
NIH BTRC for Macromolecular Modeling and Bioinformatics 

http://www.ks.uiuc.edu/ 

Beckman Institute, 
 U. Illinois at Urbana-Champaign 

GPU-Accelerated Analysis and Visualization 

of Large Structures Solved by  

Molecular Dynamics Flexible Fitting 

John E. Stone, Ryan McGreevy, Barry Isralewitz, and Klaus Schulten 

Theoretical and Computational Biophysics Group 

Beckman Institute for Advanced Science and Technology 

University of Illinois at Urbana-Champaign 

http://www.ks.uiuc.edu/Research/vmd/ 

http://www.ks.uiuc.edu/Research/gpu/ 

Faraday Discussion 169: Molecular Simulations and Visualization 

Nottingham, UK, May 8, 2014 



NIH BTRC for Macromolecular Modeling and Bioinformatics 

http://www.ks.uiuc.edu/ 

Beckman Institute, 
 U. Illinois at Urbana-Champaign 

X-ray crystallography Electron microscopy 

APS at Argonne FEI microscope 

Molecular Dynamics Flexible Fitting (MDFF)  

Flexible fitting of atomic structures into electron microscopy maps using molecular dynamics.  

L. Trabuco, E. Villa, K. Mitra, J. Frank, and K. Schulten.  Structure, 16:673-683, 2008. 

MDFF 

ORNL Titan 

Acetyl - CoA Synthase 
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An external potential derived from the 
EM map is defined on a grid as 

Two terms are added to the MD potential 

A mass-weighted force is then applied to each atom 

Molecular Dynamics Flexible Fitting - Theory 
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Structural Route to the all-atom HIV-1 Capsid 

Zhao et al. , Nature 497: 643-646 (2013) 

High res. EM of hexameric tubule, tomography of capsid, 
all-atom model of capsid by MDFF w/ NAMD & VMD, 

NSF/NCSA Blue Waters computer at Illinois 

Pornillos et al. , Cell 2009, Nature 2011 

Crystal structures of separated hexamer and pentamer 

Ganser et al. Science, 1999 

Briggs et al. EMBO J, 2003 

Briggs et al. Structure, 2006 

 

 

1st TEM (1999) 1st tomography (2003) 

cryo-ET (2006) 

Byeon et al., Cell 2009 
Li et al., Nature, 2000 

hexameric tubule 
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Evaluating Quality-of-Fit for Structures 

Solved by Hybrid Fitting Methods 

Compute Pearson 
correlation to evaluate 
the fit of a reference 
cryo-EM density map 
with a simulated 
density map produced 
from an all-atom 
structure. 
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GPUs Can Reduce Trajectory Analysis Runtimes  

from Hours to Minutes 

GPUs enable laptops and 
desktop workstations to 

handle tasks that would have 
previously required a cluster, 

or a very long wait… 

 

GPU-accelerated petascale 
supercomputers enable 

analyses were previously 
impractical, allowing 

detailed study of very large 
structures such as viruses 

GPU-accelerated MDFF Cross Correlation Timeline 

Regions with poor fit               Regions with good fit 
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CUDA GPU-Accelerated Trajectory Analysis 

and Visualization in VMD 
VMD GPU-Accelerated Feature or 

Kernel 

Typical speedup vs. multi-

core CPU (e.g. 4-core CPU) 

Molecular orbital display 30x 

Radial distribution function 23x 

Molecular surface display 15x 

Electrostatic field calculation 11x 

Ray tracing w/ shadows,                

AO lighting 

7x 

Ion placement 6x 

MDFF density map synthesis  6x 

Implicit ligand sampling 6x 

Root mean squared fluctuation 6x 

Radius of gyration 5x 

Close contact determination 5x 

Dipole moment calculation 4x 
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Peak Arithmetic Performance Trend 
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Peak Memory Bandwidth Trend 
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GPU PCI-Express DMA 

Simulation of reaction diffusion processes over biologically relevant size and time scales using multi-GPU workstations 

Michael J. Hallock, John E. Stone, Elijah Roberts, Corey Fry, and Zaida Luthey-Schulten. 

Journal of Parallel Computing, 2014. (In press) 

http://dx.doi.org/10.1016/j.parco.2014.03.009 
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Padding optimizes global 
memory performance, 
guaranteeing coalesced global 
memory accesses Grid of thread blocks 

Small 8x8x2 CUDA thread blocks afford large  

per-thread register count, shared memory 

              

3-D density map decomposes into 3-D grid 
of 8x8x8 tiles containing CC partial sums 

and local CC values 

… 0,0 0,1 

1,1 

… … 

… 

… 

Inactive threads, 
region of 
discarded 
output 

Each thread computes 

4 z-axis density map 

lattice points and 

associated CC partial 

sums 

Threads 
producing 
results that 
are used 1,0 

Spatial CC map and 

overall CC value 

computed in a single 

pass 

Single-Pass MDFF GPU Cross-Correlation 
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VMD GPU Cross Correlation Performance 
RHDV 

 

Mm-cpn 

open 

GroEL Aquaporin 

Resolution (Å) 6.5 8 4 3 

Atoms 702K 61K 54K 1.6K 

VMD-CUDA 

Quadro K6000 

0.458s 

34.6x 

0.06s 

25.7x 

0.034s 

36.8x 

0.007s 

55.7x 

VMD-CPU-SSE 

32-threads, 2x Xeon E5-2687W 

0.779s 

20.3x 

0.085s 

18.1x 

0.159s 

7.9x 

0.033s 

11.8x 

Chimera  

1-thread Xeon E5-2687W 

15.86s 

1.0x 

1.54s 

1.0x 

1.25s 

1.0x 

0.39s 

1.0x 

VMD CPU-SEQ (plugin) 

1-thread Xeon E5-2687W 

62.89s 

0.25x 

2.9s 

0.53x 

1.57s 

0.79x 

0.04s 

9.7x 



NIH BTRC for Macromolecular Modeling and Bioinformatics 

http://www.ks.uiuc.edu/ 

Beckman Institute, 
 U. Illinois at Urbana-Champaign 

VMD RHDV Cross Correlation 

Timeline on Cray XK7 

RHDV 

Atoms 702K 

Traj. Frames 10,000 

Component 

Selections 

720 

Single-node XK7 

(projected) 

336 hours (14 days) 

128-node XK7 3.2 hours 

105x speedup 

2048-node XK7 19.5 minutes 

1035x speedup 

RHDV CC Timeline 

Calculation would take 5 years 
using original serial VMD CC 

plugin on a workstation! 
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Future Work, Invitation for Comments 

• Interactive MDFF with real-time CC and spatial CC coloring 

• Incorporate fast CC computation into MDFF simulations to 

optimize the efforts of the MDFF simulation protocol 

• Programming approaches to simplify future single-pass kernels 

that combine complex compute/reduction ops 

• 2x to 8x performance increases possible: 

– Faster GPU sort, scan (parallel prefix sum) 

– Kepler GPU shuffle instructions for parallel reductions 

– Multi-GPU implementation (4x should be straightforward) 

– Intel/AMD AVX2 8-way vector instructions 

– Precompute summed area tables (SAT) for cheaper calculation of 

reference mean, count of non-excluded voxels, etc:                                  

CPU Yes?,  GPU Maybe? 
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GPU Computing Publications 
http://www.ks.uiuc.edu/Research/gpu/ 

• Runtime and Architecture Support for Efficient Data Exchange in Multi-Accelerator 
Applications  Javier Cabezas, Isaac Gelado, John E. Stone, Nacho Navarro, David B. Kirk, and 
Wen-mei Hwu.  IEEE Transactions on Parallel and Distributed Systems, 2014. (Accepted) 

• Unlocking the Full Potential of the Cray XK7 Accelerator  Mark Klein and John E. Stone.       
Cray Users Group, 2014. (In press) 

• Simulation of reaction diffusion processes over biologically relevant size and time scales using 
multi-GPU workstations  Michael J. Hallock, John E. Stone, Elijah Roberts, Corey Fry, and Zaida 
Luthey-Schulten.  Journal of Parallel Computing, 2014. (In press) 

• GPU-Accelerated Analysis and Visualization of Large Structures Solved by Molecular 
Dynamics Flexible Fitting  John E. Stone, Ryan McGreevy, Barry Isralewitz, and Klaus Schulten.  
Faraday Discussion 169, 2014. (In press) 

• GPU-Accelerated Molecular Visualization on Petascale Supercomputing Platforms.                    
J. Stone, K. L. Vandivort, and K. Schulten. UltraVis'13: Proceedings of the 8th International 
Workshop on Ultrascale Visualization, pp. 6:1-6:8, 2013. 

• Early Experiences Scaling VMD Molecular Visualization and Analysis Jobs on Blue Waters.          
J. E. Stone, B. Isralewitz, and K. Schulten.  In proceedings, Extreme Scaling Workshop,  2013. 

• Lattice Microbes: High‐performance stochastic simulation method for the reaction‐diffusion 
master equation.  E. Roberts, J. E. Stone, and Z. Luthey‐Schulten. 
J. Computational Chemistry 34 (3), 245-255, 2013. 
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• Fast Visualization of Gaussian Density Surfaces for Molecular Dynamics and Particle System 

Trajectories. M. Krone, J. E. Stone,  T. Ertl, and K. Schulten. EuroVis Short Papers, pp. 67-71, 

2012. 

• Fast Analysis of Molecular Dynamics Trajectories with Graphics Processing Units – Radial 

Distribution Functions.  B. Levine, J. Stone, and A. Kohlmeyer. J. Comp. Physics, 230(9):3556-

3569, 2011. 

• Immersive Out-of-Core Visualization of Large-Size and Long-Timescale Molecular Dynamics 

Trajectories. J. Stone, K. Vandivort, and K. Schulten. G. Bebis et al. (Eds.): 7th International 

Symposium on Visual Computing (ISVC 2011), LNCS 6939, pp. 1-12, 2011. 

• Quantifying the Impact of GPUs on Performance and Energy Efficiency in HPC Clusters. J. 

Enos, C. Steffen, J. Fullop, M. Showerman, G. Shi, K. Esler, V. Kindratenko, J. Stone, J Phillips. 

International Conference on Green Computing, pp. 317-324, 2010. 

• GPU-accelerated molecular modeling coming of age.  J. Stone, D. Hardy, I. Ufimtsev, K. 

Schulten.  J. Molecular Graphics and Modeling, 29:116-125, 2010. 

• OpenCL: A Parallel Programming Standard for Heterogeneous Computing. J. Stone, D. 

Gohara, G. Shi.  Computing in Science and Engineering, 12(3):66-73, 2010. 
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• An Asymmetric Distributed Shared Memory Model for Heterogeneous Computing 

Systems.  I. Gelado, J. Stone, J. Cabezas, S. Patel, N. Navarro, W. Hwu.  ASPLOS ’10: 

Proceedings of the 15th International Conference on Architectural Support for Programming 

Languages and Operating Systems, pp. 347-358, 2010. 

• GPU Clusters for High Performance Computing.  V. Kindratenko, J. Enos, G. Shi, M. 

Showerman, G. Arnold, J. Stone, J. Phillips, W. Hwu.  Workshop on Parallel Programming on 

Accelerator Clusters (PPAC), In Proceedings IEEE Cluster 2009, pp. 1-8, Aug. 2009. 

• Long time-scale simulations of in vivo diffusion using GPU hardware.  E. Roberts, J. Stone, 

L. Sepulveda, W. Hwu, Z. Luthey-Schulten. In IPDPS’09: Proceedings of the 2009 IEEE 

International Symposium on Parallel & Distributed Computing, pp. 1-8, 2009. 

• High Performance Computation and Interactive Display of Molecular Orbitals on GPUs 

and Multi-core CPUs.    J. Stone, J. Saam, D. Hardy, K. Vandivort, W. Hwu, K. Schulten, 2nd 

Workshop on General-Purpose Computation on Graphics Pricessing Units (GPGPU-2), ACM 

International Conference Proceeding Series, volume 383, pp. 9-18, 2009. 

• Probing Biomolecular Machines with Graphics Processors.  J. Phillips, J. Stone.  

Communications of the ACM, 52(10):34-41, 2009. 

• Multilevel summation of electrostatic potentials using graphics processing units. D. Hardy, 

J. Stone, K. Schulten. J. Parallel Computing, 35:164-177, 2009. 
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• Adapting a message-driven parallel application to GPU-accelerated clusters.                                      

J. Phillips, J. Stone, K. Schulten.  Proceedings of the 2008 ACM/IEEE Conference on 

Supercomputing, IEEE Press, 2008. 

• GPU acceleration of cutoff pair potentials for molecular modeling applications.                                

C. Rodrigues, D. Hardy, J. Stone, K. Schulten, and W. Hwu. Proceedings of the 2008 Conference 

On Computing Frontiers, pp. 273-282, 2008. 

• GPU computing.  J. Owens, M. Houston, D. Luebke, S. Green, J. Stone, J. Phillips. Proceedings 

of the IEEE, 96:879-899, 2008. 

• Accelerating molecular modeling applications with graphics processors. J. Stone, J. Phillips, 

P. Freddolino, D. Hardy, L. Trabuco, K. Schulten. J. Comp. Chem., 28:2618-2640, 2007. 

• Continuous fluorescence microphotolysis and correlation spectroscopy. A. Arkhipov, J. 

Hüve, M. Kahms, R. Peters, K. Schulten. Biophysical Journal, 93:4006-4017, 2007.  


