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GROMACS: Molecular Dynamics

• Simulate the dynamics of large molecules 
(like proteins,DNA) by solving Newton’s 
equation of motion for the atoms.

• Equations of motion integrated in time to 
get position of all particles at later times.
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Calculating the forces

• Several contributions to the force
– Bond vibrations between atoms
– Angle vibrations
– Torsional/dihedral angles
– Nonbonded electrostatics & Lennard-Jones 

between all atoms that are close in space
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Nonbonded forces

• Accounts for 90-95% of the runtime in 
C/Fortran code

• Most common form:

Electrostatics
Lennard-Jones
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Neighbor lists

• Neighbor list constructed every 10 steps.
• In practice: 10,000-100,000 atoms, with 

100-200 neighbors in each list
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8 Neighbor list for ’center atom’ 13 =
{ 8, 9, 11, 12, 15, 16, 17}
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• In our problem, we have totally 900 water 
molecules, the 3 atoms in each molecule are 
indexed in the same order: O, H1, H2, so 
instead of atom-atom interaction, we use 
molecule-molecule interaction.

• Every center molecule have 16 neighbors:
– If: molecule has < 16 real neighbors

Then: dummy neighbors(#901) are added 
If: molecule has > 16 real neighbors
Then: molecule is repeated in the center molecule list (iinr)
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• original molecule list:

……3210

……pos(3)pos(2)pos(1)pos(0)

………211100

• original position list-pos:

….900900487235 ………9001056….….

• center molecule list-iinr: (for convenience, from this slide, assume each center 
molecule has 4 neighbor molecules instead of 16 as in real computation)

• neighbor list-jjnr:

faraway dummy molecule #901
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The SSS Programming System
• Borrowed from Imagine Programming System---

a stream processor
• Operates on sequences of data records called streams
• Two Parts:

– kernels: operations within individual records of a stream 
(KernelC)

– stream program: (stream C)
• streams definition
• high-level control
• data flow

• When Brook works, computation can be realized with 
the stream functions and operations in Brook, i.e. 
streamGather(), streamScatter(), streamGroup(), etc.
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The Algorithm
1.Load the molecule and position arrays into streams (all streams must 

have a multiple of 16 records) 
pos(901) pos…pos(3)pos(2)pos(1)pos(0)s_pos:

901……211100s_iinr:

…900900487235 900900900900……………

dummy center molecule
#902(0.0, 0.0, 0.0)

s_jjnr:

2. Gather positions to new streams indexed by iinr and jjnr 

s_pos_i: pos(901)pos(901)…pos(2)pos(1)pos(1)pos(1)pos(0)pos(0)

s_pos_j:

………pos
(4)

pos
(8)

pos
(7)

pos
(2)

pos
(3)

pos
(5)

pos
(900)

pos
(900)

pos
(900)

pos
(900)

……………
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3. Group the position stream indexed by jjnr (s_pos_j) into a 2D stream

900.….9007

900.….9002

900.….43

900.….85

901901…211100s_iinr:

s_jjnr_N:

4. Call the kernel
Returns a stream of forces (stream_forces_i) indexed by iinr

s_f_i(901)s_f_i(901)…s_f_i(2)s_f_i(1)s_f_i(1)s_f_i(1)s_f_i(0)s_f_i(0)s_f_i:

5. Accumulate forces for molecules repeated in iinr and scatter these 
final forces back according to the original indexing scheme.

s_force: force(901)…force(3)force(2)force(1)force(0)
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What do we do in the kernel?
In each cluster  #1 to #16
• read the next center molecule from iinr
• read all of its neighboring molecules from jjnr
• calculate force due to molecular interaction between the center 

molecule and all of its neighbors 
• Accumulate the total force on the center molecule 
• Output total force to the force stream 
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s_jjnr

s_iinr

cluster 43…321432143214321

..…......37332311117130703

..….......36322211016120602

..….......3531211915110501

..….......3430201814100400

901901…555443333211100

How the Kernel Works
12

(10)
900
(07)

900
(06)

4
(05)

8
(04)

7
(03)

2
(02)

3
(01)

5
(00)

……24
(17)

19
(16)

14
(15)

18
(14)

17
(13)

22
(12)

13
(11)

s_jjnr:

……………18
(14)

12
(10)

8
(04)

5
(00)

………………………



07/29/2003 GROMACS-SSS 13 of 17 

Recap – KernelC and StreamC

KernelC
• Each cluster gets data for a 

center molecule from iinr
along with all of its 
neighbors.

• Independently, clusters 
calculate the forces due to 
interactions between the 
molecules with their 
neighbors, update the 
stream of forces.

StreamC
• Read in GROMACS data 

(iinr, jjnr, original 
molecule positions, etc).

• Convert data into streams
• Gather and Group
• Call kernel.
• Scatter and Add 
• Output the forces
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Kernel Schedule v. 1.0
• No optimizations

• Around 100 cycles

MUL0 MUL1 MUL2 MUL3 DI V0 I NO0 I NO1 I NO2 I NO3 COM0 MC_0 JUK0
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C O M M U C D A T A

C O M M U C D A T A

C O M M U C D A T A U C _ D A T A _ I N

C O M M U C D A T A U C _ D A T A _ I N

C O M M U C D A T A C H K _ E O S

C O M M U C D A T AP A S S

N L O O PC O M M U C D A T A I N I T _ C I S T A T ES E L E C T

I N I T _ C I S T A T EI E Q 3 2

P A S S P A S SP A S S I N I T _ C O S T A T EN S E L E C T N S E L E C T

G E N _ C I S T A T E

G E N _ C I S T A T E

C O N D _ I N _ R C O N D _ I N _ R

C O N D _ I N _ R C O N D _ I N _ R

S E L E C T S E L E C T

F A D D S E L E C T S E L E C T

F A D D C O N D _ I N _ R C O N D _ I N _ R

D A T A _ I N

S E L E C T S E L E C TD A T A _ I N

F S U BF S U B F A D D

D A T A _ I N

F M U L F M U LF S U B

F A D D F M U L

F A D D

F M U L

C O N D _ I N _ R C O N D _ I N _ R

C O N D _ I N _ R C O N D _ I N _ R

F M U L S E L E C TS E L E C T C O N D _ I N _ R C O N D _ I N _ R

F A D D C O N D _ I N _ R C O N D _ I N _ RD A T A _ I N

D A T A _ I N

S E L E C TS E L E C T C O N D _ I N _ R D A T A _ I N

F M U LF A D D S E L E C TS E L E C T D A T A _ I N

F A D D F S U BI A D D 3 2 S E L E C TS E L E C T C O N D _ I N _ RP A S S

F A D DF S U B S E L E C T C O N D _ I N _ DP A S S

F S U B F S U B C O N D _ I N _ D D A T A _ I N

F M U LF S U B F S U B D A T A _ I N

F S U B P A S SF S U B I E Q 3 2 S E L E C TP A S S

F S U BF A D D F S U B F M U L S E L E C TS E L E C T

F S U BF A D D P A S SF S U B F M U L P A S S

F M U L F M U L F S U B F S U B

F S U B F M U LF M U LF S U B

F S U BF S U B F M U L F M U L

F M U L F M U LF S U B F S U B P A S S P A S S

F M U LF M U L F S U B F M U L P A S S P A S S

F M U L F S U B F S U B F M U L P A S S

F M U L F M U LF S U B F M U L P A S S

F A D D F M U LF A D D F A D D P A S S

F S U B F M U LF M U L F M U L

F A D D F M U LF M U L F M U L P A S S P A S S

F A D D F M U LF A D D F M U L P A S S

F A D D F A D D

F A D DF A D D F A D D F M U L N S E L E C T S E L E C T

F A D DF A D D F M U L N S E L E C TS E L E C T

F A D D F A D D I E Q 3 2 S E L E C TS E L E C T

F M U L F M U LF M U L F M U L S E L E C TS E L E C T

F M U L F A D D P A S S S E L E C T

F A D DF M U L F M U LS E L E C T S E L E C TS E L E C T

F M U L F M U LF M U L F M U L

P A S SF M U LF M U L

F M U L F M U L F M U L

F M U L F M U LF M U L P A S SP A S S

F M U LF M U LF M U L F M U L

F M U L F M U LF M U L F M U L P A S SP A S S

F A D D F M U LF M U L F M U L P A S SP A S S

F A D D F M U LF M U L F M U L

F A D DF M U L F M U LF M U L P A S SP A S S

F A D D F M U LF M U LF M U L P A S S

F A D DF A D D F M U L F M U L P A S S

F A D DF A D DF M U LF M U L P A S S

F A D DF A D D F M U LF M U L

F A D D F A D D F M U LF M U L P A S S

F A D D F A D DF A D DF M U L P A S S

F A D DF A D D F M U L

F A D D F A D D F M U L G E N _ C O S T A T E

F A D DF A D D F M U L P A S S G E N _ C O S T A T E _ T O _ C O

S E L E C TF A D DF A D D F M U L C O N D _ O U T _ R

N S E L E C TF A D D C O N D _ O U T _ R

S E L E C TF A D D C O N D _ O U T _ R

N S E L E C TF A D D C O N D _ O U T _ R

S E L E C TF A D D C H K _ E O SC O N D _ O U T _ R

N S E L E C TI E Q 3 2 C O N D _ O U T _ R

L O O PS E L E C T S E L E C TC O N D _ O U T _ R

N S E L E C TI A D D 3 2 P A S S C O N D _ O U T _ R

S E L E C T C O N D _ O U T _ D
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MUL0 MUL1 MUL2 MUL3 DI V0 I NO0 I NO1 I NO2 I NO3 COM0 MC_0 JUK0
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(B2)

C O M M U C D A T A

C O M M U C D A T A

C O M M U C D A T A U C _ D A T A _ I N

C O M M U C D A T A U C _ D A T A _ I N

C O M M U C D A T A C H K _ E O S

C O M M U C D A T AP A S S

N L O O PC O M M U C D A T A I N I T _ C I S T A T ES E L E C T

I N I T _ C I S T A T EI E Q 3 2

P A S SP A S S I N I T _ C O S T A T EN S E L E C TN S E L E C T

C O N D _ I N _ R C O N D _ I N _ R

C O N D _ I N _ R C O N D _ I N _ R

F A D D C O N D _ I N _ R C O N D _ I N _ R

C O N D _ I N _ R P A S S

S E L E C TC O N D _ I N _ RP A S S

I A D D 3 2 S E L E C TS E L E C T C O N D _ I N _ RP A S S

F M U L C O N D _ I N _ D N S E L E C TS E L E C T

F S U BI E Q 3 2 S E L E C TS E L E C TP A S S

F A D DF A D D P A S S S E L E C TP A S SP A S S

F A D D F S U B S E L E C T S E L E C TP A S S

F M U LF S U B I E Q 3 2 P A S S N S E L E C TN S E L E C T C O N D _ I N _ D

F S U BF S U B F M U L S E L E C TS E L E C T

F A D D F S U B F S U B S E L E C TN S E L E C T

F A D DF S U B P A S SS E L E C T

F M U LF S U BF S U B S E L E C TS E L E C T

F A D DF S U B F S U B P A S SF M U L N S E L E C T

F S U B F S U B F M U LF M U L N S E L E C TN S E L E C T

F S U B F M U LF S U BF S U B N S E L E C TN S E L E C T

F M U LF S U B F M U LF M U L

F S U BF M U L F S U BF S U B

F M U LF M U LF S U B F M U L

F M U L F M U L F S U BF S U B P A S SP A S S

F M U LF M U L F M U LF M U L P A S S

F M U LF M U LF A D D F A D D P A S S P A S S

F A D DF M U L F M U LF M U L

F A D DF M U L F A D D F M U L P A S S

F M U L F M U L F A D DF M U L P A S S P A S S

F A D D F A D DF A D D P A S S

F A D DF A D D F M U L

F A D D F A D D P A S S

F S U BF M U L F A D D P A S S

F A D DF M U L F M U L

F M U L F M U LF A D D

F M U L F M U L F M U LF M U L

F A D DF M U L F M U L F M U L

F M U L F M U LF M U L F M U L G E N _ C I S T A T E

F M U L F M U L F M U L C O N D _ I N _ R

F M U L F M U L C O N D _ I N _ R

F M U LF M U L P A S S

F M U L F M U L F M U LF M U L P A S SP A S S

F M U L F M U L F M U LF M U L P A S SS E L E C T

F M U L F M U L F M U LF M U L

F M U LF M U LF M U L F M U L P A S S

F M U LF M U L F M U LF M U L

F A D DF M U L F M U L F M U L P A S S P A S S

F A D D F A D DF A D D F A D D P A S S

F A D D F A D DF A D DF A D D P A S S G E N _ C I S T A T E

F M U LF M U L F M U LF M U L P A S SC O N D _ I N _ R

F A D D F M U L F M U LF M U L P A S SC O N D _ I N _ R

F A D DF A D D F A D DF A D D

F A D DF A D D F A D D F A D D S E L E C T

S E L E C T S E L E C TC O N D _ I N _ R

F A D D P A S SF A D D F A D D C O N D _ I N _ R

F A D D F A D D F A D DF A D D P A S S D A T A _ I N

F A D D F A D D F A D DF A D D P A S S D A T A _ I N

P A S S S E L E C TD A T A _ I N

G E N _ C O S T A T EP A S S S E L E C TD A T A _ I N

G E N _ C O S T A T E _ T O _ C O N D _ O UF S U B F S U BF A D D D A T A _ I N

N S E L E C T D A T A _ I N C O N D _ O U T _ R

N S E L E C TD A T A _ I N C O N D _ O U T _ R

S E L E C T D A T A _ I N C O N D _ O U T _ R

N S E L E C TP A S SF M U L F M U LF S U B D A T A _ I N C O N D _ O U T _ R

S E L E C TI E Q 3 2 C H K _ E O SC O N D _ O U T _ R

N S E L E C TN S E L E C TP A S S C O N D _ O U T _ R

L O O PS E L E C T C O N D _ O U T _ R

S E L E C TI A D D 3 2P A S S F A D DF M U L C O N D _ O U T _ R

N S E L E C TP A S S P A S SC O N D _ I N _ R C O N D _ O U T _ D

Kernel Schedule v. 2.0

• Software Pipelined

• Less than 80 cycles
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Next step:
• Further optimizations

– Unrolling: combine loop iterations to give scheduler 
more flexibility in optimization.

• Multi-step calculations
– Optimizations for stream program.


