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Extended Data Fig. 7 | Hyperparameter tuning and validation of base MLP 
model. a, Hyperparameter optimization for the multi-layer fully connected 
neural network. Validation r2 values for (left) 2D combinations of learning rate 
(y-axis) and number of layers (x-axis) for varied amounts of training data used, 
(top right) momentum parameter for stochastic gradient descent with 
momentum (SGDM), and (bottom right) different solvers. Most optimal 
parameter from each scan is shown in red. b, Training curves showing RMSE 

(top) and loss (bottom) as a function of training iteration for the validation set. 
Training was stopped with a validation patience parameter of 300 iterations.  
c, Comparison of model predictions to randomly isolated clones from the 
library. MAE: mean absolute error. d, Scatter plots of the test set from the base 
model for each of the four input conditions (basal: light grey, navy: OHT only, 
orange: GZV only, green: both inducers). r2, Pearson’s r2.
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Extended Data Fig. 8 | Validation of model predictions with individual 
measurements. a, Flow cytometry was used to measure basal, OHT-induced, 
GZV-induced, and dual-induced eGFP expression levels for 36 individually 
constructed cell lines harbouring integrated circuit compositions sampled 
from across the multi-input library behaviour space. Green bar plots (flow 
cytometry measurement) and dotted red outlines (model predictions) are 
shown for each circuit for all four conditions (far left, basal; middle left,  

4-OHT-induction; middle right, GZV-induction; far right, dual induction).  
Bars represent the mean of the expression distribution for a single measurement. 
KL-divergence (DKL) from AND (top) or OR (bottom) gate shown below each plot 
(prediction, red; measurement, green). Numbers in grey circles represent an 
index for that circuit. A legend explaining the layout of each plot is shown in a 
grey rectangle. b, The AND-OR coordinates of each cell line (green dots), 
superimposed on the contour of the design space (grey).
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Extended Data Fig. 9 | Extended AND-gate clustering analysis of the  
multi-input library. a, Clustering of the multi-input AND-like behaviour  
space (top left) and part usage across the clusters. b, AND cluster expression 
distributions across the 4 input conditions (basal, black; 4-OHT, navy; GZV, 
orange; Both, green), represented by boxplots outlining the interquartile range 
(IQR) (box), the median (white band), and the median +/− 1.5x IQR (line ends). 

Median values are shown to the left of the plot. Sample sizes (n): Cluster 
A = 11,167, Cluster B = 9,854, and Cluster C = 3,627. c, Cluster stability analysis  
of compositions in the AND-like behaviour space by computing the cluster 
similarity index (top) across 100 UMAP projections and cluster calculations, 
and adjusted rand index (bottom) across every pairwise combination of 
clustering results across the 100 UMAP projections and cluster calculations.
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Extended Data Fig. 10 | Extended OR-gate clustering analysis of the multi-
input library. a, Clustering of the multi-input OR-like behaviour space (top left) 
and part usage across the clusters. b, OR cluster expression distributions 
across the 4 input conditions (basal, black; 4-OHT, navy; GZV, orange; Both, 
green), represented by boxplots outlining the interquartile range (IQR) (box), 
the median (white band), and the median +/− 1.5x IQR (line ends). Median values 

are shown to the left of the plot. Sample sizes (n): Cluster A = 9,240, Cluster 
B = 7138, Cluster C = 2,908, and Cluster D = 1,545. c, Cluster stability analysis  
of compositions in the OR-like behaviour space by computing the cluster 
similarity index (top) across 100 UMAP projections and cluster calculations, 
and adjusted rand index (bottom) across every pairwise combination of 
clustering results across the 100 UMAP projections and cluster calculations.












