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https://drive.google.com/file/d/1uUcQvRaHXQamtOix5xneZPXNFABYLd7z/view?usp=sharing

DURIP: Automation in the LAB

https://drive.google.com/file/d/1uUcQvRaHXQamtOix5xneZPXNFABYLd7z/view?usp=sharing


Current Project

Objective: Develop a data-guided framework for learning and control of higher 

order structure, function, and dynamics in complex systems. This would provide 

a new approach for understanding and intervention/control in complex systems 

such as cell reprogramming toward accelerated wound healing or disease 

recovery.
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Outline

Completed

1. Observability of Hypergraphs (continuation)
a. Pickard, J., Surana, A., Bloch, A. and Rajapakse, I., 2023, December. Observability of 

hypergraphs. In 2023 62nd IEEE Conference on Decision and Control (CDC) (pp. 
2445-2451). IEEE.

b. Pickard, J., Stansbury, C., Surana, A., Rajapakse, I. and Bloch, A., 2024. Geometric 
Aspects of Observability of Hypergraphs. In 2024 IFAC LHMNC. arXiv preprint 
arXiv:2404.07480.

2. Kronecker Products for Tensors and Hypergraphs (continuation)
a. Pickard, J., Chen, C., Stansbury, C., Surana, A., Bloch, A., and Rajapakse, I. (2023). 

Kronecker Product of Tensors and Hypergraphs: Structure and Dynamics. in press at 
SIAM Journal on Matrix Analysis and Applications

3. Dynamic Biomarker Selection
a. Pickard, J., Stansbury, C., Surana, A., Bloch, A. and Rajapakse, I., 2024. Biomarker 

Selection for Adaptive Systems. arXiv preprint arXiv:2405.09809.
4. Cellular Reprogramming of HSCs

a. Stansbury, C., Cwycyshyn, J., Pickard J., Meixner W., Rajapakse I., and Muir L.A., 2024, 
Data-guided direct reprogramming of human fibroblasts into the hematopoietic 
lineage. bioRxiv preprint
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Outline

Ongoing

1. Large, directed, non-uniform hypergraphs

2. A Programmable Platform for Probing Cellular Dynamics

a. Cwycyshyn, J., Stansbury, C., Meixner, W., Hoying, J.B., Muir, L.A. and 
Rajapakse, I., 2023. Automated In Vitro Wound Healing Assay. bioRxiv, 
pp.2023-12.

b. Fabricating two-cell system

3. Data: Single Cell Pore-C (higher order structures in the human genome)

a. Hypergraph Core!

4. Digital Biology: In-silico testing Data-guide Control using HWG and 

geneformer (joint project with NVIDIA)

a. Pickard, J., Choi, M., Oliven, N., Stansbury, C., Velasquez, A., Gorodetsky, 
A., and Rajapakse, I. BRAD: Retrieval-Augmented Generation for 
Bioinformatics. in preparation 
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Ongoing and Future Directions

8
Pickard, J., Choi, M., Oliven, N., Stansbury, C., Velasquez, A., Gorodetsky, A., and Rajapakse, I. BRAD: Retrieval-Augmented 
Generation for Bioinformatics. in preparation
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Observability of Hypergraphs (continued from 2023)

IEEE CDC (2023) IFAC LHMNC (2024)

Observability: Does data uniquely determine the system state?

Hypergraphs have multi-way interactions Polynomial Dynamics with Linear 
Observations
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Homogeneous Non-homogeneous



Determining Observability (continued from 2023)

Observability Increases with Higher Order Interactions

Time Series Calcium Imaging of Neurons 1

1 Sweeney P, Chen C, Rajapakse I, Cone R.  "Network Dynamics of Hypothalamic Feeding Neurons." Proceedings 
of the National Academy of Sciences, 118.14 (2021)

Experiment Design
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https://drive.google.com/file/d/1VrkmtVcnzOYXKfrDLmmzJOnlZbN3uwOn/view?usp=sharing


Kronecker Products for Higher Order Systems (continued from 2023)

SIAM SIMAX, to appear
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Kronecker Products for Tensor Calculations

Canonical Polyadic Decomposition (CPD) Tensor Train Decomposition (TTD)

Z-Eigenvalue Problem
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Kronecker Products for Polynomial Dynamics

Stability of polynomial dynamical systems can be determined from Kronecker factors

Stable 3rd Order Polynomial Tensor Representation

Kronecker Coupled System
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Adaptive Sequencing Technology

14In Preparation: arXiv (2024)  



Dynamic Sensor Selection

Model of Dynamics

Output Energy Maximization Observability Gramian

Adaptive sequencing technologies lets us change biomarkers (sensor set) in real time
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Problem: How can we change 
our sensors over time to 
maximize observability?

Experimental Setup

Time

G
en

es

Fibroblasts



Structure Guided Sensor Selection

The genome is a small world

Geometry of the nucleus
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Chromosome Conformation Capture

Gene-centric physical interactions



Cellular Reprogramming of Hematopoietic Stem Cells

In Preparation: bioRxiv (2024)  
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Cellular Reprogramming of Hematopoietic Stem Cells

18

1 Ronquist S, Patterson G, Muir LA, Lindsly S, Chen H, Brown M, Wicha M, Bloch A, Brockett R and Rajapakse I. 
"Algorithm for Cellular Reprogramming." Proceedings of the National Academy of Sciences 114.45 (2017): 
11832-11837.

LTI Model of Cellular Proliferation 1 Application of TF Control Signal

Transcription Factor
(TF) Binding Sites

https://drive.google.com/file/d/10TY0st7TsT0pUgaxQbY2NFIaDYGZlyuU/view?usp=sharing
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Programmable Platform for Probing Cellular Dynamics



Automated Wound Healing Assay
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Automated in vitro Wound Healing Assay

Robot-
generated 

wounds

Any wound 
shape/size

Real-time 
monitoring

Cell tracking 
pipeline

Jillian Cwycyshyn, Cooper Stansbury, Walter Meixner, James B. Hoying, Lindsey A. Muir, and Indika Rajapakse. Automated In 
Vitro Wound Healing Assay. APL Bioengineering, in revision 21

https://www.biorxiv.org/content/10.1101/2023.12.23.573213v2.full.pdf
https://www.biorxiv.org/content/10.1101/2023.12.23.573213v2.full.pdf
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Data: Single Cell Pore-C (higher order structures in the genome)



Single Cell Hypergraphs and Hypergraph Core: Coming Soon

A B

C
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Tensor-based Evaluation

Matrix-based Evaluation

Hypergraph-based Evaluation

… ……

=

Large, Directed, Non-uniform Hypergraphs
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Smale 95

DATE:  July 21 - 22, 2025

LOCATION:  Simons Institute for the Theory of Computing, Berkeley, CA
 



Thank you!
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Ongoing and Future Directions
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Submitted to SIMAX
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Accepted to SIMAX
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Hypergraph Dynamics
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Network Observability
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Hypergraph Dynamics
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Nonlinear Observability Matrix (NOM)
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Nonlinear Observability Matrix (NOM)

See Sontag, Krener and Baillieul 
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Computing the Hypergraph Nonlinear Observability Matrix

Symbolic Calculations
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Hypergraph controllability has been studied similarly
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Better than Graph Observability

DATA

Sweeney P, Chen C, Rajapakse I, Cone R.  "Network Dynamics of Hypothalamic Feeding Neurons." Proceedings of 
the National Academy of Sciences, 118.14
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https://drive.google.com/file/d/1VrkmtVcnzOYXKfrDLmmzJOnlZbN3uwOn/view?usp=sharing


Systems of Systems
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Submitted to SIMAX
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Data from the LAB
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 Cell Dynamics

Control

42



Biology of Wound Healing

Fibroblasts, ECM
Immune cells, 
Vasculature

Keratinocytes
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Wound Healing System: In Vitro Analog

Keratinocytes FibroblastsFibroblasts (nucleus) Composite

Wound Healing
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Next Generation

The BioAssemblyBot 400 (BAB) 
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Automation  
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Automation in the LAB

Live Cell Imaging
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Live Streaming

BAB

48



Thank you!
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Tensor-based Evaluation

Matrix-based Evaluation

Hypergraph-based Evaluation

… ……
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Scaling Hypergraph Observability Calculations

Polynomial 
Degree

Algorithm           



51

= 2 3

= … …

Tensor-based Evaluation

Matrix-based Evaluation

Hypergraph-based Evaluation

… ……

=

Large, Directed, Non-uniform Hypergraphs
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Tensor-based Evaluation

Matrix-based Evaluation

Hypergraph-based Evaluation

… ……

=

Numerical Comparison


