yMcSB5yisZKj/VKF0UyxLNeqexW3RnIMvFyUoYc9V7pq9uPaRoxaahArTuemxg/Q2U4FWxS7KaaJUhHOGAdSyVGTPvZ7OAJObVKn4SxsiUNmam/JzKMtB5Hge2M0Az1ojcV//M6qQmv/YzLJDVM0vmiMBXExGT6PelzxagRY0uQKm5vJXSICqmxGRVtCN7iy8ukeV71Lqvu/UW5dpPHUYBjOIEKeHAFNbiDOjSAQgTP8ApvjnJenHfnY9664uQzR/AHzucP9bCP2w==</latexit> P
(↵

)

<latexit sha1_base64="LK1cOkkNlXdL74DOabOC49bxySU=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9CIEvXiSCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7S0tr6yurRc2iptb2zu7pb39hlGpJrROFFe6FWFDOZO0bpnltJVoikXEaTMa3kz85hPVhin5YEcJDQXuSxYzgq2TGnfoCgV+t1T2K/4UaJEEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6LnZSQxNMhrhP245KLKgJs+m1Y3TslB6KlXYlLZqqvycyLIwZich1CmwHZt6biP957dTGl2HGZJJaKslsUZxyZBWavI56TFNi+cgRTDRztyIywBoT6wIquhCC+ZcXSeO0EpxX/PuzcvU6j6MAh3AEJxDABVThFmpQBwKP8Ayv8OYp78V79z5mrUtePnMAf+B9/gC0L43m</latexit>

N = 10
<latexit sha1_base64="tuYhur3mrEmLWVald4IbSuW+J+Q=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVi16EohdPUsF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML7J/PYTVZpJ8WAmMfUjPBQsZAQbK7Xu0BWquf1yxa26M6Bl4uWkAjka/fJXbyBJElFhCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VOCIaj+dXTtFJ1YZoFAqW8Kgmfp7IsWR1pMosJ0RNiO96GXif143MeGlnzIRJ4YKMl8UJhwZibLX0YApSgyfWIKJYvZWREZYYWJsQCUbgrf48jJpnVW9WtW9P6/Ur/M4inAEx3AKHlxAHW6hAU0g8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHukON6g==</latexit>

N = 50

<latexit sha1_base64="Ltas0PNhl84v/DmnzuzdlK1gmP8=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmbELbegF48RzALJEHp6epI2Pd1Dd40QhvyDFw+KePV/vPk3dhbB9UHB470qquqFqeAGPO/dKSwsLi2vFFdLa+sbm1vl7Z2mUZmmrEGVULodEsMEl6wBHARrp5qRJBSsFQ4vJ37rjmnDlbyBUcqChPQljzklYKVmN2ICSK9c8dyq51dPffyb+K43RQXNUe+V37qRolnCJFBBjOn4XgpBTjRwKti41M0MSwkdkj7rWCpJwkyQT68d4wOrRDhW2pYEPFW/TuQkMWaUhLYzITAwP72J+JfXySA+D3Iu0wyYpLNFcSYwKDx5HUdcMwpiZAmhmttbMR0QTSjYgEo2hM9P8f+keeT6J653fVypXczjKKI9tI8OkY/OUA1doTpqIIpu0T16RE+Och6cZ+dl1lpw5jO76Buc1w8D5Y9u</latexit>

�



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="MgR7KgLgP7rxfD1pgay3m7CqPE0=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadmVoOYW9OIxgmsCyRJmJ7PJkNnZZaZXCCHf4MWDgnj1f7z5N04egs+ChqKqm+6uKJPCoOe9O4Wl5ZXVteJ6aWNza3unvLt3a9JcMx6wVKa6FVHDpVA8QIGStzLNaRJJ3oyGl1O/ece1Eam6wVHGw4T2lYgFo2iloBNxpN1yxXNrnl879clv4rveDBVYoNEtv3V6KcsTrpBJakzb9zIMx1SjYJJPSp3c8IyyIe3ztqWKJtyE49mxE3JklR6JU21LIZmpXyfGNDFmlES2M6E4MD+9qfiX184xPg/HQmU5csXmi+JcEkzJ9HPSE5ozlCNLKNPC3krYgGrK0OZTsiF8fkr+J80T16+6vn9drdQvFnkU4QAO4Rh8OIM6XEEDAmAg4B4e4clRzoPz7LzMWwvOYmYfvsF5/QDMwI8r</latexit>

�
<latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N
<latexit sha1_base64="NMYpOoLWgPSoIpLTHuV9x5bobb8=">AAAB+3icdVDJSgNBEO1xjXEb49FLYxDiwTATJttBCHrxJBHMApkQajqdpEnPQnePGEJ+xYsHRbz6I978G3uSCCr6oODxXhVV9byIM6ks68NYWV1b39hMbaW3d3b39s2DTFOGsSC0QUIeirYHknIW0IZiitN2JCj4Hqctb3yZ+K07KiQLg1s1iWjXh2HABoyA0lLPzJzjnAs8GsGZ26dcwel1z8xa+Wq16tglrEml5DhOQsqFSrGE7bw1RxYtUe+Z724/JLFPA0U4SNmxrUh1pyAUI5zO0m4saQRkDEPa0TQAn8rudH77DJ9opY8HodAVKDxXv09MwZdy4nu60wc1kr+9RPzL68RqUOlOWRDFigZksWgQc6xCnASB+0xQovhEEyCC6VsxGYEAonRcaR3C16f4f9Is5O1i3rpxsrWLZRwpdISOUQ7ZqIxq6ArVUQMRdI8e0BN6NmbGo/FivC5aV4zlzCH6AePtE+89k8I=</latexit>

= (↵� �)N

time

ce
lls

<latexit sha1_base64="Np+Z1YTdAIOgtKCNIP6VoQxaZqY=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgadlE87oFvXiSCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jbPJCipa0FBUddPd5UWcKe04H1ZmZXVtfSO7mdva3tndy+8ftFUYSwotGvJQdj2igDMBLc00h24kgQQeh443uUz8zj1IxUJxq6cRuAEZCeYzSrSR7vqa8SHg64E/yBccu14r1ytn2LGdBRJSqpbqFVxMlQJK0Rzk3/vDkMYBCE05UapXdCLtzojUjHKY5/qxgojQCRlBz1BBAlDubHHxHJ8YZYj9UJoSGi/U7xMzEig1DTzTGRA9Vr+9RPzL68Xar7kzJqJYg6DLRX7MsQ5x8j4eMglU86khhEpmbsV0TCSh2oSUMyF8fYr/J+2SXSzbzs15oXGRxpFFR+gYnaIiqqIGukJN1EIUCfSAntCzpaxH68V6XbZmrHTmEP2A9fYJb4aQxQ==</latexit>

Ñf

<latexit sha1_base64="DomYQhwImghVc1ES4DaAHxl7pmo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZBqa2d2RTeupIJ9SDuWTJppQzOZIckIZehXuHGhiFs/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZpeWV1bXsem5jc2t7J7+711RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qY+q17KhWLxI0ex9QL8UCwgBGsjXR71Qvu0iI7nvTyBWS7TqXqViCykVt2XGRIFZ26zhks2WiGAlig3su/d/sRSUIqNOFYqU4JxdpLsdSMcDrJdRNFY0xGeEA7hgocUuWls4Mn8MgofRhE0pTQcKZ+n0hxqNQ49E1niPVQ/fam4l9eJ9GB46VMxImmgswXBQmHOoLT72GfSUo0HxuCiWTmVkiGWGKiTUY5E8LXp/B/0jyxSxUbXZcLtfNFHFlwAA5BEZRAFdTAJaiDBiAgBA/gCTxb0nq0XqzXeWvGWszsgx+w3j4BwMeQZQ==</latexit>

N (i)
f

<latexit sha1_base64="vYOa3l9IsTVLwWBwNc9XzEhE6BI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgodSkqLopVD04rGCbYUmlMlm0y7dbMLuRiilF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds/cP2irJJKEtkvBEPgSgKGeCtjTTnD6kkkIccNoJhjdTv/NIpWKJuNejlPox9AWLGAFtpJ595AFPB1CveRWvgr2Qcg24jt2eXXaqzgx4mbg5KaMczZ795YUJyWIqNOGgVNd1Uu2PQWpGOJ2UvEzRFMgQ+rRrqICYKn88e2CCT40S4iiRpoTGM/X3xBhipUZxYDpj0AO16E3F/7xupqMrf8xEmmkqyHxRlHGsEzxNA4dMUqL5yBAgkplbMRmABKJNZiUTgrv48jJp16ruRdW5Oy83rvM4iugYnaAz5KJL1EC3qIlaiKAJekav6M16sl6sd+tj3lqw8plD9AfW5w/ooZSq</latexit>

↵ = 2 � = 1

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

Bayesian inference returns how much information can 
we extract from the data with a model

Therefore it can help us to…

Design appropriate models e.g. include stochastic effects
Design better experiments e.g. number of replicates

<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵<latexit sha1_base64="am6CKLf/R9zmNT1K2ny8pNrrqL0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjNOPHA==</latexit>↵

<latexit sha1_base64="VMtPh98b5ycfLzzDKyv6EwYB8TQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkt6PIA==</latexit>

�

<latexit sha1_base64="LK1cOkkNlXdL74DOabOC49bxySU=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9CIEvXiSCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7S0tr6yurRc2iptb2zu7pb39hlGpJrROFFe6FWFDOZO0bpnltJVoikXEaTMa3kz85hPVhin5YEcJDQXuSxYzgq2TGnfoCgV+t1T2K/4UaJEEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6LnZSQxNMhrhP245KLKgJs+m1Y3TslB6KlXYlLZqqvycyLIwZich1CmwHZt6biP957dTGl2HGZJJaKslsUZxyZBWavI56TFNi+cgRTDRztyIywBoT6wIquhCC+ZcXSeO0EpxX/PuzcvU6j6MAh3AEJxDABVThFmpQBwKP8Ayv8OYp78V79z5mrUtePnMAf+B9/gC0L43m</latexit>

N = 10
<latexit sha1_base64="tuYhur3mrEmLWVald4IbSuW+J+Q=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVi16EohdPUsF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML7J/PYTVZpJ8WAmMfUjPBQsZAQbK7Xu0BWquf1yxa26M6Bl4uWkAjka/fJXbyBJElFhCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VOCIaj+dXTtFJ1YZoFAqW8Kgmfp7IsWR1pMosJ0RNiO96GXif143MeGlnzIRJ4YKMl8UJhwZibLX0YApSgyfWIKJYvZWREZYYWJsQCUbgrf48jJpnVW9WtW9P6/Ur/M4inAEx3AKHlxAHW6hAU0g8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHukON6g==</latexit>

N = 50



Example 1.2: Population growth
<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵ <latexit sha1_base64="MgR7KgLgP7rxfD1pgay3m7CqPE0=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadmVoOYW9OIxgmsCyRJmJ7PJkNnZZaZXCCHf4MWDgnj1f7z5N04egs+ChqKqm+6uKJPCoOe9O4Wl5ZXVteJ6aWNza3unvLt3a9JcMx6wVKa6FVHDpVA8QIGStzLNaRJJ3oyGl1O/ece1Eam6wVHGw4T2lYgFo2iloBNxpN1yxXNrnl879clv4rveDBVYoNEtv3V6KcsTrpBJakzb9zIMx1SjYJJPSp3c8IyyIe3ztqWKJtyE49mxE3JklR6JU21LIZmpXyfGNDFmlES2M6E4MD+9qfiX184xPg/HQmU5csXmi+JcEkzJ9HPSE5ozlCNLKNPC3krYgGrK0OZTsiF8fkr+J80T16+6vn9drdQvFnkU4QAO4Rh8OIM6XEEDAmAg4B4e4clRzoPz7LzMWwvOYmYfvsF5/QDMwI8r</latexit>

�
<latexit sha1_base64="1O+NHMGYr0dlz5Qsc7/rdCSlPGc=">AAACDHicdVDLSgMxFM3UV62vqks3wSLUTUlLH7oQim5cSQXbCp1SMmmmDc08SO4IZegHuPFX3LhQxK0f4M6/MdNWfKAHAifn3Mu99zihFBoIebdSC4tLyyvp1cza+sbmVnZ7p6WDSDHeZIEM1LVDNZfC500QIPl1qDj1HMnbzugs8ds3XGkR+FcwDnnXowNfuIJRMFIvm7NdRVlsexSGysN9fJGHw8nXHyb4xFSRwnG1TMoEG1KrElKdkkqtWsLFApkih+Zo9LJvdj9gkcd9YJJq3SmSELoxVSCY5JOMHWkeUjaiA94x1Kce1914eswEHxilj91AmecDnqrfO2LqaT32HFOZLKl/e4n4l9eJwD3qxsIPI+A+mw1yI4khwEkyuC8UZyDHhlCmhNkVsyE16YDJL2NC+LwU/09apUKxUiCX5Vz9dB5HGu2hfZRHRVRDdXSOGqiJGLpF9+gRPVl31oP1bL3MSlPWvGcX/YD1+gFEyZsi</latexit>

dN(t)

dt
=

<latexit sha1_base64="3a+ZNbmEmM+32Cmhg7PdJhGMDMQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZkNyUZvQS+eJIJ5QLKE2ckkGTL7cGZWCEt+wosHRbz6O978GyebCCpa0FBUddPd5ceCK43xh5VbWV1b38hvFra2d3b3ivsHLRUlkrImjUQkOz5RTPCQNTXXgnViyUjgC9b2J5dzv33PpOJReKunMfMCMgr5kFOijdTpERGPCbruF0vYPncruIKRITUXYzcj1ZpbRo6NM5RgiUa/+N4bRDQJWKipIEp1HRxrLyVScyrYrNBLFIsJnZAR6xoakoApL83unaETowzQMJKmQo0y9ftESgKlpoFvOgOix+q3Nxf/8rqJHp55KQ/jRLOQLhYNE4F0hObPowGXjGoxNYRQyc2tiI6JJFSbiAomhK9P0f+kVbadqo1vKqX6xTKOPBzBMZyCAzWowxU0oAkUBDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEACKP9Q==</latexit>

↵N
<latexit sha1_base64="Y8wnUL+w82AdRtIuI4z8YaZJT/w=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAhuDJPSprorunElFewD21Amk0k7dDIJMxOhhP6FGxeKuPVv3Pk3TtMKKnrgwuGce7n3Hj/hTGmEPqyl5ZXVtfXCRnFza3tnt7S331ZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76c+Z17KhWLxa2eJNSL8FCwkBGsjXR3CvsB5RrD60GpjOxzt4qqCBpSdxFyc1KruxXo2ChHGSzQHJTe+0FM0ogKTThWquegRHsZlpoRTqfFfqpogskYD2nPUIEjqrwsv3gKj40SwDCWpoSGufp9IsORUpPIN50R1iP125uJf3m9VIdnXsZEkmoqyHxRmHKoYzh7HwZMUqL5xBBMJDO3QjLCEhNtQiqaEL4+hf+TdsV2aja6qZYbF4s4CuAQHIET4IA6aIAr0AQtQIAAD+AJPFvKerRerNd565K1mDkAP2C9fQLHZJBa</latexit>

��N
<latexit sha1_base64="NMYpOoLWgPSoIpLTHuV9x5bobb8=">AAAB+3icdVDJSgNBEO1xjXEb49FLYxDiwTATJttBCHrxJBHMApkQajqdpEnPQnePGEJ+xYsHRbz6I978G3uSCCr6oODxXhVV9byIM6ks68NYWV1b39hMbaW3d3b39s2DTFOGsSC0QUIeirYHknIW0IZiitN2JCj4Hqctb3yZ+K07KiQLg1s1iWjXh2HABoyA0lLPzJzjnAs8GsGZ26dcwel1z8xa+Wq16tglrEml5DhOQsqFSrGE7bw1RxYtUe+Z724/JLFPA0U4SNmxrUh1pyAUI5zO0m4saQRkDEPa0TQAn8rudH77DJ9opY8HodAVKDxXv09MwZdy4nu60wc1kr+9RPzL68RqUOlOWRDFigZksWgQc6xCnASB+0xQovhEEyCC6VsxGYEAonRcaR3C16f4f9Is5O1i3rpxsrWLZRwpdISOUQ7ZqIxq6ArVUQMRdI8e0BN6NmbGo/FivC5aV4zlzCH6AePtE+89k8I=</latexit>

= (↵� �)N

time

ce
lls

<latexit sha1_base64="Np+Z1YTdAIOgtKCNIP6VoQxaZqY=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgadlE87oFvXiSCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jbPJCipa0FBUddPd5UWcKe04H1ZmZXVtfSO7mdva3tndy+8ftFUYSwotGvJQdj2igDMBLc00h24kgQQeh443uUz8zj1IxUJxq6cRuAEZCeYzSrSR7vqa8SHg64E/yBccu14r1ytn2LGdBRJSqpbqFVxMlQJK0Rzk3/vDkMYBCE05UapXdCLtzojUjHKY5/qxgojQCRlBz1BBAlDubHHxHJ8YZYj9UJoSGi/U7xMzEig1DTzTGRA9Vr+9RPzL68Xar7kzJqJYg6DLRX7MsQ5x8j4eMglU86khhEpmbsV0TCSh2oSUMyF8fYr/J+2SXSzbzs15oXGRxpFFR+gYnaIiqqIGukJN1EIUCfSAntCzpaxH68V6XbZmrHTmEP2A9fYJb4aQxQ==</latexit>

Ñf

<latexit sha1_base64="DomYQhwImghVc1ES4DaAHxl7pmo=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZBqa2d2RTeupIJ9SDuWTJppQzOZIckIZehXuHGhiFs/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZpeWV1bXsem5jc2t7J7+711RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qY+q17KhWLxI0ex9QL8UCwgBGsjXR71Qvu0iI7nvTyBWS7TqXqViCykVt2XGRIFZ26zhks2WiGAlig3su/d/sRSUIqNOFYqU4JxdpLsdSMcDrJdRNFY0xGeEA7hgocUuWls4Mn8MgofRhE0pTQcKZ+n0hxqNQ49E1niPVQ/fam4l9eJ9GB46VMxImmgswXBQmHOoLT72GfSUo0HxuCiWTmVkiGWGKiTUY5E8LXp/B/0jyxSxUbXZcLtfNFHFlwAA5BEZRAFdTAJaiDBiAgBA/gCTxb0nq0XqzXeWvGWszsgx+w3j4BwMeQZQ==</latexit>

N (i)
f

<latexit sha1_base64="vYOa3l9IsTVLwWBwNc9XzEhE6BI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgodSkqLopVD04rGCbYUmlMlm0y7dbMLuRiilF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds/cP2irJJKEtkvBEPgSgKGeCtjTTnD6kkkIccNoJhjdTv/NIpWKJuNejlPox9AWLGAFtpJ595AFPB1CveRWvgr2Qcg24jt2eXXaqzgx4mbg5KaMczZ795YUJyWIqNOGgVNd1Uu2PQWpGOJ2UvEzRFMgQ+rRrqICYKn88e2CCT40S4iiRpoTGM/X3xBhipUZxYDpj0AO16E3F/7xupqMrf8xEmmkqyHxRlHGsEzxNA4dMUqL5yBAgkplbMRmABKJNZiUTgrv48jJp16ruRdW5Oy83rvM4iugYnaAz5KJL1EC3qIlaiKAJekav6M16sl6sd+tj3lqw8plD9AfW5w/ooZSq</latexit>

↵ = 2 � = 1

Likelihood
<latexit sha1_base64="aWIgrIKAMboCYajyManHWCvAiKk="></latexit>

NY

i=1

P (datapoint i|↵, �) =
<latexit sha1_base64="Leqh8OQkLHggBHIm2ysb+v8XZuM=">AAACCnicdZDLSgNBEEV74ivGV9Slm9YgRJAwI/GRhRB04zKCMUImhJqeTtKk50F3jRDGrN34K25cKOLWL3Dn39iJQVT0QkNxbhVddb1YCo22/W5lpqZnZuey87mFxaXllfzq2qWOEsV4nUUyUlceaC5FyOsoUPKrWHEIPMkbXv905DeuudIiCi9wEPNWAN1QdAQDNKid36wV3QCwp4LUB4ThjQsy7sGu63OJsEOPaTtfsEuVvfKRXaFOyR6LGlI5sMvOFymQiWrt/JvrRywJeIhMgtZNx46xlYJCwSQf5txE8xhYH7q8acoQAq5b6fiUId02xKedSJkXIh3T7xMpBFoPAs90jtbWv70R/MtrJtg5aqUijBPkIfv8qJNIihEd5UJ9oThDOTAFMCXMrpT1QAFDk17OhPB1+//F5V7J2S/Z5+VC9WQSR5ZskC1SJA45JFVyRmqkThi5JffkkTxZd9aD9Wy9fLZmrMnMOvkh6/UDqrOaPA==</latexit>

P (data|↵, �) =

<latexit sha1_base64="eocipr+YZDM9llhSUg8MWNyNC88="></latexit>

NY

i=1

N (Ñf � Ñ (i)
f ,�)

<latexit sha1_base64="OqAaQfvoW1Y4OJuZGpOfOCX43n0="></latexit>

=
NY

i=1

min(N(i)
f ,N0)X

j=0

✓
N0

j

◆✓
N0 +N (i)

f � j � 1

N0 � 1

◆
↵N0�j�N(i)

f �j(1� ↵� �)j

exact

approximate
(Likelihood - free)

Bayesian inference returns how much information can 
we extract from the data with a model

APPROXIMATE BAYESIAN COMPUTATION



Example 1: Population growthBeyond

Liam J Ruske, Jochen Kursawe, et al.  Physical Biology (2020)

Pluripotent

Differentiated

<latexit sha1_base64="EIjhZtjDeZI4Wpx0U9e7Wj0Pipk=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GtKxpe2u1I3LCvYBnaFkMpk2NJMZkoxQhv6GGxeKuPVn3Pk3ZtoKKnogcDjnXO7N8RPOlEbowypsbG5t7xR3S3v7B4dH5eOTvopTSWiPxDyWQx8rypmgPc00p8NEUhz5nA782XXuD+6pVCwWd3qeUC/CE8FCRrA2kutyEw3wOOt0FuNyBdmt1lUL1WFOnIbj5KRZQzUHVm20RAWs0R2X390gJmlEhSYcKzWqokR7GZaaEU4XJTdVNMFkhid0ZKjAEVVetrx5AS+MEsAwluYJDZfq94kMR0rNI98kI6yn6reXi395o1SHTS9jIkk1FWS1KEw51DHMC4ABk5RoPjcEE8nMrZBMscREm5pKpoSvn8L/Sd+xq3Ub3dYq7c66jiI4A+fgElRBA7TBDeiCHiAgAQ/gCTxbqfVovVivq2jBWs+cgh+w3j4BX4+R6w==</latexit>

�BB
<latexit sha1_base64="FzFaqcZBjXg0VbV7BanE/TEnUgA=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQzq2tN3VunFZwT6gM5RMJtOGZjJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDuecy705fsKZ0gh9WGvrG5tb24Wd4u7e/sFh6ei4p+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/ep37/XsqFYvFnZ4l1IvwWLCQEayN5LrcRAM8yq7a81GpjOxm87KJajAnTt1xctKooqoDKzZaoAxW6IxK724QkzSiQhOOlRpWUKK9DEvNCKfzopsqmmAyxWM6NFTgiCovW9w8h+dGCWAYS/OEhgv1+0SGI6VmkW+SEdYT9dvLxb+8YarDhpcxkaSaCrJcFKYc6hjmBcCASUo0nxmCiWTmVkgmWGKiTU1FU8LXT+H/pOfYlZqNbqvlVntVRwGcgjNwASqgDlrgBnRAFxCQgAfwBJ6t1Hq0XqzXZXTNWs2cgB+w3j4BXgmR6g==</latexit>

�AB
<latexit sha1_base64="ME8hvNl4giH4hDvACGm5w0MA2ew=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQzq2tN21unFZwT6gM5RMJtOGZjJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDuecy705fsKZ0gh9WGvrG5tb24Wd4u7e/sFh6ei4p+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/ep37/XsqFYvFnZ4l1IvwWLCQEayN5LrcRAM8ytrt+ahURnazedlENZgTp+44OWlUUdWBFRstUAYrdEaldzeISRpRoQnHSg0rKNFehqVmhNN50U0VTTCZ4jEdGipwRJWXLW6ew3OjBDCMpXlCw4X6fSLDkVKzyDfJCOuJ+u3l4l/eMNVhw8uYSFJNBVkuClMOdQzzAmDAJCWazwzBRDJzKyQTLDHRpqaiKeHrp/B/0nPsSs1Gt9Vy62pVRwGcgjNwASqgDlrgBnRAFxCQgAfwBJ6t1Hq0XqzXZXTNWs2cgB+w3j4BXISR6Q==</latexit>

�AA



Example 1: Population growthBeyond

Liam J Ruske, Jochen Kursawe, et al.  Physical Biology (2020)

Pluripotent

Differentiated

<latexit sha1_base64="EIjhZtjDeZI4Wpx0U9e7Wj0Pipk=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GtKxpe2u1I3LCvYBnaFkMpk2NJMZkoxQhv6GGxeKuPVn3Pk3ZtoKKnogcDjnXO7N8RPOlEbowypsbG5t7xR3S3v7B4dH5eOTvopTSWiPxDyWQx8rypmgPc00p8NEUhz5nA782XXuD+6pVCwWd3qeUC/CE8FCRrA2kutyEw3wOOt0FuNyBdmt1lUL1WFOnIbj5KRZQzUHVm20RAWs0R2X390gJmlEhSYcKzWqokR7GZaaEU4XJTdVNMFkhid0ZKjAEVVetrx5AS+MEsAwluYJDZfq94kMR0rNI98kI6yn6reXi395o1SHTS9jIkk1FWS1KEw51DHMC4ABk5RoPjcEE8nMrZBMscREm5pKpoSvn8L/Sd+xq3Ub3dYq7c66jiI4A+fgElRBA7TBDeiCHiAgAQ/gCTxbqfVovVivq2jBWs+cgh+w3j4BX4+R6w==</latexit>

�BB
<latexit sha1_base64="FzFaqcZBjXg0VbV7BanE/TEnUgA=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQzq2tN3VunFZwT6gM5RMJtOGZjJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDuecy705fsKZ0gh9WGvrG5tb24Wd4u7e/sFh6ei4p+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/ep37/XsqFYvFnZ4l1IvwWLCQEayN5LrcRAM8yq7a81GpjOxm87KJajAnTt1xctKooqoDKzZaoAxW6IxK724QkzSiQhOOlRpWUKK9DEvNCKfzopsqmmAyxWM6NFTgiCovW9w8h+dGCWAYS/OEhgv1+0SGI6VmkW+SEdYT9dvLxb+8YarDhpcxkaSaCrJcFKYc6hjmBcCASUo0nxmCiWTmVkgmWGKiTU1FU8LXT+H/pOfYlZqNbqvlVntVRwGcgjNwASqgDlrgBnRAFxCQgAfwBJ6t1Hq0XqzXZXTNWs2cgB+w3j4BXgmR6g==</latexit>

�AB
<latexit sha1_base64="ME8hvNl4giH4hDvACGm5w0MA2ew=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQzq2tN21unFZwT6gM5RMJtOGZjJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDuecy705fsKZ0gh9WGvrG5tb24Wd4u7e/sFh6ei4p+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/ep37/XsqFYvFnZ4l1IvwWLCQEayN5LrcRAM8ytrt+ahURnazedlENZgTp+44OWlUUdWBFRstUAYrdEaldzeISRpRoQnHSg0rKNFehqVmhNN50U0VTTCZ4jEdGipwRJWXLW6ew3OjBDCMpXlCw4X6fSLDkVKzyDfJCOuJ+u3l4l/eMNVhw8uYSFJNBVkuClMOdQzzAmDAJCWazwzBRDJzKyQTLDHRpqaiKeHrp/B/0nPsSs1Gt9Vy62pVRwGcgjNwASqgDlrgBnRAFxCQgAfwBJ6t1Hq0XqzXZXTNWs2cgB+w3j4BXISR6Q==</latexit>

�AA

Can we distinguish differentiation mechanisms?



Example 1: Population growthBeyond

Liam J Ruske, Jochen Kursawe, et al.  Physical Biology (2020)

Pluripotent

Differentiated
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Can we distinguish differentiation mechanisms?
Is there an optimal set of sampling times?

Uniform  
sampling

Optimal  
sampling
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methods for ecology

Theory Applications

What is Bayesian inference?

Probability 101 

Bayes’ theorem in biology

Priors and likelihood

Interpretation of posteriors

Markov Chain Monte Carlo

(to cell/developmental biology)

Proliferation and 
differentiation of a 
stem cell population  

Morphogen patterning 
of embryonic tissues  

Phylogeny and model 
selection
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Which?

Where? When?
How?
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Sonic 
Hedgehog

Nkx2.2

Olig2

Pax6/Irx3

Single cell 
regulation

Signal  
diffusion

Tissue 
dynamics

How does gene regulation  
control the patterning mechanism?
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What do we know?

How does gene regulation  
control the patterning mechanism?

Mutant patterns

GRN topology (causality)
Irx3
Pax6

Olig2

Nkx2.2 Shh



What do we know?

Mutant patterns

Irx3
Pax6

Olig2

Nkx2.2 Shh

GRN topology (causality)

Example 3: Developmental GRNs / Neural tube patterning

How do we encode it 
in a quantitative model?

Set of ODEs

<latexit sha1_base64="IOlCIc85QHlqkn2SpEUIZbARijg="></latexit>

ẋO = fO(xN , xI , S)� �OxO

Production Degradation

- Try to write your own 

regulatory functions 
Question:
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How do we encode it 
in a quantitative model?

Set of ODEs
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What do we know?
Irx3

Pax6

Olig2

Nkx2.2 Shh

Example 3: Developmental GRNs / Neural tube patterning

How do we encode it 
in a quantitative model?

<latexit sha1_base64="Czj8KZQJ5UiPdUWYRDjMcmA0rf0="></latexit>

ẋN = fN (xO, xP , xI , S)� �NxN

How do I compare the data with the model? (Likelihood)?
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How do we encode it 
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Target 
(Exp.)

- Try to write your own 

distance function

Question:

<latexit sha1_base64="IOlCIc85QHlqkn2SpEUIZbARijg="></latexit>

ẋO = fO(xN , xI , S)� �OxO
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Example 3: Developmental GRNs / Neural tube patterning

What do we know?
Irx3

Pax6

Olig2

Nkx2.2 Shh

How do we encode it 
in a quantitative model?

<latexit sha1_base64="IOlCIc85QHlqkn2SpEUIZbARijg="></latexit>

ẋO = fO(xN , xI , S)� �OxO

<latexit sha1_base64="Czj8KZQJ5UiPdUWYRDjMcmA0rf0="></latexit>

ẋN = fN (xO, xP , xI , S)� �NxN

How do I compare the data with the model (Likelihood)?

<latexit sha1_base64="PMvWQuVKNOMXJBHX6ukthBYFtiQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbSbt0swm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBP0IzqSPOSMmlzqoxCDas2tu3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz+a0zcmaVIQljZUsaMld/T2Q00noaBbYzomasl71c/M/rpSa88TMuk9SgZItFYSqIiUn+OBlyhcyIqSWUKW5vJWxMFWXGxlOxIXjLL6+S9kXdu6q7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AA64jj8=</latexit>

`

G
en

e 

Results in a credible set of parameters that encode the 
network and can be used to test hypotheses in the future!
Michael Cohen, Karen M. Page, Ruben Perez-Carrasco, Chris P. Barnes, James Briscoe. Development (2014)
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Example 3: Developmental GRNs / Neural tube patterning

Irx3

Pax6

Olig2

Nkx2.2 Shh

Results in a credible set of parameters that encode the 
network and can be used to test hypotheses in the future!

Beyond

human mouse



Example 3: Developmental GRNs / Neural tube patterning

Irx3

Pax6

Olig2

Nkx2.2 Shh

Results in a credible set of parameters that encode the 
network and can be used to test hypotheses in the future!

Beyond

Which? Where?

When?

How?

human mouse



Summary

Biological 
knowledge 

Biology 

Experiment 

Experimental 
Data

Descriptive 

Simulation

Prediction

Compare 
predictions  
and data

<latexit sha1_base64="nGf+T8Ie95ZlWnB0inJGbo+W1HY="></latexit>

P (�)P (data|�)
P (data)

= P (�|data)
<latexit sha1_base64="Ja20N3CRYCVoFiqKxHUB9eg+01A=">AAAB8XicdVDLSgMxFM3UV62vqks3wSLUzTAzdmy7K7pxWcHaSjuUTCbThiaZIckIpfQr3LhQELf+jTv/xvQhqOiBC4dz7uXee8KUUaUd58PKrayurW/kNwtb2zu7e8X9g1uVZBKTFk5YIjshUoRRQVqaakY6qSSIh4y0w9HlzG/fE6loIm70OCUBRwNBY4qRNtJds9yLCNPotF8sOXbdq1XcOnRs3/cdzzfEq57Va+fQtZ05SmCJZr/43osSnHEiNGZIqa7rpDqYIKkpZmRa6GWKpAiP0IB0DRWIExVM5gdP4YlRIhgn0pTQcK5+n5ggrtSYh6aTIz1Uv72Z+JfXzXRcCyZUpJkmAi8WxRmDOoGz72FEJcGajQ1BWFJzK8RDJBHWJqOCCeHrU/g/aXu2W7Fd97pSalws88iDI3AMysAFVdAAV6AJWgADDh7AE3i2pPVovVivi9actZw5BD9gvX0CFbiQbg==</latexit>

P (�)
<latexit sha1_base64="aV4YcqOQYBXcZ9en03ZTPbROogQ="></latexit>

P (data|�) <latexit sha1_base64="4gg4DjCp7FhQKOLqqDz9INkUhC8="></latexit>

P (�|data)

<latexit sha1_base64="zKvOTfgKjBWAOOOuUfwy/ImvNaI=">AAAB8HicdVBNS8NAEN3Ur1q/qh69LBbBU0hKS5pb0YvHCtYW2lA2m027dPPh7kQooX/CiwcF8erP8ea/cdNWUNEHA4/3ZpiZ56eCK7CsD6O0tr6xuVXeruzs7u0fVA+PblWSScq6NBGJ7PtEMcFj1gUOgvVTyUjkC9bzp5eF37tnUvEkvoFZyryIjGMeckpAS/1hwASQkT2q1izTdVpus441cZuO0yhI3dUitk1rgRpaoTOqvg+DhGYRi4EKotTAtlLwciKBU8HmlWGmWErolIzZQNOYREx5+eLeOT7TSoDDROqKAS/U7xM5iZSaRb7ujAhM1G+vEP/yBhmELS/ncZoBi+lyUZgJDAkunscBl4yCmGlCqOT6VkwnRBIKOqKKDuHrU/w/6dVNu2Ha9nWj1r5Y5VFGJ+gUnSMbOaiNrlAHdRFFAj2gJ/Rs3BmPxovxumwtGauZY/QDxtsnCPeQdg==</latexit>

�1

<latexit sha1_base64="b9YkCGRLkRPcjR2mVtVn3hrDsBU=">AAAB8HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hCS5pb0YvHCtYW2lA2m227dPPh7kYooX/CiwcF8erP8ea/cdNWUNEHA4/3ZpiZF6ScSWVZH0ZpbX1jc6u8XdnZ3ds/qB4e3cokE4R2SMIT0QuwpJzFtKOY4rSXCoqjgNNuML0s/O49FZIl8Y2apdSP8DhmI0aw0lJvEFKu8NAZVmuW6blNr+EgTbyG69YL4nhaRLZpLVCDFdrD6vsgTEgW0VgRjqXs21aq/BwLxQin88ogkzTFZIrHtK9pjCMq/Xxx7xydaSVEo0ToihVaqN8nchxJOYsC3RlhNZG/vUL8y+tnatT0cxanmaIxWS4aZRypBBXPo5AJShSfaYKJYPpWRCZYYKJ0RBUdwten6H/SdUy7btr2db3WuljlUYYTOIVzsMGFFlxBGzpAgMMDPMGzcWc8Gi/G67K1ZKxmjuEHjLdPCnyQdw==</latexit>

�2

<latexit sha1_base64="PnNW4VDcIH7xiAyP2vaQc1bUxg4=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgaphIUbsrunFZwTqFdiiZNNOGZjIhyQil9CPcuFAQt/6OO//G9CH4PHDhcM693HtPrAQ3NgjevcLS8srqWnG9tLG5tb1T3t27NVmuKWvSTGS6FRPDBJesabkVrKU0I2ksWBgPL6d+eMe04Zm8sSPFopT0JU84JdZJYYcINSCoW64Efi3AtVOMfhPsBzNUYIFGt/zW6WU0T5m0VBBj2jhQNhoTbTkVbFLq5IYpQoekz9qOSpIyE41n507QkVN6KMm0K2nRTP06MSapMaM0dp0psQPz05uKf3nt3Cbn0ZhLlVsm6XxRkgtkMzT9HfW4ZtSKkSOEau5uRXRANKHWJVRyIXx+iv4n4YmPqz7G19VK/WKRRxEO4BCOAcMZ1OEKGtAECkO4h0d48pT34D17L/PWgreY2Ydv8F4/AOzHj8k=</latexit>↵

<latexit sha1_base64="MgR7KgLgP7rxfD1pgay3m7CqPE0=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadmVoOYW9OIxgmsCyRJmJ7PJkNnZZaZXCCHf4MWDgnj1f7z5N04egs+ChqKqm+6uKJPCoOe9O4Wl5ZXVteJ6aWNza3unvLt3a9JcMx6wVKa6FVHDpVA8QIGStzLNaRJJ3oyGl1O/ece1Eam6wVHGw4T2lYgFo2iloBNxpN1yxXNrnl879clv4rveDBVYoNEtv3V6KcsTrpBJakzb9zIMx1SjYJJPSp3c8IyyIe3ztqWKJtyE49mxE3JklR6JU21LIZmpXyfGNDFmlES2M6E4MD+9qfiX184xPg/HQmU5csXmi+JcEkzJ9HPSE5ozlCNLKNPC3krYgGrK0OZTsiF8fkr+J80T16+6vn9drdQvFnkU4QAO4Rh8OIM6XEEDAmAg4B4e4clRzoPz7LzMWwvOYmYfvsF5/QDMwI8r</latexit>

�

<latexit sha1_base64="oAAtxKKaWMHtZ5dTfTIAnrw+q7M=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbB07KRovZW9OJJKlpbaJeSTbNtaDa7JFmhLP0JXjwoiFf/kDf/jdm2gp8PBh7vzTAzL0gE18bz3p3CwuLS8kpxtbS2vrG5Vd7eudVxqihr0ljEqh0QzQSXrGm4EaydKEaiQLBWMDrP/dYdU5rH8saME+ZHZCB5yCkxVrq+7IW9csVzax6uHWP0m2DXm6ICczR65bduP6ZpxKShgmjdwV5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfjY9dYIOrNJHYaxsSYOm6teJjERaj6PAdkbEDPVPLxf/8jqpCU/9jMskNUzS2aIwFcjEKP8b9bli1IixJYQqbm9FdEgUocamU7IhfH6K/ietIxdXXYyvqpX62TyPIuzBPhwChhOowwU0oAkUBnAPj/DkCOfBeXZeZq0FZz6zC9/gvH4AJAuOMg==</latexit>

Nf <latexit sha1_base64="FzFaqcZBjXg0VbV7BanE/TEnUgA=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQzq2tN3VunFZwT6gM5RMJtOGZjJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDuecy705fsKZ0gh9WGvrG5tb24Wd4u7e/sFh6ei4p+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/ep37/XsqFYvFnZ4l1IvwWLCQEayN5LrcRAM8yq7a81GpjOxm87KJajAnTt1xctKooqoDKzZaoAxW6IxK724QkzSiQhOOlRpWUKK9DEvNCKfzopsqmmAyxWM6NFTgiCovW9w8h+dGCWAYS/OEhgv1+0SGI6VmkW+SEdYT9dvLxb+8YarDhpcxkaSaCrJcFKYc6hjmBcCASUo0nxmCiWTmVkgmWGKiTU1FU8LXT+H/pOfYlZqNbqvlVntVRwGcgjNwASqgDlrgBnRAFxCQgAfwBJ6t1Hq0XqzXZXTNWs2cgB+w3j4BXgmR6g==</latexit>

�AB


