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Our solution: BioDynaMo
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Example agent-based model
Modeling a swarm of birds

Source: Craig Reynolds, 1987, https://doi.org/10.1145/37401.37406, Simulator: Thierry Escande https://github.com/tescande/boids.git

https://doi.org/10.1145/37401.37406
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Example agent-based model

Agent is a bird with the following attributes:

position

velocity

and three behaviors

Modeling a swarm of birds
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Example agent-based model

Agent is a bird with the following attributes:

position

velocity

and three behaviors

Separation

Modeling a swarm of birds

Source: Craig Reynolds, 1987, https://doi.org/10.1145/37401.37406, Simulator: Thierry Escande https://github.com/tescande/boids.git

https://doi.org/10.1145/37401.37406
https://github.com/tescande/boids.git
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Example agent-based model

Agent is a bird with the following attributes:

position

velocity

and three behaviors

Separation Alignment

Modeling a swarm of birds

Source: Craig Reynolds, 1987, https://doi.org/10.1145/37401.37406, Simulator: Thierry Escande https://github.com/tescande/boids.git

https://doi.org/10.1145/37401.37406
https://github.com/tescande/boids.git
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Example agent-based model

Agent is a bird with the following attributes:

position

velocity

and three behaviors

Separation Alignment Cohesion

Modeling a swarm of birds

Source: Craig Reynolds, 1987, https://doi.org/10.1145/37401.37406, Simulator: Thierry Escande https://github.com/tescande/boids.git

https://doi.org/10.1145/37401.37406
https://github.com/tescande/boids.git
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Cell sorting in BioDynaMo

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Cell sorting in BioDynaMo

Agent

Spherical cell with type attribute (red and blue)

Behaviors

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Cell sorting in BioDynaMo

Agent

Spherical cell with type attribute (red and blue)

Behaviors
Cell Substance

molecules

Substance
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Cell

Substance gradient
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Cell sorting in BioDynaMo

Agent

Spherical cell with type attribute (red and blue)

Behaviors
Cell Substance

molecules

Substance

secretion

Cell

Substance gradient

Chemotaxis

Cell

FF

Cell

Mechanical

forces

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Cell sorting implementation

1 // Model initialization
2 AddSubstance('purple');
3 AddSubstance('light-blue');
4 CreateAgentsRandom(number, 'red');
5 CreateAgentsRandom(number, 'blue');
6
7 // Simulation 
8 for each iteration {
9    UpdateNeighborSearchIndex(); 

10
11    for each agent {
12      SecreteSubstance(agent);
13      FollowSubstanceGradient(agent);
14      CalculateForces(agent);
15    }
16
17    DiffuseSubstance('purple');
18    DiffuseSubstance('light-blue');
19
20    Visualize(); 
21 }
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Cell sorting implementation

Fundamental operations
Iterate over agents and execute a function
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Cell sorting implementation

Fundamental operations
Iterate over agents and execute a function

Determine neighbors

Iterate over neighbors and execute a function

Add and remove agents
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2 AddSubstance('purple');
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Benchmark simulations
The selected simulations cover a broad spectrum of performance related simulation characteristics

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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More details about the simulations
and BioDynaMo’s modeling features

https://doi.org/10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Optimizations
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Key observation:
Agent-based simulations are often memory-bound

Microarchitecture analysis for five simulations
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Key challenges and improvements

Improved fundamental operations:

Determine neighbors

Add and remove agents

Iterate over agents and execute a function
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Evaluation
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Benchmark hardware
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BioDynaMo scales well across
NUMA nodes & large CPU core counts

Cell proliferation simulation
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Cell clustering benefits from BioDynaMo’s
memory optimizations for any number of CPU cores
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The epidemiology use case benefits from using
additional memory
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The neuroscience use case benefits substantially from
static region detection
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BioDynaMo is up to 9  more efficient than Biocellion

Initial state Final state

×
We implement Biocellions cell clustering simulation in BioDynaMo

Biocellion paper: Kang et al., 2014, https://doi.org/10.1093/bioinformatics/btu498

https://doi.org/10.1093/bioinformatics/btu498
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BioDynaMo is up to 9  more efficient than Biocellion

Initial state Final state

Small-scale with 26.8 million cells

16 CPU cores (Biocellion & BioDynaMo)

Result: BioDynaMo is 4.2  faster

Large-scale with 281 million cells

Biocellion: 21 nodes with 672 CPU cores

BioDynaMo: 1 node with 72 CPU cores

Result: same runtime, but BioDynaMo uses

9.3  fewer CPU cores

×
We implement Biocellions cell clustering simulation in BioDynaMo

×

×
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BioDynaMo’s runtime and memory consumption
increases linearly with model size
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More in the paper
https://arxiv.org/abs/2301.06984, https://doi.org/10.1145/3572848.3577480

https://arxiv.org/abs/2301.06984
https://doi.org/10.1145/3572848.3577480
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Supplementary Materials

https://doi.org/10.5281/zenodo.6463816

https://github.com/CMU-SAFARI/BioDynaMo

Provides additional evaluations and all files

required to reproduce the results ( ):

https://doi.org/10.5281/zenodo.6463816
https://github.com/CMU-SAFARI/BioDynaMo
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Future work
Distributed simulation engine
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BioDynaMo is available under the permissive
Apache 2.0 open source license

https://github.com/BioDynaMo/biodynamo

https://github.com/BioDynaMo/biodynamo
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Join us in pushing the limits of agent-based modeling

Besides the organizations behind this paper,

BioDynamo is developed by the BioDynamo collaboration,

and further organizations.

BioDynamo is an open, welcoming, and collaborative project: https://biodynamo.org

https://biodynamo.org/
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https://arxiv.org/abs/2301.06984, https://doi.org/10.1145/3572848.3577480
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Memory allocation
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Parallel agent removal



35

Performance-related simulation characteristics
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Operation runtime breakdown
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BioDynaMo / Biocellion comparison analysis
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Optimization overview for larger scale simulations
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Optimization overview for larger scale simulations
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Full simulation scalability
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Radial neighbor search comparison
Whole simulation (144 threads and 4 NUMA domains)
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Radial neighbor search comparison
Build time (144 threads and 4 NUMA domains)
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Radial neighbor search comparison
Search time indirect (144 threads and 4 NUMA domains)
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Radial neighbor search comparison
Memory consumption (144 threads and 4 NUMA domains)
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Radial neighbor search comparison
Whole simulation (18 threads and one NUMA domain)
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Radial neighbor search comparison
Build time (18 threads and one NUMA domain)
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Radial neighbor search comparison
Search time indirect (18 threads and one NUMA domain)
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Radial neighbor search comparison
Memory consumption (18 threads and one NUMA domain)
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Agent sorting speeds up simulations up to 6×
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Agent sorting speedup for one NUMA domain
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Memory allocator comparison
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Memory allocator comparison
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Modularity

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Abstraction layers and modeling features

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Cell sorting

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Neuroscience use case

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Epidemiology use case

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Oncology use case

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Pyramidal cell growth video

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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Performance data table

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

https://doi.org/10.1093/bioinformatics/btab649
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BioDynaMo’s GPU offloading capabilities

Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649

Ahmad Hesam et al., 2021, DOI: 10.1109/IPDPSW52791.2021.00040

https://doi.org/10.1093/bioinformatics/btab649
https://doi.org/10.1109/IPDPSW52791.2021.00040

