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• Calibrate agent-based model (ABM) parameters 

of collective cell invasion without brute-force 

simulation

• Use a Gaussian process (GP) surrogate steered 

by Bayesian optimization to find best-fit 

parameters in far fewer runs

Objectives

Introduction

Cancer phenotypes

• The cancer cells grow into clusters forming 

different phenotypes with unique properties

• Network phenotype: branch-like shape, highly 

invasive in nature

• Spheroid phenotype: spherical in shape, less 

invasive in nature

• Mainly influenced by two features: cell adhesion 

strength (jcc) and chemical secretion rate (k)

Calibration target

• What it is: cancer cells invading, imaged over 

time

• What it shows: the two invasion phenotypes to 

calibrate to: spheroid (top) and network (bottom)

• Its role: this is the experimental target the ABM is 

fit to reproduce

• GP surrogate

➢ predicts mean and uncertainty

➢ 𝑓 𝑥 ∼ 𝒢𝒫 𝑚 𝑥 , 𝑘 𝑥, 𝑥′

➢ 𝑓 𝑥 : invasion WRMSE being modeled

➢ 𝑚 𝑥 : prior mean function

➢ 𝑘 𝑥, 𝑥′ : RBF kernel

• Expected improvement (EI)

➢ Evaluated for optimal candidate solution

➢ 𝐸𝐼 𝑥 = 𝑓∗ − 𝜇 𝑥 Φ 𝑍 + 𝜎 𝑥 𝜙 𝑍

➢ 𝑍 =
𝑓∗−𝜇 𝑥

𝜎 𝑥

➢ 𝜇 𝑥 , 𝜎 𝑥 : GP posterior mean and std at 𝑥
➢ 𝑓∗: best objective observed so far

➢ Φ, 𝜙: standard-normal CDF and PDF

➢ 𝑍: standardized improvement

• Feasibility constraint

➢ Probability that circularity difference is within 

threshold (0.15 for spheroid and 0.1 for network)

➢ Pfeas x = Φ
gthr−μg x

σg x
− Φ

−μg x

σg x

➢ 𝑔thr: feasibility threshold

➢ 𝜇𝑔 𝑥 , 𝜎𝑔 𝑥 : GP posterior mean and std 

of the constraint at 𝑥

• Feasibility-interpolated acquisition (FIA)

➢ FIA 𝑥 = 1 − 𝑐𝑡 EInorm 𝑥 + 𝑐𝑡 𝑃feas 𝑥

➢ 𝑐𝑡 =
𝐿

𝑁

𝑡

➢ EInorm 𝑥 : EI scaled to [0,1]

➢ 𝑐𝑡: ratio of infeasible measurements (𝐿) 

to total measurements (𝑁)

➢ 𝑡: user-set risk exponent, smaller 𝑡 

de-emphasizes feasibility (more risk); 

larger 𝑡 emphasizes it (less risk)
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Challenges with parameter estimation

• Intrinsic variability

• Noisy objective landscape

• Expensive evaluations

• Complex search space

Metrics

• Max invasion distance (at time 𝑡):

  𝑑𝑚𝑎𝑥 𝑡 = max
𝑖

|| 𝑥𝑖 𝑡 − 𝑥1(0)||

➢ 𝑥𝑖 𝑡 : coordinates of cell 𝑖 at time 𝑡
➢ 𝑥1(0): initial position of the reference cell 

at 𝑡 = 0
➢ ||⋅|| : Euclidean distance

• Circularity: 𝐶 𝑡 =
 4𝐴𝑜𝑐𝑐 𝑡

𝜋𝐹2 𝑡

➢ 𝐴𝑜𝑐𝑐(𝑡): area occupied by

 the cells (green region) at time 𝑡 

➢ 𝐹(t): maximum span of the cluster at time 𝑡

• Invasion WRMSE:

  𝐼𝑊𝑅𝑀𝑆𝐸=
1

𝑇
σ𝑡

𝑑𝑠𝑖𝑚 𝑡 −𝑑𝑒𝑥𝑝 𝑡
2

𝜎2 𝑡

➢ 𝑑𝑠𝑖𝑚 𝑡 : invasion from the simulation at time 𝑡
➢ 𝑑𝑒𝑥𝑝 𝑡 : invasion from experiment at time 𝑡

➢ 𝜎2 𝑡 : experimental variance at time 𝑡
➢ 𝑇: number of time points

• Circularity error: 𝐸𝑟𝑟𝑐𝑖𝑟𝑐 = 𝐶𝑠𝑖𝑚 − 𝐶𝑒𝑥𝑝

➢ 𝐶𝑠𝑖𝑚: circularity from the simulation

➢ 𝐶𝑒𝑥𝑝: circularity from experiment

➢ ∣⋅∣ : Absolute error

Calibration workflow

• Network cells invade farther and faster than 

spheroids, the gap widening over time

• Both fit at low k, but the spheroid sits at k = 0 

while the network needs k ≈ 0.03

• The spheroid's feasible region is a tight low-jcc, 

low-k pocket; the network’s parameter space is 

much broader

Benson et al., BioRxiv, 2024

Spheroid parameter estimation

Network parameter estimation

CompuCell3D for ABM simulation

Day 0 Day 3.5 Day 7

Circularity: 0.7944 Circularity: 0.5356 Circularity: 0.7556 

Circularity: 0.7052 Circularity: 0.1620Circularity: 0.3558 

Chen et al. iScience 2020
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