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This IBM® Redpaper publication presents a virtual screening study of the DOCK Version 6.0 
molecular docking software package on a massively parallel system, the IBM System Blue 
Gene® supercomputer, Blue Gene/L.1 Virtual screening of very large libraries of small 
ligands requires not only efficient algorithms but an efficient implementation for docking 
thousands, if not millions, of compounds simultaneously in a reasonable amount of time.

This paper presents a series of receptor-ligand docking benchmarks using DOCK Version 6.0 
to show performance improvements with better load balancing and file I/O improvements. In 
addition, a version was implemented to take advantage of the High Throughput Computing 
(HTC) feature on the Blue Gene supercomputer.
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Introduction

Parallel processing long has been recognized as a powerful tool in computational chemistry 
and biology.2, 3, 4 Software developers in the life sciences have realized that parallel 
computing benefits come from both hardware that can scale to a large number of processors 
and software that can map to these types of architectures.

The advantages of massively parallel systems for certain scientific and engineering 
applications include access to a large amount of aggregated real memory and a large 
collection of processors. Computer simulations play an important role in scientific 
investigations, in particular, by providing insight into molecular interactions that cannot be 
obtained experimentally. The ability to inform new experiments is certainly the case in virtual 
screening, or in silico screening. This approach, in which computational algorithms are used 
to cull large libraries of potential drugs into more practical numbers for experiments, has 
attracted the attention of researchers working in pharmaceutical companies as an important 
application in the arsenal of tools used in the drug discovery process.5

In silico screening using molecular docking has been recognized as an approach that 
benefits from high-performance computing to identify novel small molecules that can then be 
used for drug design.6 This process consists of the identification or selection of compounds 
that show activity against a biomolecule that is of interest as a drug target.7 Docking 
programs place molecules into the active site of the receptor (or target biomolecule) in a 
non-covalent fashion and then rank them by the ability of the small molecules to interact with 
the receptor.8 There is an extensive family of molecular docking software packages.9–14 
However, in this work, we carry out our studies with the DOCK (Version 6.0) package.

In this study, we discuss our efforts in optimizing and validating DOCK on a massively parallel 
system, the IBM Blue Gene/L solution. In the article “Development and Validation of a 
Modular, Extensible Docking Program: DOCK5” of the Journal of Computational Aided 
Molecular Design, the authors point out that their primary criterion for optimization of the 
DOCK package in their work was success in identifying the correct geometry and not looking 
at improving processor performance. In this study, we complement their work. Our approach 
relies on optimizing single node performance after carrying out a performance profile to 
identify bottlenecks in different sections of the code. We also implement better load 
balancing, I/O optimization, and a high throughput computing scheme to carry out in silico 
screening with thousands of processors. 

Software and hardware overview

We describe the IBM Blue Gene/L platform in detail in Unfolding the IBM eServer Blue Gene 
Solution, SG24-6686. Here, we summarize the key IBM Blue Gene/L™ architectural features 
that are relevant for this study. The smallest component is the chip (node). The Blue Gene/L 
basic block is a PowerPC® 440 dual-core processor. Each processor core (processor) runs at 
a frequency of 700 MHz and can perform four floating-point operations per cycle, giving a 
theoretical peak performance of 5.6 GFlops per chip. The amount of RAM is 1 GB per chip.15 
A rack holds 1,024 compute nodes. In this work, we used eight racks for a total of 16,384 
processors.

DOCK is an open-source molecular docking software package that is frequently used in 
structure-based drug design.16 The computational aspects of this program can be divided 
into two parts. The first part consists of the ligand atoms that are located inside the cavity or 
binding pocket of a receptor, which is a large biomolecule. This step is carried out by a search 
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algorithm.17 The second part corresponds to the scoring or identifying interactions. This is 
normally done by means of a scoring function.18

DOCK Version 6.0, which was used in this study, is written in C++ to exploit code modularity 
and has been parallelized using the message passing interface (MPI) paradigm.19, 20 DOCK 
Version 6.0 is parallelized using a master-worker scheme.21 The master handles I/O and 
tasks management while each worker is given an individual molecule to carry out 
simultaneous independent docking.22

Massively parallel version

The implementation of the massively parallel version of the code can be divided into two 
separate efforts. The first part corresponds to single node optimization. The second part 
involves code parallelization, in this case making use of the fact that DOCK carries out each 
calculation per molecule semi-independently, as implemented by the developers via MPI.

Single processor optimization

Our initial profile analysis showed that, aside from the master node, little time is spent doing 
communication. Since our profile did not show large amounts of I/O when docking a single 
ligand, this indicated that the code is CPU bound. Most of the CPU time is spent in the 
scoring function. 

The level of optimization performed on a single processor involved compiler flags optimization 
and the use of highly optimized libraries. The compiler options are described in Unfolding the 
IBM eServer Blue Gene Solution, SG24-6686, and relate to performance optimization of 
applications for Blue Gene/L platform. 

We found that the combination of -qignprag=omp, -qarch=440d, -qtune=440, -O3, and -qhot 
produced the best overall performance for the DOCK code. Algorithm enhancements and 
code changes were employed to ensure the utilization of IBM Mathematical Acceleration 
Subsystem (MASS) libraries.23 A 43% improvement in speed of calculation for a single ligand 
was observed for this single processor optimization.

Parallel implementation

DOCK uses a master-worker scheme to parallelize the molecular docking steps during the 
simulation. Currently, data is distributed to the workers randomly as molecules are read by the 
master. The drawback of this approach is a poor load balance as the number of processors is 
increased. This random distribution resulted in some workers receiving many short running 
tasks preceding a long running task. As a result, workers with short running tasks were idle 
while other workers completed the longer, time consuming tasks. 

However, by sorting the input file to distribute tasks with ligands with the greatest number of 
rotatable bonds and therefore greater number of potential docking conformations first, we 
were able to improve scalability. We also sorted with respect to the number of atoms per 
ligand. In addition, we reduced the amount of file I/O, by storing temporary files in memory, 
which had a large impact on the scalability.

Finally, in looking to scale to large systems with over eight thousand processors, it became 
necessary to determine the best paradigm to increase scalability. The master-worker scheme 
has been shown to not scale well with a large number of nodes due to overloading of the 
master.24 With previous applications, this problem was overcome by employing a multi-level 
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master-worker scheme.25 However, with the DOCK code, we chose to use a new mode 
available on the Blue Gene/L platform for HTC that uses a dispatcher to asynchronously send 
work units to individual compute nodes to be executed.26 

The DOCK program can be run as a collection of independent tasks in which each processor 
conducts independent calculations on different ligands in the library. This allowed us to 
implement an HTC version of the DOCK program. The HTC version consists of individual 
instances of the non-MPI version running on subsets of the ligand library simultaneously. Both 
output parsing and the work dispatcher run on the Blue Gene/L front end rather than a 
traditional master. An additional advantage of this scheme is increased robustness if a node 
fails. The dispatcher simply resets the node and redistributes the work task, which preserves 
the work on all the other nodes. We chose this method both for the scalability it offers along 
with the node resiliency.

Performance results

In this section, we discuss the performance results that we observed. 

Data sets

The receptor corresponds to the Human Immunodeficiency Virus-1 (HIV-1) reverse 
transcriptase in complex with nevirapine as used and described in the article “Development 
and Validation of a Modular, Extensible Docking Program: DOCK5” of the Journal of 
Computational Aided Molecular Design. The ligand library corresponds to a subset of 27,005 
drug-like ligands from the ZINC database.27 Also, to assess the scalability of our parallel 
version of the code, we constructed a set of ligands with 128,000 copies of nevirapine as 
recommended in the same DOCK5 article to remove dependence on the order and size of the 
compound. This set was used to look at the I/O performance using a Network File System 
(NFS) and a General Parallel File System™ (GPFS™).28 

Results

The evaluation of load balancing of the massively parallel version of the DOCK software 
package was carried out by using a data set consisting of 27,005 ligands. Figure 1 on page 5 
illustrates the performance improvement in load balancing optimization for 27,005 ligands on 
2,048 processors. By sorting the molecules in terms of the number of atoms or rotatable 
bonds prior to being dispatched to the workers, we show a performance improvement by 
using the MPI version.
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Figure 1   Effect of load balancing optimization

The optimized version as a function of rotatable bonds shows an increase in efficiency from 
60% using the original code to 92% on the 2,048 processors.

We also analyzed I/O performance by testing NFS versus GPFS. Figure 2 summarizes the 
results when running 128,000 copies of nevaripine. As the number of processors is 
increased, the overall performance of the GPFS is considerably better.

Figure 2   Performance comparison between file I/O optimizations

The original port is shown by the dotted line. The level 1 of optimization shows the 
improvement gained by compiler options using the NFS. The level 2 of optimization shows the 
improvement gained by using the GPFS.

60000

50000

40000

30000

20000

10000

0

Ti
m

e 
(S

ec
.)

Number of Processors
256                   512                  1024                 2048

Legends:

Original code

Sorting by total number of atoms per ligand

Sorting by total number of rotatable bonds per ligand

9000

8000

7000

6000

5000

4000

3000

2000

1000

0

Pa
ra

lle
l S

pe
ed

up

Number of Processors

1                2048              4096             6144        8192    

Legends:
Ideal

Original code

Level 1 optimization

Level 2 optimization
 High Throughput Computing Validation for Drug Discovery Using the DOCK Program on a Massively Parallel System 5



Figure 3 illustrates parallel efficiency. It shows a comparison between the MPI version and the 
HTC version. In both cases, the scalability is nearly linear up to 8,192 processors. The 
efficiency for the MPI version and HTC version are 88% and 98%, respectively. When the 
number of processors was greater than 8,192, the MPI version started to suffer due to 
saturation of the master node. HTC runs are independent, circumventing problems 
associated with master-worker systems and inter-node communication.

Figure 3   Parallel efficiency of the HTC and MPI versions

Discussion

The work presented in the article “Development and Validation of a Modular, Extensible 
Docking Program: DOCK5,” of the Journal of Computational Aided Molecular Design, 
illustrated the performance of the MPI implementation of the DOCK software package 
version 5 with a library of 500 and 1000 different ligands or small molecules. In addition, they 
used a set with 1000 copies of nevaripine to test scalability as previously described. In the 
study, they showed that in silico screening can benefit from parallel processing. They also 
hypothesized that the speedups for the heterogeneous library will continue to improve as a 
function of rotational bonds, but it would be difficult to fully remove the overhead coming from 
I/O and communication.

In our study, our objective was to validate the DOCK software package on a massively parallel 
system. Since docking programs are extensively used in drug discovery, we explored how to 
optimize DOCK on the Blue Gene/L platform to provide a high throughput tool for drug 
discovery.

Our first step involved complementing the work carried out in the article “Development and 
Validation of a Modular, Extensible Docking Program: DOCK5” from the Journal of 
Computational Aided Molecular Design. In Figure 1 on page 5, we showed that the load 
balance can be improved by sorting molecules before they are distributed to all the workers. 
This showed an improvement in performance from 60% by using the original code to 92% by 
using the optimized version.
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To address the file I/O problem as the number of nodes increases, we eliminated the use of 
temporary files by storing them in memory. We also identified GPFS as an improvement over 
NFS. Figure 2 on page 5 illustrated that, for this particular case, when using more than four 
racks, GPFS becomes more efficient to handle file I/O.

Finally, we looked at the overhead mentioned in the article “Development and Validation of a 
Modular, Extensible Docking Program: DOCK5” of the Journal of Computational Aided 
Molecular Design. Clearly, as the number of nodes increased, both MPI communication and 
file I/O became a problem. After reaching 8,192 nodes or more, the performance of the MPI 
version decreased. To try to improve this, we implemented an HTC version. Figure 3 on 
page 6 showed that by using the HTC, for the case test here, most of the overhead is 
eliminated.

Conclusions

In this paper, we proposed a series of modifications to increase scalability of the popular 
DOCK (Version 6.0) software package on a massively parallel system, Blue Gene. In this 
work, we have shown that our new implementation shows good scalability and can be used to 
screen thousands of small molecules to identify lead compounds in drug discovery. We report 
several levels of optimization, starting with compiling with optimized compiler flags, storing 
files in memory, the introduction of a high throughput computing version, and better molecule 
distribution for load balancing. With this new implementation, we demonstrated that for the 
cases tested here, DOCK Version 6.0 is well suited for a system with thousands of distributed 
compute nodes to carry out in silico screening. The scalability is nearly linear for all the 
hardware configurations tested in this study.
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