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Key problem
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Our solution: BioDynaMo

-

BioDynaMo is a modular and high-performance
agent-based simulation platform written in C++,

https://biodynamo.org




Background



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
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Example agent-based model

Modeling a swarm of birds

Agent is a bird with the following attributes:

= position

= velocity
and three behaviors
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Separation

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

Modeling a swarm of birds

Agent is a bird with the following attributes:
= position
= velocity

and three behaviors
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Separation Alignment

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

Modeling a swarm of birds

Agent is a bird with the following attributes:

= position

= velocity

and three behaviors
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Separation Alignment Cohesion

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

Initial state Final state

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649
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Cell sorting in BioDynaMo
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Cell sorting implementation

AddSubstance('purple');
AddSubstance('light-blue');
CreateAgentsRandom(number, 'red');
CreateAgentsRandom(number, 'blue');

for each iteration {
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Cell sorting implementation

2 AddSubstance('purple');
3 AddSubstance('light-blue');




Cell sorting implementation

4 CreateAgentsRandom(number, 'red');

5 CreateAgentsRandom(number, 'blue');
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Cell sorting implementation
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Cell sorting implementation
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Cell sorting implementation

AddSubstance('purple');
AddSubstance('light-blue');
CreateAgentsRandom(number, 'red');
CreateAgentsRandom(number, 'blue');
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Cell sorting implementation

Fundamental operations

i = |terate over agents and execute a function
UpdateNeighborSearchIndex();

for each agent {
SecreteSubstance(agent);
FollowSubstanceGradient (agent);

CalculateForces(agent);

}

Visualize();




Cell sorting implementation

Fundamental operations

= |terate over agents and execute a function

= Determine neighbors

CalculateForces(agent);




Cell sorting implementation

Fundamental operations

= |terate over agents and execute a function
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= |terate over neighbors and execute a function

CalculateForces(agent);




Cell sorting implementation

4 CreateAgentsRandom(number, 'red');
5 CreateAgentsRandom(number, 'blue');

Fundamental operations

= |terate over agents and execute a function

= Determine neighbors

= |terate over neighbors and execute a function

= Add and remove agents




Benchmark simulations

The selected simulations cover a broad spectrum of performance related simulation characteristics
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Agents move randomly X X
Simulation uses diffusion X X
Simulation has static regions X
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Number of diffusion volumes 0 54m 0 65k 0

Source: Lukas Breitwieser et al., 2022, DOI: 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
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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
Iterate over neighbors and execute a function
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Key challenges and improvements

Improved fundamental operations:

L
lll: Avoid

unnecessary work

m Pair-wise force
calculation for
static regions

= Determine neighbors = [terate over agents and execute a function
= Add and remove agents = [terate over neighbors and execute a function




NUMA-aware iteration
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Agent sorting and balancing

A Agents in 3x3 grid
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Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

x0 1 2 X0 4 2
y ¥ yx0123
0 aie 0]0:i1:2 0
1 |b icdif 1134 88 1
g, ;
3 |1 1

D Determine offsets

x[0,3] y[0,3]
x[0,1] y[0,1 x12,3] yi0,11  x[6,1] y[2,3] x[2,3] y[2,3]
box Morton code 0-3 5|6 (7 (8|9|10/11(12|13|14|15
box counter 0 4415
offset 0 0|0
found gap T E|E
offsets

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

x @ 14 2 x O 1 2
y y yX O 4 2 38
0 aie 0l0i1i2 0
1 |bicdi f 11345 1 Z/
‘L LCCIN 27
3 |1 1
D Determine offsets x00,3] y[0,3]
x[0,1] y[o,1 12,31 yio,11 x[0,1] y[2,3] x[2,31 yI2,3]
box Morton code 0-3 4|15 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 4 /5|5
offset 0 [BEE
found gap T F| F+T
offsets

15



Agent sorting and balancing

A Agents in 3x3 grid

B Grid box indices

C Morton order of 4x4 grid

x @ 14 2 x O 1 2
y y yX O 4 2 38
0 aie 0l0i1i2 0
1 (b icd f 11345 1
2 |5 j 2|6 7 8 2 )2
3 |1 1
D Determine offsets x00,3] y[0,3]
x[0,1] y[o,1 12,31 yi0,11 x[0,1] y[2,3] x[2,31 yI2,3]
box Morton code 0-3 4|15 |67 (8|9 |10(11(12|13|14|15
box counter 0 4/ 5]5]6
offset 0 00|11
found gap T FIF|T|F

15



Agent sorting and balancing

A Agents in 3x3 grid

B Grid box indices

C Morton order of 4x4 grid

x @ 14 2 x O 1 2
y y yX O 4 2 38
0 aie 0l0i1i2 0
1 (b icd f 134 5 1
2 |5 j 2|6 7 8 2 )2
3 |1 1
D Determine offsets x00,3] y[0,3]
x[0,1] y[o,1 x12,3] y10,11 x[0,1] y[2,3] x[2,3] yi2,3]
box Morton code 0-3 4|15 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 4|5 | 5416
offset 0 00|11
found gap T F|F| T+F

offsets

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX o 1 2 yX 0 1 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |b icdif 113,45 1 Z/
B S EC T
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[o,1 12,31 yi0,11 x[0,1] y[2,3] x[2,31 yI2,3]
box Morton code 0-3 4|15 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45| 5|66
offset 0 0011412
found gap T FI|F|T|F+T

offsets

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

x @ 1 2 x0 1 2
v > o 123
0 aie 0]0:i1:2 0
1 |bicd f 11345 12/2
g, '
2h,i ] 2 |6:7:8 zi 3
3 1

D Determine offsets x[0,3] y[0,3]

x[0,1] ylo,1 x[2,3] y[0,1] x[0,1] yl2,3] x[2,3] y[2,3]

box Morton code 0-3 4|15 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45| 5|66
offset 0 00112
found gap T L 5 5 O
\\

offsets

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

X0 1 2 x0 1 2
> > o 123
0 aie 0]0:i1:2 0
1 |bicdi f 11345 1Z/
g, .
2 n; i 216 7 8 2 )2
3 1

D Determine offsets

x[0,31 y[0,3]
x[6,1] y[0,1 12,31 10,11 x[0,1] y[2,3] x[2,3] y[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45/ 5[6)]6
offset 0 0|0[1]1]2
found gap T L 5 T o
e S N

offsets [{0,0}({5,1}{6,2}

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

X0 1 2 x0 1 2
> > o 123
0 aie 0l0i1i2 0
1 |bicdi f 11345 1Z/
g, .
2 n; i 216 7 8 2 )2
3 1

D Determine offsets

x10,31 y[0,3]
x[0,1] y[o,1 x12,31 yio,11  x[6,1] y[2,3] x[2,3] y[2,31
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 4|5|5|6|6H47
offset 0 0jo0|[1][1]2]|2
found gap T FI|F|T|F| T+F

e N,

offsets [{0,03}{5,1}}{6,2}



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX e 1 2 yX o 1 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicdi f 113 .45 1 Z/
2 |5 j 2|6 7 8 2 3
3 |1 1
D Determine offsets x10,3] ylo,3]
x[6,1] y[o,1 x[2,3] y[6,1] x[0,1] y[2,3] x[2,3] y[2,3]
box Morton code 0-3 4|5 (6 |7|8|9(10/11]12|13[14|15
box counter 0 4|5|5|6|6|748
offset 0 0jo0|1[|1]2]2]|2
found gap T (20 R ] I I 0 5

offsets [{0,0}{5,1}{6,2}

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicdi f 113 .45 1 Z/
2 |5 j 2|67 8 2 )2
3 It 1
D Determine offsets x00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 |(8|9|10(11(12|13|14|15
box counter 0 4 /5| 5|66 |7)|8
offset 0 ojo[1]1[2]2] 2413
found gap T FI|F|T|F|T|F|FHT

offsets [{0,0}{5,1}{6,2}

15



Agent sorting and balancing

A Agents in 3x3 grid

B Grid box indices

C Morton order of 4x4 grid

yX 0o 1 2 yX o 1 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicdi f 113 .45 1 Z/
2 |5 j 2|6 7 8 2 3
3 |1 1
D Determine offsets x10,3] ylo,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 4 /5| 5|66 |7)|8 8
offset 0 ofjo[1]1]2]2]2]3H14
found gap T L2002 5l

offsets [{0,0}{5,1}{6,2}

15



Agent sorting and balancing

A Agents in 3x3 grid

B Grid box indices

C Morton order of 4x4 grid

yX 0o 1 2 yX o 1 2 yX 0 1 2 3
0 aie 0]0:i1:2 0
1 |bicdi f 113 .45 1 Z/Z
2 |5 j 2|67 8 2 i 3
3 |1 1
D Determine offsets x10,3] ylo,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 4 /5 5667|888
offset 0 0j0|1]|1]2|2]|2|3|4
found gap T L2002 5l

offsets [{0,0}{5,1}{6,2}

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0]0:i1:2 0
1 |b icd: f 113,45 1 Z/
2 |5 j 2|6 7 8 2 3
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 4 /5 5/6[6|7|8|8)8
offset 0 0|0[1|1]|]2][2]|2[3]|4
found gap T (20 ] R R 2 5

— S —

offsets [(0,03i5,1)fte, 238, 4}

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX o 1 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |b icdi f i 3:4:5 1 Z
2 |5 j 2|6 7 8 2 3
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|15 |6 |7 |(8|9|10(11(12|13|14|15
box counter 0 4/5|5|6|6|7|8|8]|8119
offset 0 0/0(1[1]2|2]|2|3|4 |4
found gap T FlF[ T E]TIE +F

FIT
— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}




Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX o 1 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |b icdi f i 3:4:5 1 Z
2 |5 j 2|67 8 2 % 3
3 |1 1
D Determine offsets x10,3] ylo,3]

x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 (6 |7|8|9(10/11|12|13[14|15
box counter 0 4/ 5 5/6|(6|7|8[8[8|9]|9

offset 0 0/0[1[1[2]|2]2][3]4]4t15
found gap T [ O R 5 i EEh

FIT
— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}




Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicdi f 1345 1 Z/
2 |5 j 2|67 8 2 3
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45| 5|66 |7|8[8[8|9|9]|9
offset 0 0{o0[1][1]2]2]2[3[4]4] 5%16
found gap T FlF[ T E]TIE S I 5 A L

FIT
— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX e 1 2 yX o 1 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicdi f 1345 1 Z/
2 |5 j 2|6 7 8 2 % 3
3 |1 1
D Determine offsets x10,3] ylo,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0/0|1]|1]2|2]|2|3]|4/4|/5|6
found gap T FlF[ T E]TIE S I 5 A L

FIT
— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}




Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid
1

yX 0o 1 2 yX 0 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicdi f 1345 1 Z/
+HLL S EC T
3 |1 1
D Determine offsets X00,3] y[0,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
found gap T FlE| W FI W[ El Rl T % [ El il T

— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}

E Determine Morton order
index 0 1 2 3 4 5 6 7 8
+ offsets | 0 [1] 2 [4]

= Morton order [0 [1[2[3[4|6]8]9] 12|

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid
1

yX 0o 1 2 yX 0 2 yX 0 1 2 3
0 aie 0joi1i2 0
1 |b icd: f 11345 1 Z/
+HLL SoEC T
3 |1 1
D Determine offsets X00,3] y[0,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
found gap T FlE| W FI W[ El Rl T % [ El il T

— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}

E Determine Morton order
index |0 1 2 3 4 5 6 7 8
+ offsets 0 | 1 | 2 | 4

= Morton order [0 [1[2[3[4|6]8]9] 12|

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid
1

yX 0o 1 2 yX 0 2 yX 0 1 2 3
0 aie 0]0:i1:2 0
1 |bicdi f 1345 1 Z/
e T_— ) i
3 |1 1
D Determine offsets x00,3] y[0,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
found gap T FlF[ T E]TIE S I 5 A L

FIT
— S —

offsets [{0,03{{5,1}{{6,23{s, 4}

E Determine Morton order
index 0 1 2 3 4 5 6 7 8
+ offsets | 0 [1] 2 14}

= Morton order [0 [1[2[3[4|6]8]9] 12|

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid
1

yX 0o 1 2 yX 0 2 yX 0 1 2 3
0 aie 0]0:i1:2 0
1 |b icd: f 113,45 1 Z/
+HLL S EC T
3 |1 1
D Determine offsets X00,3] y[0,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
found gap T FlE| W FI W[ El Rl T % [ El il T

— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}

E Determine Morton order
index 0 1 2 3 4 5 6 7 8
+ offsets | 0 [1] 2 [4]

= Morton order [0 [1[2[3[4]|6]8]9][12]

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicd f 1345 1 Z/
‘L S EC T
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
found gap T FlE| W FI W[ El Rl T % [ El il T

— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}

E Determine Morton order
index 0 1 2 3 4 5 6 7 8
0 [1] 2 4]

+ offsets

= Morton order [0 [1[2[3[4|6]8]9] 12|

F Partition

agents per box [0 (1|1 |2 |1|1 (3|01
prefix sum




Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX o 1 2 yX O 14 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |b icdif 1 3i4:i56 1 :;zi/
2 |5 j 2|67 8 2 )2
3 |1 1
D Determine offsets x[0,3] y[0,3]
box Morton code 0-3 4|5 |6(7|8|9(|10(11/12|13|14(15
box counter 0 4|5|5|6|6|7|8|8][8]9]9]9
offset 0 ofo[1]1[2]2|2[3/[4]4][5]6e
found gap T FIF|T[F|T]IF[F]T|[T[F[T[T

Se— S N

offsets [{0,03{5.1}{{6.2}{{s.4}|

E Determine Morton order
index 0 1 2 3 4 5 6 7/ 8

o [1] 2/ 4]
= Morton order [0 [1[2[3[4|6]87]9] 12|

+ offsets

F Partition

agents per box [0 (1|1 |2 |1|1 (3|01
prefix sum




Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

x 0 1 2 x0 1 2
> > o 123
0 aie 0l0i1i2 0
1 (b icd £ T3 1223/
[V
2 | i 267 8 2 [0 )2
3 |1 1

D Determine offsets X00,3] y[0,3]
box Morton code 0-3 4|5 |6(7|8|9(|10(11/12|13|14(15
box counter 0 a[5[5]/6|6[7|8|8/[s8[9]9]9
offset 0 ofo[1]1[2]2|2[3/[4]4][5]6e
found gap T FIF|T[F|T]IF[F]T|[T[F[T[T

Se— S N

offsets [{0,03{5.1}{{6.2}{{s.4}|

E Determine Morton order
index 0 1 2 3 4 5 6 7/ 8

o [1] 2/ 4]
= Morton order [0 [1[2[3[4|6]87]9] 12|

+ offsets

F Partition

agents per box [0 (1|1 |2 |1|1 (3|01
prefix sum




Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0]0:i1:2 0
1 |b icd £ il i 1 Z/
2 ﬁ;“( i 267 8 S K )2
3 |1 1
D Determine offsets X00,3] y[0,3]
box Morton co 0-3 4(5|6|7|8|9|10{11/12(13|14|15
box counter 0 4|5|5|6|6|7|8|8][8]9]9]9
offset 0 ofo[1]1[2]2|2[3/[4]4][5]6e
found gap T FlF[ T E]TIE S I 5 A L

FLy
— N

offsets [{0,03{5.1}{{6.2}{{s.4}|

E Determine Morton order

index 12 3 4 5 6 7/ 8

+ offsets | 0 [1] 2/ [4]
VA
= Morton order [0 [1 |2\ 3[4 |6]87] 9 12|
F Partition

agents per box [0 (1|1 |2 |1|1][3|0]|1
prefix sum




Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicd f 1345 1 Z/
‘L S EC T
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
found gap T FlE| W FI W[ El Rl T % [ El il T

— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}

E Determine Morton order
index 0 1 2 3 4 5 6 7 8
+ offsets | 0 [1] 2 [4]

= Morton order [0 [1[2[3[4|6]8]9] 12|

F Partition

-
-
w
o
-

agents per box |0 |1 [1 ]2
prefix sum |0 |12 |4[|5][6 (9|91

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicd f 1345 1 Z/
‘L S EC T
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
found gap T FlE| W FI W[ El Rl T % [ El il T

— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}

E Determine Morton order
index 0 1 2 3 4 5 6 7 8
+ offsets | 0 [1] 2 [4]

= Morton order [0 [1[2[3[4|6]8]9] 12|

F Partition

-

agents per box |0 |1 |1 |2 1(3(0/|1
prefix sum |0 |12 |4|5|6 (9| 9] 10

NUMA domain 6 <-!— NUMA domain 1

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicd f 1345 1 Z/
‘L S EC T
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
found gap T FlE| W FI W[ El Rl T % [ El il T

— S ——

offsets [{0,0}}{5,1}}{6,2}{(s, 4}

E Determine Morton order
index 0 1 2 3 4 5 6 7 8

+ offsets | 0 |1 | 2 | 4

= Morton order [0 [1[2[3[4|6]8]9] 12|

F Partition

agents per box
prefix sum

101

2 1 01
1124

9 | 10

o=

0 3
0 9

NUMA doma.i';l 0 <7k Nuﬁh‘,domain"q‘
T0 T1 T2 T3
[alb[c[d[e] [fgln[iljl]

ResourceManager::agents_[0] ResourceManager::agents_[1]

Q

G Sort and balance

oL
",
mumun

15



Agent sorting and balancing

A Agents in 3x3 grid B Grid box indices C Morton order of 4x4 grid

yX 0o 1 2 yX @ @9 2 yX 0 1 2 3
0 aie 0l0i1i2 0
1 |bicd f 1345 1 Z/
‘L S EC T
3 |1 1
D Determine offsets X00,3] y[0,3]
x[0,1] y[e,1 x[2,3] y[0,1] x[0,1] y[2,3] x[2,3] yl[2,3]
box Morton code 0-3 4|5 |6 |7 (8|9 |10(11(12|13|14|15
box counter 0 45 5|66 |7|8[8[8|9|9]|9
offset 0 0(0|1|1]|2]|2[2|3|4|4[5|6
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offsets [{0,0}}{5,1}}{6,2}{(s, 4}

E Determine Morton order
index 0 1 2 3 4 5 6 7 8
+ offsets | 0 [1] 2 [4]

= Morton order [0 [1[2[3[4|6]8]9] 12|

F Partition

-
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ResourceManager::agents_[0] ResourceManager::agents_[1]
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Benchmark hardware

System Memory CPU (0N
A 504 GB Four Intel(R) Xeon(R) E7-8890 v3 CPUs @ 2.50GHz CentOS
with a total of 72 physical cores, two threads per 7.9 2009
B 1008 GB 11 and four NUMA domains.
Two Intel(R) Xeon(R) E5-2683 v3 CPUs @ 2.00GHz CentOS
C 62 GB with a total of 28 physical cores, two threads per
Stream 8

core and two NUMA domains.
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BioDynaMo scales well across
NUMA nodes & large CPU core counts

Cell proliferation simulation

— = |deal speedup

First NUMA domain boundary First NUMA domain boundary
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BioDynaMo scales well across
NUMA nodes & large CPU core counts

Cell proliferation simulation

Ideal speedup
BDM standard implementation
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First NUMA domaln boundary

? 5 T S s e=. e e
é 10 SO
Q \\\\ :
______ £ 104 TG
————— E ~~~~__—
-
J L m m e m m m m m m m m = ad 103 : . ; ;
0 50 100 150 100 101 102
Number of threads Number of threads

18



BioDynaMo scales well across
NUMA nodes & large CPU core counts

Cell proliferation simulation

Ideal speedup —— Plus memory improvements
BDM standard implementation
Plus BDM uniform grid

First NUMA domaln boundary

=
o
(9]

Runtime [ms]
=
o
S

0 50 100 150 100 101 102
Number of threads Number of threads

18



BioDynaMo scales well across
NUMA nodes & large CPU core counts

Cell proliferation simulation

Ideal speedup —— Plus memory improvements
BDM standard implementation Plus extra memory
Plus BDM uniform grid

First NUMA domaln boundary

=
o
(9]

Runtime [ms]
=
o
S

0 50 100 150 100 101 102
Number of threads Number of threads

18



BioDynaMo scales well across
NUMA nodes & large CPU core counts

Cell proliferation simulation

Ideal speedup —— Plus memory improvements
BDM standard implementation Plus extra memory
Plus BDM uniform grid Plus static agents detection

First NUMA domaln boundary

=
o
(9]

Runtime [ms]
=
o
S

0 50 100 150 100 101 102
Number of threads Number of threads

18



BioDynaMo scales well across
NUMA nodes & large CPU core counts

Cell proliferation simulation

18



Cell clustering benefits from BioDynaMo’s
memory optimizations for any number of CPU cores

— = |deal speedup —— Plus memory improvements
- = BDM standard implementation Plus extra memory
— = Plus BDM uniform grid Plus static agents detection
First NUMA domain boundary First NUMA domain boundary
: ¢ — s
: / n N3-
o : &
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L% :/‘¢_ # E 10 3
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0 50 100 150 10° 10t 102
Number of threads Number of threads
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The epidemiology use case benefits from using
additional memory
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The epidemiology use case benefits from using
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The neuroscience use case benefits substantially from
static region detection

== |deal speedup —— Plus memory improvements
- = BDM standard implementation Plus extra memory
— = Plus BDM uniform grid Plus static agents detection
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The neuroscience use case benefits substantially from
static region detection

—— Plus memory improvements
Plus extra memory
Plus static agents detection

== |deal speedup
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— = Plus BDM uniform grid
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The neuroscience use case benefits substantially from
static region detection

== |deal speedup —— Plus memory improvements
- BDM standard implementation Plus extra memory
— = Plus BDM uniform grid Plus static agents detection
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BioDynaMo is up to 9 X more efficient than Biocellion

We implement Biocellions cell clustering simulation in BioDynaMo

Initial state Final state

Biocellion paper: Kang et al., 2014, https://doi.org/10.1093/bioinformatics/btu498
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BioDynaMo is up to 9 X more efficient than Biocellion

We implement Biocellions cell clustering simulation in BioDynaMo

= Small-scale with 26.8 million cells
= 16 CPU cores (Biocellion & BioDynaMo)
= Result: BioDynaMo is 4.2 X 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

Initial state Final state 9.3x fewer CPU cores

Biocellion paper: Kang et al., 2014, https://doi.org/10.1093/bioinformatics/btu498
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BioDynaMo’s runtime and memory consumption
increases linearly with model size
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More 1n the paper

https://arxiv.org/abs/2301.06984, https://doi.org/10.1145/3572848.3577480

High-Performance and Scalable
Agent-Based Simulation with BioDynaMo

Lukas Breitwieser* Ahmad Hesam
Delft University of Technology,

CERN, Switzerland

Fons Rademakers
CERN, Switzerland

ETH Zurich, Switzerland The Netherlands

Juan Gomez Luna
ETH Zurich, Switzerland

Abstract

Agent-based modeling plays an essential role in gaining in-
sights into biology, sociology, economics, and other fields.
However, many existing agent-based simulation platforms
are not suitable for large-scale studies due to the low perfor-
mance of the underlying simulation engines. To overcome
this limitation, we present a novel high-performance simula-
tion engine.

We identify three key challenges for which we present the
following solutions. First, to maximize parallelization, we
present an optimized grid to search for neighbors and paral-
lelize the merging of thread-local results. Second, we reduce

Onur Mutlu®
ETH Zurich, Switzerland

1 Introduction

Agent-based modeling (ABM) allows to simulate complex dy-
namics in a wide range of research fields. ABM has been used
to answer research questions in biology [30, 43, 73], sociol-
ogy [18], economics [65], technology [50], business [56], and
more fields [39]. Agents are individual entities that, among
others, can represent subcellular structures to simulate the
growth of a neuron, a cell to investigate cancer development,
or a person to simulate the spread of infectious diseases [10].
The actions of an agent are defined through instances of class
behavior. To stay with the examples from before, possible
behaviors are neurite bifurcation, uncontrolled cell division,
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Supplementary Materials

Provides additional evaluations and all files
required to reproduce the results (B ):

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

= https://github.com/CMU-SAFARI/BioDynaMo
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Supplementary Materials

Provides additional evaluations and all files
required to reproduce the results (B ):

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

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

mkdir reproduce
tar -xzf <path>/SF2-code.tar.gz -C reproduce
cd reproduce/bdm-paper-examples

1
2
&
4
5
6
7
8
9

docker/run.sh ./run-main.sh

=
(@)

docker/load.sh <path>/SF3-bdm-publication-image.tar.g3
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Sumimary

Our optimizations to maximize parallelism, improve the memory layout, and avoid unnecessary work
are effective and give BioDynaMo the following performance characteristics.
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Summary

Our optimizations to maximize parallelism, improve the memory layout, and avoid unnecessary work

are effective and give BioDynaMo the following performance characteristics.
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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
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High-Performance and Scalable
Agent-Based Simulation with BioDynaMo

Lukas Breitwieser* Ahmad Hesam Fons Rademakers
CERN, Switzerland Delft University of Technology, CERN, Switzerland
ETH Zurich, Switzerland The Netherlands

Juan Gomez Luna
ETH Zurich, Switzerland

Abstract

Agent-based modeling plays an essential role in gaining in-
sights into biology, sociology, economics, and other fields.
However, many existing agent-based simulation platforms
are not suitable for large-scale studies due to the low perfor-
mance of the underlying simulation engines. To overcome
this limitation, we present a novel high-performance simula-
tion engine.

We identify three key challenges for which we present the
following solutions. First, to maximize parallelization, we
present an optimized grid to search for neighbors and paral-
lelize the merging of thread-local results. Second, we reduce
the memory access latency with a NUMA-aware agent itera-
tor, agent sorting with a space-filling curve, and a custom
heap memory allocator. Third, we present a mechanism to
omit the collision force calculation under certain conditions.

Our evaluation shows an order of magnitude improvement
over Biocellion, three orders of magnitude speedup over
Cortex3D and NetLogo, and the ability to simulate 1.72 billion
agents on a single server.

Supplementary Materials, including instructions to repro-
duce the results, are available at: https://doi.org/10.5281
zenodo.6463816

Onur Mutlut
ETH Zurich, Switzerland

1 Introduction

Agent-based modeling (ABM) allows to simulate complex dy-
namics in a wide range of research fields. ABM has been used
to answer research questions in biology [30, 43, 73], sociol-
ogy [18], economics [65], technology [50], business [56], and
more fields [39]. Agents are individual entities that, among
others, can represent subcellular structures to simulate the
growth of a neuron, a cell to investigate cancer development,
or a person to simulate the spread of infectious diseases [10].
The actions of an agent are defined through instances of class
behavior. To stay with the examples from before, possible
behaviors are neurite bifurcation, uncontrolled cell division,
or infection.

Agent-based models are developed in an iterative way,
during which an initial model is increasingly refined until
it matches with observed data [58, 67]. Model parameters
that cannot be derived from the literature are determined
through optimization. An optimization algorithm generates
a parameter set, executes the model, and evaluates the error
with respect to observed data until the error converges to a
local or global minimum. This loop might also contain an
uncertainty analysis to evaluate the robustness of a solution
[40]. Consequently, the model must be simulated many times.

The simulation engine’s performance limits the scale of the
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Removed agents:

idx

ResourceManager: :agents_

1. Initialize

2. Fill

3. Reorder

4. Swap

5. Resize

Thread 0: {2, 8}

Parallel agent removal

Thread 1: {7}

to_right 0 | 0 | not_to_left
to_right 0 | 0 | not_to_left
to_right 0] 6 | to_left
#swaps 1
to_right 0] 6| to left
“‘1
Threa FERTLAPRTL Thread 1




Performance-related simulation characteristics
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Create new agents during simulation X X X
Delete agents during simulation X
Agents modify neighbors X
Load imbalance X X
Agents move randomly X X
Simulation uses diffusion X X
Simulation has static regions X
Number of iterations 500 1000 1000 500 288
Number of agents (in millions) 12.6 2 10 9 10

Number of diffusion volumes 0 54m 0 65k 0




Operation runtime breakdown
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Speedup

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)

C
o — —
B .
Q1.0 ™A %
e IV W | N
> N \V NZ BN
2 ¥ N | N
c~cl N | N/ NZER\ 7
> N N NI | N
s M| ¥ V| ¥
& N% \Z N \Z
%J 0.0 N/ NI Y A N/ N //
YO\“‘ e(mg 0\09\] \e(\C 0\09\]
cel\ R dusEigermQeuros'e onc

44



Radial neighbor search comparison

Whole simulation (18 threads and one NUMA domain)

XX Kd-Tree /21 Octree 1 BDM uniform grid
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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 X
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Agent sorting speeds up simulations up to 6 X
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Agent sorting speeds up simulations up to 6 X
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Agent sorting speeds up simulations up to 6 X
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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

o
Ul

=
o

z

Vi W WH| 0
ptmalloc2
774 jemalloc
BDM Mem Mgr & ptmalloc2

[ 1 BDM Mem Mgr & jemalloc

o Memory consumption

o
o

e\\ P

NI el | N A | INIZJfexf] | N AR |

(ol 109 nio\0BY . ien<S \co\0d

o\l Q>

gpide

52



Modularity

Simulation

Param

ResourceManager

Scheduler

+core_param1
+core_param2

+ForEachAgent(functor, filter)
+ForEachAgentParallel(functor, filter)

+Simulate(steps)
+SimulateUntil(exit_condition)

Environment

+ForEachNeighborf...)

+CreateAgentsRandom(...)
+CreateAgentsOnSurface...)
+DefineSubstance(...)
+|nitializeSubstance(...)

TimeSeries Random
+AddCollector(...) +Uniform(...)
+Save(...) +Gaus(...)
+Load(...) +SetSeed(...)
+Merge(...) +SetGenerator(...)
LineGraph DistributionRng|
+Sample()
NeuriteElement GausRng ExpRng
+Branch()
+Bifurcate() / \
+ElongateTerminalEnd() PoissonRng BinomialRng

+RetractTerminalEnd()

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

+...
+ForEachDiffusionGrid(...) +ScheduleOp(operation)
+Get() Q\ +GetOps(name)
+SetAgentFilters(...)

ParamGroup DiffusionGrid Behavior Agent
+GetConcentration(pos) +Run(agent) +AddBehavior(b)
+GetGradient(pos) +RemoveBehavior(b)
+ChangeConcentrationBy()

SimParam NeuroscienceParam Chemotaxis|'| Secretion| | GrowthDivision SphericalAgent| Cell
/ / / \\ Z} +Divide()
SimParam| | SimParam Infecti Ri y ijomM t]
Person NeuriteSoma
+state 3
/ \ = +ExtendNewNeurite()
MOde"nitializer - - A
S - -

UserDefinedDistRng{1, 2, 3}D|
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Abstraction layers and modeling features

Simulation

* Agent geometry: sphere, cylinder

* Agents: Cell, NeuronSoma, NeuriteElement

« Behaviors: Secretion, Chemotaxis, Proliferation,
GeneRegulation

e Extraculluar diffusion

e Agent interaction force

Generation of agent populations <+ Parameter management
Agent reproduction & mortality e Parameter optimization
Environment search * Hierarchical model support
Multi-scale simulations * Hybrid-modeling

Dynamic scheduling * Space boundary conditions
Statistical analysis

» Parallelism & thread-safety * Web-based interface

* Performance optimizations * Backup & restore of simulations
* GPU support * Quality assurance

* Visualization infrastructure

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

Simulation

BioDynaMo’s model
building blocks

BioDynaMo'’s high-level
features

BioDynaMo'’s low-level
features

Libraries
Operating System
Hardware
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Cell sorting
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Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649
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Neuroscience use case

B

Number of branching points Dendritic tree length [um]

40 ' '
) -_.
0

n 0 ,
simulated real simulated

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649
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Epidemiology use case
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Oncology use case
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Pyramid

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649
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59


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

Performance data table

Table 6. Performance data. The values in column “Agents” and “Diffusion volumes" are taken from the end of the simulation. Runtime measures the wall-clock

time to simulate the number of iterations. It excludes the time for simulation setup and visualization.

Simulation Agents  Diffusion  Iterations System  Physical Runtime  Memory
volumes (Table 5) CPUs
Neuroscience use case
Single (Figure 4A in the main manuscript) 1494 250 500 A 1 0.16s 382 MB
D 1 0.12s 479 MB
Large-scale (Figure 4C in the main manuscript) 9036986 65536 500 A 72 35s 6047 GB
D 2 1lmin28s 537GB
Very-large-scale 1018644 154 5606 442 500 B 72 1 h 24 min 438 GB
Oncology use case (Figure 5 in the main manuscript)
2000 initial cells 4177 0 312 A 1 1055 382 MB
D 1 0.832s 480 MB
4000 initial cells 5341 0 312 A i 1765 382 MB
D 1 1345 480 MB
8000 initial cells 7861 0 288 A 1 327s 384 MB
D 1 260s 482 MB
Large-scale 1000 3925 0 288 A 72 1 min42s 742 GB
D 2 43min56s 584 GB
Very-large-scale 986 054 868 0 288 B 72 6 h21 min 604 GB
Epidemiology use case (Figure 6C in the main manuscript)
Measles 2010 0 1000 A i 053s 381 MB
D i 042s 479 MB
Seasonal Influenza 20200 0 2500 A 1 1641s 383 MB
D 1 1640s 479 GB
Medium-scale (measles) 100 500 0 1000 A 72 1365 1GB
Large-scale (measles) 10 050 000 0 1000 A 72 59.19s8 5.87GB
D 2 19minl8s 541 GB
Very-large-scale (measles) 1005 000 000 0 1000 B 72 2h 0 min 495 GB
Soma clustering (Figure 2) 32000 1240 000 6 000 A 72 1291s 1.02 GB
D 2 2min7s 522 MB

Source: Lukas Breitwieser et al., 2022, DOI: 10.1093/bioinformatics/btab649
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BioDynaMo’s GPU offloading
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GPU Acceleration of 3D Agent-Based
Biological Simulations

Lukas Breitwieser
CERN openial
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Geneva, Switzerland
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Ahmad Hesam
ABS group
Delft University of Technology
Delft, Netherlands
a.s.hesam @ tudelft.nl

Abstract—Researchers in biology are faced with the tough
challenge of developing high-performance computer simulations
of their increasingly complex agent-based medels. BioDynaMo
is an open-source agent-based simulation platform that aims
to alleviate researchers from the intricacies that go into the
development of high-performance computing. Through a high-
level interface, researchers can implement their models on top of
BioDynaMo’s multi-threaded core execution engine to rapidly
develop simulations that effectively ufilize parallel computing
hardware. In bi i agent-based i the type of op-
erations that are typically the most compute-intensive are those
that involve agents interacting with their local neighborhood.
In this work, we investigate the currently implemented methed
of handling neighborhood interactions of cellular agents in
BioDynaMo, and ways to improve the performance to enable
large-scale and complex simulations. We propose to replace the
kd-tree implementation to find and iterate over the neighborhood
of each agent with a uniform grid method that allows us
to take advantage of the massively parallel architecture of
graphics processing units (GPUs). We implement the uniform
grid method in both CUDA and OpenCL to address GPUs
from all major vendors and evaluate several techniques to
further improve the performance. Furthermore, we analyze the
performance of our implementations for models with a varying
density of neighboring agents. As a result, the performance of the
mechanical interactions method improved by up to two orders of
magnitude in compamon to the multithreaded baseline version.

The i are ops and publicly available on
Github.
Index T gent-based GPU, co-

processing, biological models, acceleration

Fons Rademakers Zaid Al-Ars
CERN openlab ABS group
CERN Delft University of Technology

Geneva, Switzerland
fons.rademakers@cern.ch

Delft, Netherlands
zal-ars@tudelft.nl

becoming increasingly more parallelized as a result of Dennard
scaling [4] and the stagnation of Moore’s law [5], as pointed
out in [6]. Moreover, general-purpose computing on graphics
processing units (GPUs) is an attractive solution to improve the
computational efficiency of ABS applications in particular
[8]. and parallel applications in general [9]. [10]. By pomm.
applications to, either fully or partially, run on GPUs it is
possible to observe speedups of several orders of magnitude in
comparison to the CPU-only execution @ Although several
ABS frameworks exist that achieve significant speedups using
GPUs in the field of ABS, there is still significant room for
improvement, which we wish to address in this article.

BioDynaMo [6] is an open-source software platform for life
scientists for simulating biological agent-based models. Each
agent in BioDynamo is programmed to follow a specified set
of rules, imposed by the modeler, that can trigger specified
actions affecting itself or other agents. Agents in biological
systems often interact with their local environment, and their
behavior can be influenced by other agents that reside within
a certain range. An example is the mechanical interactions
a cellular agent undergoes when it physically collides with
another agent. Local interactions are an extremely important
concept in biological systems since it is the driving force
behind key biological processes, such as tissue development
12).

BioDynaMo is fully parallelized using OpenMP and its
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