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Dynamical characterisation of mechanistic models

• Dynamical systems learned from experimental data are widespread in the physical
sciences, including fluid dynamics, thermodynamics, and electromagnetism.

• They play a particularly important role in advancing our understanding of biology,
typically studied as Ordinary Differential Equations (ODEs).

• The ability to precisely engineer biology could enable substantial breakthroughs in
medicine and provide environmentally sustainable processes and products.

• We develop a novel model class made computationally tractable by recent advances
in Bayesian Deep Learning

Case study: genetically engineering a biosensor

• We empirically validate our method by predicting the dynamic behaviour of bacteria
that were genetically engineered to function as biosensors for two molecular input
signals.

• Fluorescence measurements were collected to quantify the behaviour of a range of 2-
input biosensors that differ in two of their constituent components (illustrated below
as the yellow and blue symbols, panels A & B).

• The goal is to quantify, with uncertainty, the posterior distributions of the parameters
of a mechanistic model that describes the interactions between the input signals, the
internal components and the ability to produce (fluorescent) outputs.

• This enables the device to be optimised in silico, and guides the selection of better
genetic components (panel F).
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(Grant et al., MSB 2016)

Modelling with nonlinear mixed-effects ODEs

• We propose a deep generative nonlinear mixed-effects
(NLME) model, e.g, a generative model of a dynam-
ical system that exhibits hierarchical latent structure.
This enables us to combine individual-level (each time-
series), group-level (each genotype) and global param-
eters.

• We cast parameter inference as stochastic optimisation
of an end-to-end differentiable, block-conditional vari-
ational autoencoder.

• This model class is highly flexible: the ODE right-hand
sides can be a mixture of user prescribed or white-box
sub-components and neural network or black-box sub-
components.
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�I
<latexit sha1_base64="eDJZ6xFi/Rp++o4qUNIP8pZBQGw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0orcI5gHJEmYnvcmY2ZllZlYIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpYIb6/vf3srq2vrGZmGruL2zu7dfOjhsGJVphnWmhNKtiBoUXGLdciuwlWqkSSSwGQ1vpn7zCbXhSj7YUYphQvuSx5xR66RGpzbg3btuqexX/BnIMglyUoYctW7pq9NTLEtQWiaoMe3AT204ptpyJnBS7GQGU8qGtI9tRyVN0ITj2bUTcuqUHomVdiUtmam/J8Y0MWaURK4zoXZgFr2p+J/Xzmx8FY65TDOLks0XxZkgVpHp66THNTIrRo5Qprm7lbAB1ZRZF1DRhRAsvrxMGueVwK8E9xfl6nUeRwGO4QTOIIBLqMIt1KAODB7hGV7hzVPei/fufcxbV7x85gj+wPv8AS6mjts=</latexit><latexit sha1_base64="eDJZ6xFi/Rp++o4qUNIP8pZBQGw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0orcI5gHJEmYnvcmY2ZllZlYIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpYIb6/vf3srq2vrGZmGruL2zu7dfOjhsGJVphnWmhNKtiBoUXGLdciuwlWqkSSSwGQ1vpn7zCbXhSj7YUYphQvuSx5xR66RGpzbg3btuqexX/BnIMglyUoYctW7pq9NTLEtQWiaoMe3AT204ptpyJnBS7GQGU8qGtI9tRyVN0ITj2bUTcuqUHomVdiUtmam/J8Y0MWaURK4zoXZgFr2p+J/Xzmx8FY65TDOLks0XxZkgVpHp66THNTIrRo5Qprm7lbAB1ZRZF1DRhRAsvrxMGueVwK8E9xfl6nUeRwGO4QTOIIBLqMIt1KAODB7hGV7hzVPei/fufcxbV7x85gj+wPv8AS6mjts=</latexit><latexit sha1_base64="eDJZ6xFi/Rp++o4qUNIP8pZBQGw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0orcI5gHJEmYnvcmY2ZllZlYIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpYIb6/vf3srq2vrGZmGruL2zu7dfOjhsGJVphnWmhNKtiBoUXGLdciuwlWqkSSSwGQ1vpn7zCbXhSj7YUYphQvuSx5xR66RGpzbg3btuqexX/BnIMglyUoYctW7pq9NTLEtQWiaoMe3AT204ptpyJnBS7GQGU8qGtI9tRyVN0ITj2bUTcuqUHomVdiUtmam/J8Y0MWaURK4zoXZgFr2p+J/Xzmx8FY65TDOLks0XxZkgVpHp66THNTIrRo5Qprm7lbAB1ZRZF1DRhRAsvrxMGueVwK8E9xfl6nUeRwGO4QTOIIBLqMIt1KAODB7hGV7hzVPei/fufcxbV7x85gj+wPv8AS6mjts=</latexit><latexit sha1_base64="eDJZ6xFi/Rp++o4qUNIP8pZBQGw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0orcI5gHJEmYnvcmY2ZllZlYIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpYIb6/vf3srq2vrGZmGruL2zu7dfOjhsGJVphnWmhNKtiBoUXGLdciuwlWqkSSSwGQ1vpn7zCbXhSj7YUYphQvuSx5xR66RGpzbg3btuqexX/BnIMglyUoYctW7pq9NTLEtQWiaoMe3AT204ptpyJnBS7GQGU8qGtI9tRyVN0ITj2bUTcuqUHomVdiUtmam/J8Y0MWaURK4zoXZgFr2p+J/Xzmx8FY65TDOLks0XxZkgVpHp66THNTIrRo5Qprm7lbAB1ZRZF1DRhRAsvrxMGueVwK8E9xfl6nUeRwGO4QTOIIBLqMIt1KAODB7hGV7hzVPei/fufcxbV7x85gj+wPv8AS6mjts=</latexit>

�P
<latexit sha1_base64="aIEhb2vAV69jmlC86j/sBavHRyc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWTStI3NJENyRyhD/8GNC0Xc+j/u/BvTdhbaeiBwOOdccu+JEiks+v63V1hb39jcKm6Xdnb39g/Kh0dNq1PDeINpqU07opZLoXgDBUreTgyncSR5KxrfzvzWEzdWaPWAk4SHMR0qMRCMopOa3fpI9Oq9csWv+nOQVRLkpAI5XP6r29csjblCJqm1ncBPMMyoQcEkn5a6qeUJZWM65B1HFY25DbP5tlNy5pQ+GWjjnkIyV39PZDS2dhJHLhlTHNllbyb+53VSHFyHmVBJilyxxUeDVBLUZHY66QvDGcqJI5QZ4XYlbEQNZegKKrkSguWTV0nzohr41eD+slK7yesowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRbTg5TPH8Afe5w85Qo7i</latexit><latexit sha1_base64="aIEhb2vAV69jmlC86j/sBavHRyc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWTStI3NJENyRyhD/8GNC0Xc+j/u/BvTdhbaeiBwOOdccu+JEiks+v63V1hb39jcKm6Xdnb39g/Kh0dNq1PDeINpqU07opZLoXgDBUreTgyncSR5KxrfzvzWEzdWaPWAk4SHMR0qMRCMopOa3fpI9Oq9csWv+nOQVRLkpAI5XP6r29csjblCJqm1ncBPMMyoQcEkn5a6qeUJZWM65B1HFY25DbP5tlNy5pQ+GWjjnkIyV39PZDS2dhJHLhlTHNllbyb+53VSHFyHmVBJilyxxUeDVBLUZHY66QvDGcqJI5QZ4XYlbEQNZegKKrkSguWTV0nzohr41eD+slK7yesowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRbTg5TPH8Afe5w85Qo7i</latexit><latexit sha1_base64="aIEhb2vAV69jmlC86j/sBavHRyc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWTStI3NJENyRyhD/8GNC0Xc+j/u/BvTdhbaeiBwOOdccu+JEiks+v63V1hb39jcKm6Xdnb39g/Kh0dNq1PDeINpqU07opZLoXgDBUreTgyncSR5KxrfzvzWEzdWaPWAk4SHMR0qMRCMopOa3fpI9Oq9csWv+nOQVRLkpAI5XP6r29csjblCJqm1ncBPMMyoQcEkn5a6qeUJZWM65B1HFY25DbP5tlNy5pQ+GWjjnkIyV39PZDS2dhJHLhlTHNllbyb+53VSHFyHmVBJilyxxUeDVBLUZHY66QvDGcqJI5QZ4XYlbEQNZegKKrkSguWTV0nzohr41eD+slK7yesowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRbTg5TPH8Afe5w85Qo7i</latexit><latexit sha1_base64="aIEhb2vAV69jmlC86j/sBavHRyc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV7APaoWTStI3NJENyRyhD/8GNC0Xc+j/u/BvTdhbaeiBwOOdccu+JEiks+v63V1hb39jcKm6Xdnb39g/Kh0dNq1PDeINpqU07opZLoXgDBUreTgyncSR5KxrfzvzWEzdWaPWAk4SHMR0qMRCMopOa3fpI9Oq9csWv+nOQVRLkpAI5XP6r29csjblCJqm1ncBPMMyoQcEkn5a6qeUJZWM65B1HFY25DbP5tlNy5pQ+GWjjnkIyV39PZDS2dhJHLhlTHNllbyb+53VSHFyHmVBJilyxxUeDVBLUZHY66QvDGcqJI5QZ4XYlbEQNZegKKrkSguWTV0nzohr41eD+slK7yesowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRbTg5TPH8Afe5w85Qo7i</latexit>

g(n)
<latexit sha1_base64="0MYRFe6Ajl9QvBgAUOuMUydhEyQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXAnoMCOIxgnlAsobZyWwyZHZ2mekVwhLwF7x4UMSr3+PNv3HyOGhiQUNR1U13V5BIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRtdTv/XItRGxusdxwv2IDpQIBaNopdbgISur80mvWHIr7gxklXgLUoIF6r3iV7cfszTiCpmkxnQ8N0E/oxoFk3xS6KaGJ5SN6IB3LFU04sbPZudOyJlV+iSMtS2FZKb+nshoZMw4CmxnRHFolr2p+J/XSTG88jOhkhS5YvNFYSoJxmT6O+kLzRnKsSWUaWFvJWxINWVoEyrYELzll1dJ86LiuRXvrlqq3TzN48jDCZxCGTy4hBrcQh0awGAEz/AKb07ivDjvzse8NecsIjyGP3A+fwAA54/A</latexit><latexit sha1_base64="0MYRFe6Ajl9QvBgAUOuMUydhEyQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXAnoMCOIxgnlAsobZyWwyZHZ2mekVwhLwF7x4UMSr3+PNv3HyOGhiQUNR1U13V5BIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRtdTv/XItRGxusdxwv2IDpQIBaNopdbgISur80mvWHIr7gxklXgLUoIF6r3iV7cfszTiCpmkxnQ8N0E/oxoFk3xS6KaGJ5SN6IB3LFU04sbPZudOyJlV+iSMtS2FZKb+nshoZMw4CmxnRHFolr2p+J/XSTG88jOhkhS5YvNFYSoJxmT6O+kLzRnKsSWUaWFvJWxINWVoEyrYELzll1dJ86LiuRXvrlqq3TzN48jDCZxCGTy4hBrcQh0awGAEz/AKb07ivDjvzse8NecsIjyGP3A+fwAA54/A</latexit><latexit sha1_base64="0MYRFe6Ajl9QvBgAUOuMUydhEyQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXAnoMCOIxgnlAsobZyWwyZHZ2mekVwhLwF7x4UMSr3+PNv3HyOGhiQUNR1U13V5BIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRtdTv/XItRGxusdxwv2IDpQIBaNopdbgISur80mvWHIr7gxklXgLUoIF6r3iV7cfszTiCpmkxnQ8N0E/oxoFk3xS6KaGJ5SN6IB3LFU04sbPZudOyJlV+iSMtS2FZKb+nshoZMw4CmxnRHFolr2p+J/XSTG88jOhkhS5YvNFYSoJxmT6O+kLzRnKsSWUaWFvJWxINWVoEyrYELzll1dJ86LiuRXvrlqq3TzN48jDCZxCGTy4hBrcQh0awGAEz/AKb07ivDjvzse8NecsIjyGP3A+fwAA54/A</latexit><latexit sha1_base64="0MYRFe6Ajl9QvBgAUOuMUydhEyQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXAnoMCOIxgnlAsobZyWwyZHZ2mekVwhLwF7x4UMSr3+PNv3HyOGhiQUNR1U13V5BIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRtdTv/XItRGxusdxwv2IDpQIBaNopdbgISur80mvWHIr7gxklXgLUoIF6r3iV7cfszTiCpmkxnQ8N0E/oxoFk3xS6KaGJ5SN6IB3LFU04sbPZudOyJlV+iSMtS2FZKb+nshoZMw4CmxnRHFolr2p+J/XSTG88jOhkhS5YvNFYSoJxmT6O+kLzRnKsSWUaWFvJWxINWVoEyrYELzll1dJ86LiuRXvrlqq3TzN48jDCZxCGTy4hBrcQh0awGAEz/AKb07ivDjvzse8NecsIjyGP3A+fwAA54/A</latexit>

u(n)
<latexit sha1_base64="Q775MNYkKnILjgO74FK6ApGxxP4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh4LgnisYD+gjWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVA04S7kd0qEQoGEUrtdPHrKrOp/1yxa25c5BV4uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/m507JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY7GQjNGcqJJZRpYW8lbEQ1ZWgTKtkQvOWXV0nroua5Ne/+slK/zeMowgmcQhU8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w/wZI9O</latexit><latexit sha1_base64="Q775MNYkKnILjgO74FK6ApGxxP4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh4LgnisYD+gjWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVA04S7kd0qEQoGEUrtdPHrKrOp/1yxa25c5BV4uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/m507JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY7GQjNGcqJJZRpYW8lbEQ1ZWgTKtkQvOWXV0nroua5Ne/+slK/zeMowgmcQhU8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w/wZI9O</latexit><latexit sha1_base64="Q775MNYkKnILjgO74FK6ApGxxP4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh4LgnisYD+gjWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVA04S7kd0qEQoGEUrtdPHrKrOp/1yxa25c5BV4uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/m507JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY7GQjNGcqJJZRpYW8lbEQ1ZWgTKtkQvOWXV0nroua5Ne/+slK/zeMowgmcQhU8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w/wZI9O</latexit><latexit sha1_base64="Q775MNYkKnILjgO74FK6ApGxxP4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh4LgnisYD+gjWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpn57SeujYjVA04S7kd0qEQoGEUrtdPHrKrOp/1yxa25c5BV4uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/m507JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY7GQjNGcqJJZRpYW8lbEQ1ZWgTKtkQvOWXV0nroua5Ne/+slK/zeMowgmcQhU8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w/wZI9O</latexit>Y (n)

<latexit sha1_base64="SxUSjHOIcfrw+kp23CXW904NrhE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GNBEI8V7Ie0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2J1j+OE+xEdKBEKRtFKrYfHrKLOJr1S2a26M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9m507IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtoQvMWXl0nzvOq5Ve/uoly7yeMowDGcQAU8uIQa3EIdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx/FTI8y</latexit><latexit sha1_base64="SxUSjHOIcfrw+kp23CXW904NrhE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GNBEI8V7Ie0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2J1j+OE+xEdKBEKRtFKrYfHrKLOJr1S2a26M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9m507IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtoQvMWXl0nzvOq5Ve/uoly7yeMowDGcQAU8uIQa3EIdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx/FTI8y</latexit><latexit sha1_base64="SxUSjHOIcfrw+kp23CXW904NrhE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GNBEI8V7Ie0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2J1j+OE+xEdKBEKRtFKrYfHrKLOJr1S2a26M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9m507IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtoQvMWXl0nzvOq5Ve/uoly7yeMowDGcQAU8uIQa3EIdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx/FTI8y</latexit><latexit sha1_base64="SxUSjHOIcfrw+kp23CXW904NrhE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GNBEI8V7Ie0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2J1j+OE+xEdKBEKRtFKrYfHrKLOJr1S2a26M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9m507IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtoQvMWXl0nzvOq5Ve/uoly7yeMowDGcQAU8uIQa3EIdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx/FTI8y</latexit>

z
(n)
I
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ODEs: interpretable white-box or flexible black-box

White box ODE model

˙[RFP] = rc − (dRFP + γ).[RFP]
˙[CFP] = aCFP.rc.f76(C6, C12, [R], [S])− (dCFP + γ).[CFP]
˙[YFP] = aYFP.rc.f81(C6, C12, [R], [S])− (dYFP + γ).[YFP]
˙[R] = aR.rc − (dR + γ).[R]
˙[S] = aS.rc − (dS + γ).[S]

˙[F480] = a480.rc − γ.[F480]
˙[F530] = a530.rc − γ.[F530]

Black box ODE model

v̇ = ω+3 (v,x,Ψ)− v � ω+4 (v,x,Ψ)

Notation:
[s] Concentration of s
ṡ ds/dt

x.s x× s
f+ Positive function
� Hadamard product

Observer process Generative process

Signal White-box Black-box

OD c x0
RFP c.[RFP] x0.x1
YFP c.([YFP] + [F530]) x0.x2
CFP c.([CFP] + [F480]) x0.x3

z ∼ pθ(z|g) (1)

ẋ = fθ(x; z,u,g) (2)

X = Simulate(fθ,x0) (3)

M = ψ(X), Σ = ρ(X, z) (4)

Y ∼ p(Y|M,Σ) (5)

Conditional VAEs enable fast, scalable inference

• The computational flow graph for encoding, sampling from the variational posterior,
and simulating the dynamical system. Note that the sample and simulate operations
are constrained to be differentiable.
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• Hence, the variational posterior is

qφP (zP )︸ ︷︷ ︸
Population

qφI (zI|Y,g)︸ ︷︷ ︸
Individual

∏

j

q
φ
(j)
G

(
z
(j)
G |g

)

︸ ︷︷ ︸
Group

• Previous attempts at learning similar joint distributions have used MCMC

• Conditional VAEs are an order of magnitude faster, although MCMC will converge
given enough time
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Figure 2: VI Convergence
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Figure 3: MCMC Convergence

Strong model fit evaluated by simulation
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Strong performance on input-output summaries

Black and white box models learn similar dynamics

0 4 8 12 16
0.0

0.5

1.0

W
hi

te
-b

ox

c

0 4 8 12 16

[RFP]

0 4 8 12 16

[YFP] + [F530]

0 4 8 12 16

[CFP] + [F480]

0 4 8 12 16

[LuxR]

0 4 8 12 16

[LasR]

0 4 8 12 16
0.0

0.5

1.0

Bl
ac

k-
bo

x

x0

0 4 8 12 16

x1

0 4 8 12 16

x2

0 4 8 12 16

x3

0 4 8 12 16

x4

0 4 8 12 16
0.0

0.5

1.0
varOD

0 4 8 12 16

varRFP

0 4 8 12 16
0.0

0.5

1.0
varYFP

0 4 8 12 16

varCFP

No
rm

al
ize

d 
ou

tp
ut

No
rm

al
ize

d 
ou

tp
ut

Time (h) Time (h)

A

B

C

Zero-shot learning of unseen genotypes

100 102 104
0.0

0.5

1.0

R3
3-

S3
4

White-box

100 102 104
0.0

0.5

1.0
White-box

100 102 104

Black-box

100 102 104

Black-box

No
rm

. f
lu

or
es

ce
nc

e

No
rm

. f
lu

or
es

ce
nc

e

C6 (nM) C12 (nM)

Possible extensions

• ”Grey-box” ODE models could use prescribed sub-models for aspects of the system
that are well understood (qualitatively) and black-box sub-models for aspects less well
understood.

• Extend to stochastic differential equations (replacing equation 2 in the generative
process), which is an important model class in biology.

• Active learning, to provide experimenters with suggestions on how to improve models
of the data, and potentially optimise against a design objective.


