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ABSTRACT

We explore a hybrid approach to designing a biomanufacturing system with low-volume, high variability,
and individualized products. Simulating a large number of possible configurations to determine those that
meet target production goals is computationally impractical. We create an explainable surrogate model,
specifically a queueing network model, that is calibrated to the output of a few computationally expensive
simulations. The queueing network model enables a quick exploration of large numbers of mixed integer-
continuous configurations, which would be challenging for traditional surrogate-based approaches. The
queueing network model is used to quickly identify promising regions where a few configurations can then
be evaluated with the simulation. The difference in evaluations at these configurations is used to decide
whether the queueing model requires partitioning and/or re-calibration. The use of this hybrid approach
with an explainable surrogate enables analysis, such as identifying bottle-necks, and gives insight into
robust designs of the biomanufacturing system.

1 INTRODUCTION

Biomanufacturing provides unique challenges for simulation and optimization. These applications tend to
have low-volume production of highly variable personalized products. Production often requires timely
coordination between operators and machines across multiple production phases. Additionally, the resulting
yield is variable, which can cause the need for rework.

In addition to these structural challenges, these biomanufacturing applications can be difficult to model
due to a lack of data. Simulation, built from subject matter expert knowledge, can be a powerful tool. These
simulations, often discrete event simulations, are equipped to handle the many intricacies and randomness
of the true system. Their complexity, however, makes them computationally expensive. In some cases,
this can even lead to numeric issues, especially near edge of feasibility where the system may not perform
as expected.

A common approach to address the issues that come with complicated simulations is to generate a
surrogate model of the simulation. In fact, surrogate models represent a way to generate hybrid simulations,
where high fidelity simulators are associated to specific input locations, while predictions produced by
lower fidelity, computationally more efficient models are associated to a complementary set of inputs. One
such common surrogate is the Gaussian process model (Valentine and Sambridge 2020; Schulz et al. 2018;
Santner et al. 2003; Rasmussen and Williams 2006; Shen et al. 2005; Cressie 2015). Gaussian process
models are quite generalizable and, as such, are effective at modeling a wide range of functions. With
the advancement of machine learning, neural networks have also become a popular choice for surrogate
modeling (Cen and Haas 2023; Li et al. 2022; Tripathy and Bilionis 2018; Tsay 2021; Zhang et al. 2022).

Both of these surrogate modeling methods, however, lack explainability. If we have some understanding
of the structure of the system, we can utilize an explainable model to more effectively gain insight into
designs with good performance. The modeling method developed in this research utilizes a Jackson network
queueing model to represent the complex system while exploiting the properties of queueing systems. A
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