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Abstract

In science and engineering in general and in computational chemistry in particular, parameter sweeps and optimizations are
of high importance. Such parametric modeling jobs are embarrassingly parallel and thus well suited for grid computing. The
Nimrod toolkit significantly simplifies the utilization of computational grids for this kind of research by hiding the complex grid
middleware, automating job distribution, and providing easy-to-use user interfaces. Here, we present examples for the usage of
Nimrod in molecular modeling. In detail, we discuss the parameterization of a group difference pseudopotential (GDP). Other
applications are protein–ligand docking and a high-throughput workflow infrastructure for computational chemistry.
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. Introduction

In science and engineering today, real as well as
odel systems tend to be complicated and highly pa-

ameterized. This can often create difficulties in the
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ability to predict the influence of each of the many
rameters deterministically. Therefore, there is a l
need for automated parameter sweeping and optim
tion procedures.

With all the exciting developments in the life s
ences in the past few years, parametric modeling
has became more and more important in this field o
search. Biological systems are intrinsically extrem
complex. In addition, the number and character o
parameters is often not well known or understood
alone their special influence on a biological struct
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Thus, on one hand one would like to have an easy pos-
sibility to test the importance of certain variables. On
the other hand, computational parameterization of a bi-
ological system can lead to very useful models to better
understand their behavior.

Our field of research is in computational chem-
istry and biochemistry. We computationally model the
behavior of molecular systems, consisting of atoms
with their associated nuclei and electrons, connected
by chemical bonds. Biological macromolecules such
as proteins, carbohydrates, DNA and RNA represent
large and complicated assemblies of certain sets of
smaller molecules or building blocks, and play impor-
tant roles in life processes. However, small molecules
also play important roles in our everyday life, for
example, pharmaceuticals, hormones, energy trans-
fer molecules, and so on. Of special interest in our
studies are the interactions between all of these part-
ners.

Due to their complexity, most (bio)molecular sys-
tems have many intrinsic parameters. For example, a
large number of intra- and inte-rmolecular conforma-
tions and configurations are possible by changing the
positions of the atoms within each molecule or between
molecular partners. The study of these numerous con-
formations is an integral part of molecular dynamics
and Monte Carlo simulations, and in molecular ligand-
protein docking calculations. Additionally, one might
also want to scan particular molecular properties within
a large database of compounds, in order to understand
s

om-
p tal
p qua-
t in
c , re-
s etails
o pro-
v ding
c in-
v ntials
a emi-
c ted-
a sical
a

t de-
p pa-
r that

they generate lists of repetitive, independent calcu-
lations. This makes these kinds of studies embar-
rassingly parallel. Only at the beginning and end of
each instance of a job, network transfer usually of
input and output files from and to a central client
machine is necessary. However, due to the complex-
ity of the problem setup often a large number of
compute-intensive calculations are necessary. Thus, a
high throughput of jobs is desired, much more than can
normally be executed on a single cluster or supercom-
puter. As such, these types of applications are perfectly
suited for grid computing, i.e., the distribution onto a
loosely internet-connected collection of compute re-
sources.

In the past few years, grids in general have expanded
the scope of what is possible in computational science
regarding storage, computation, networking, and orga-
nization to new heights. However, it is very difficult
for non-computer scientists to work directly with the
grid middleware, such as the Globus toolkit[1]. There-
fore, flexible software to build a bridge between the
middleware and the user is necessary. The software is
required to have an easy-to-use application program
interface (API), and preferably a graphical user in-
terface (GUI), and should allow a fast setup of new
parametric modeling experiments. Automation of the
preparation, submission, control, and collection of in-
dividual jobs should also be possible, but at the same
time still be adaptable to a wide variety of application
codes. All these conditions are fulfilled by the Nim-
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ome (bio)molecular phenomenon.
The investigation of molecular systems at the c

utational level involves the solving of fundamen
hysical equations such as the Schroedinger e

ion in quantum mechanics and Newton’s laws
lassical mechanics. Due to system complexities
earchers often need to summarize complicated d
f these equations by using special parameters to
ide approximated, but much less resource-deman
omputational models of the actual systems. This
olves such constructs as basis sets, pseudopote
nd semiempirical methods on the quantum ch
al electronic-structure level, and force fields, uni
tom approaches, and scoring functions on the clas
tomic and molecular level.

Parameter sweeps and, to a more limited exten
endent on the type of optimization algorithm,
ameter optimizations have the major advantage
,

od toolkit [2], which we apply in our studies he
e should also mention that there are products a

ous to Nimrod, such as the AppLeS Parameter Sw
emplate (APST)[3], which are used for similar stu

es.
In this paper, we discuss how Nimrod enables

o solve parametric problems in quantum chemi
nd molecular modeling on computational grids.
ext give background on the architecture, capa

ies, and usage of Nimrod as well as an overv
f the grid testbeds employed in our experime
e describe our most complete collaborative

omputing study up to now, the parameterization
so-called group difference potential (GDP). T

s followed by some ongoing work in our gro
n this area, concluded with a summary of the
antages and difficulties of applying grid comp
ng to computational (bio)chemistry from our exp
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riences, plus a short future outlook for grid comput-
ing.

2. Setup—Nimrod software

Nimrod is a specialized toolkit for distributed para-
metric modeling. The software is actively developed in
the group of David Abramson at Monash University,
Australia, since 1994. Directed originally at local work-
station clusters, Nimrod now targets wide-area compu-
tational grids. The main purpose is to enable scientists
to design and perform parametric experiments, such
as parameter sweeps and optimizations, on a computa-
tional grid quickly and easily. This means that only lim-
ited programming efforts and only minimal knowledge
concerning the details of the grid setup itself should
be necessary. Many research problems that are implied
here would not be feasible without a grid infrastructure,
but would also not be practicable without a parametric
modeling system such as Nimrod (for examples, see
Sections4–7).

To reach this goal, Nimrod includes a simple declar-
ative language to express a parametric experiment.
Users simply generate a small plan or scheduling file
that specifies their problem setup. This is not more dif-
ficult than writing a shell script, something computa-
tional scientists are typically familiar with. The first
section of the plan file defines the names, types and do-
mains (e.g., ranges and step sizes) of the parameters.
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hardware, the maximum number of jobs, the cost for
each CPU cycle and other resource details are assigned
(in part automatically, e.g., from the Globus MDS) to
each machine. Currently supported services include
Fork, Globus, PBS, and Condor. Nimrod then pro-
vides a uniform interface for communication with each
resource.

After an experiment is started as either a parameter
sweep (G) or a parameter optimization (O), Nimrod
continuously discovers idle resources and automati-
cally distributes and monitors the jobs produced for
each single parameter set on the computational grid.
The scheduling can consider various constraints such
as a soft real time deadline or the overall cost of an
experiment, that is, one can run the tasks as quickly
and/or as cheaply as possible. Nimrod also keeps track
of failed runs and reallocates calculations to different
machines if necessary.

Internally, the core of the Nimrod system consists of
a three-level PostgreSQL database that stores all the de-
tails of the experiments and resources. The individual
jobs are actually run by a software component called the
“agent”. Agents are themselves scheduled and copied
onto the various resources. The number of agents and
type of binary on each machine is extracted from the re-
source entries in the database, and the set of commands
to execute jobs determined by the middleware service
(e.g., the Globus GRAM interface). Once initiated, the
agents contact the database and request calculations,
which are then interpreted and run sequentially on the
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ext. In the case of parameter sweeps, the space r
ng from building the cross product is scanned. The
ection lists all the tasks that need to be performe
ach instance of the experiment. Tasks include cop
etween the root machine and the grid nodes, su

uting parameter placeholders by actual values in i
les, executing shell commands, and behavior whe
rror occurs. In the case of parameter optimizatio
nal section with details of the optimization algorith
ollows.

The second necessary input to Nimrod is the lis
ocal and remote compute resources available to
ser on the grid. These are first generally specifie

heir name, and queue if necessary, and then indi
lly selected for each parametric experiment. Furt
ore, the middleware layer and corresponding s

ity information (e.g., the Globus proxy), the type
esource. As such, any one agent can run more
ne job. This design helps to hide the latency invo

n the scheduling and invocation of a computation
emote resource.

There are currently a number of implementation
imrod: Nimrod/G is the research prototype for p

ameter scans on a computational grid as desc
ere, and provides the general basis for the other
od tools.EnFuzionrepresents a commercial soluti
ased on the original Nimrod version for clusters.Nim-
od/Oenables execution of an arbitrary computatio
odel as a core of a non-linear optimization proc
he user specifies the type and space of paramet

he model, the starting point(s), possibly which c
trains have to be fulfilled, and which output varia
hall be minimized or maximized.Nimrod/Ocurrently
mploys a number of built-in or interfaced optimizat
ethods, namely domain subdivision, simplex sea
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simulated annealing, BFGS, evolutionary and genetic
algorithms, and additional methods can be relatively
easily implemented. Jobs for cost function evaluation
are then automatically distributed on a computational
grid or cluster pool via theNimrod/GorEnFuziondis-
patchers.

Apart from the command line APIs, there are ba-
sically two GUIs for Nimrod:Active Sheetsprovides
a spreadsheet interface for Nimrod/G, EnFuzion, and
NetSolve. This GUI allows one to perform parallel
computations on the grid, managed by spreadsheet soft-
ware on a local desktop computer. TheNimrod Portal
represents a web browser interface for Nimrod/G and
Nimrod/O. This GUI permits users to set up, submit,
and control their parametric experiments as well as to
manage their resources and certificates from anywhere
in the world. There is no need to port Nimrod to their
internet client.

The outputs of the parametric experiments are gen-
erally sent back to the users by Nimrod in their native
format, mostly as ASCII files. These files can then be
used for further analysis and visualization. For exam-
ple, in our studies we employed OpenDX for parameter
space and QMView[4] for molecular model visualiza-
tion. There is currently an interactive subjective op-
timization (OI) interface of Nimrod in development,
requiring on-line interventions of the user into the pa-
rameter optimization process.

All non-commercial parts of the Nimrod distributed
parametric modeling package are available from
h
I ibed
t ions
o g an
a to
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L

3. Setup—grid testbeds

One of the major tasks in grid computing studies
is to collect the necessary number of computing re-
sources to make a distribution of the calculations rea-
sonable. We are very fortunate to participate in the Pa-
cific Rim Applications and Grid Middleware Assembly
(PRAGMA) collaboration of institutions, which con-
tributed to our grid infrastructure. In addition, a few
machines are available for use based on local agree-
ments. This has allowed us in our past experiments
to construct large, worldwide grid testbeds, in partic-
ular for the fourth PRAGMA workshop (PRAGMA4)
and the 2003 Supercomputing conference (SC2003),
where most of the extended parameter sweeps for
the parameterization of the group difference potential
(GDP) [6] for biomolecular computations were per-
formed.

As can be seen from the snapshots of job distri-
butions onto machines during the execution of Nim-
rod experiments at PRAGMA4 and SC2003,Fig. 1,
the utilized resources (workstations, clusters and su-
percomputers) spanned a range of countries, institu-
tions, and administrative domains as well as hardware
architectures, operating systems, and queue managers.
We based our grid testbed on the Globus toolkit, which
provides a uniform interface for resource management,
data management, information services, and security
via its GRAM, GridFTP, MDS, and GSI components.
Since Nimrod needs only to be available on the por-
t ally
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d expe
ttp://www.csse.monash.edu.au/∼nimrod/nimrodg/.
nstallation procedures for Unix systems are descr
here in detail; the only prerequisites are installat
f PostgreSQL and Python. We are also developin
utomated implementation of the Nimrod toolkit in
roll distribution for the ROCKS high-performan

inux cluster management software.

Fig. 1. Job distsributions during Nimro
al client, the setup on each server machine typic
onsisted of the following steps: (1) installation a
onfiguration of the Globus toolkit and a certificate
hority (CA), if not already existing; (2) setup of t
ser account and Globus certificate(s) under which
xperiments are performed; (3) deployment of the
lication software.

riments at (a) PRAGMA4 and (b) SC 2003.

http://www.csse.monash.edu.au/~nimrod/nimrodg/
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Points (1) and (2) often provide difficulties due to
differences in policy and system administrator experi-
ence between the involved sites. The participation of
partners in a grid organization such as PRAGMA sig-
nificantly eases these steps, due to agreed upon pro-
cedures. We also experienced several problems with
such things as misconfigured Globus installations and
minor Globus bugs. Therefore, the setup of the Globus
toolkit on the resources is a critical issue for the suc-
cess of such grid computing studies. Point (3) is of
course dependent on the particular software package.
For the GDP parameterizations, we used the quantum
chemistry code GAMESS,[7,8] which is available for
various hardware platforms and could thus be widely
adopted. In practice, not all grid machines actually ran
jobs, either due to problems in their software configu-
ration or due to their workload. Fortunately, the highly
dynamic nature of the grid is considered in the design
of Nimrod, in that the decision about which machines
are used on a particular experiment is deferred until ex-
ecution time. Jobs can be automatically (re)scheduled,
and network and node failures, common occurrences
on a large computational grid, are adequately handled.

For our ongoing grid developments, we are in the
process of establishing a smaller but more permanent
grid testbed, based on the Globus and Nimrod pack-
ages. TheResurgence Grid,established between the
University of Zurich and the San Diego Supercomputer
Center (SDSC), includes a large four-processor Linux
machine as main client and currently three Linux clus-
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benefit from distributing the calculations on a compu-
tational grid, the time spent in the computation part
of the problem should outweigh the overhead induced
by network transfer, I/O, queuing system scheduling,
and the operations of Nimrod itself. Therefore, Nim-
rod is best suited for distributing many long-running,
resource-demanding computations, as is typically the
case for computational (bio)chemistry.

5. Parameterization of a group difference
potential

Computational studies involving large and complex
biological structures often entail numerical experimen-
tation and hypothesis testing. When a parameter space
is searched for optimal solutions, the corresponding
computational requirements are amplified by several
orders of magnitude. Theoretical modeling of extended
molecular systems is challenging due to the rather large
number of atoms, the vast conformational space which
needs to be sampled dynamically, and the fine spatial
and temporal resolution required, all needing sophisti-
cated techniques to correctly describe the physical and
chemical behavior.

Hybrid quantum mechanics–molecular mechanics
(QM/MM) methods[9] are often used for such stud-
ies. In such techniques, the large molecular system is
divided into two regions. A small, chemically “active”
region is described by accurate approaches based on
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. Applications and examples

The Nimrod toolkit has been applied to a range
pplication areas, including bioinformatics, operati
esearch, air pollution studies, laser physics, ecolo
odeling, discrete optimization and meta-heuris
lectronic CAD digital simulation, ad-hoc wireless n
ork simulation design, public health policy, comp

ational fluid dynamics, X-ray health standards, h
ain antenna design, business process simulatio

rophysics and, as illustrated in this work, quan
hemistry. There is in principle no fundamental res
ion to which types of parametric modeling proble
he Nimrod package can be applied. However, for
he Schroedinger equation (QM), while the surrou
ng larger, “inactive” region is treated with more a
roximate classical force field methods (MM). Unf

unately, the physical concepts behind the two t
iques are so different that they cannot be easily
led. In particular, when chemical bonds are cut

ween both parts, dangling bonds in the MM reg
an simply be eliminated. The outermost atoms o
M region however, which involve the detailed nat
f the electrons, would become radical in nature
ehave completely different than required if the bo
ere simply removed. One way to accommodate
toms includes the first atom of the MM part as a c
ing atom in the QM computation, parameterized s

hat it correctly reflects the properties of the cut bo
his method does not require extended changes i
ource code and does not lead to problems with
andling of artificial link atoms.
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Zhang et al. recently developed such a “pseu-
dobond” approach for sophisticated QM-based meth-
ods[10]. They added an effective core potential (ECP)
to a fluorine atom to model the methyl group in a
carbon carbon single bond. Their parameterizations
were done for the ethane molecule, CH3CH3, which
becomes CH3Cps, (Cps= F with pseudopotential), then
tested on ethane derivatives, and later applied to in-
vestigate several enzymatic reactions using QM/MM
techniques. Unfortunately, we found serious instabili-
ties in the Zhang et al. pseudobond parameterization.
Furthermore, pseudoatom ECPs appear rather difficult
to parameterize due to the diversity of their target fea-
tures, the multi-dimensionality of function and param-
eter space, and the occurrence of local minima in the
optimization procedure.

Therefore, we have developed a new effective pseu-
doatom potential,[5,6] which only deals with the dis-
crepancies between the isoelectronic CH3 and F groups
without exchanging the core. It is thus named “group
difference potential” (GDP). The potential also pro-
vides direct information about the substituent effects
of functional groups, which play a large role in appli-
cations from organic chemistry to pharmaceutical drug
development. In addition, the potential may be grad-
ually switched on or off, potentially facilitating QM
free energy difference determinations. A superposition
of two unmodified Gaussian functions turns out to be
the most appropriate functional, a format which is al-
ready implemented in many QM programs:
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calculations for everyA1, A2, B1, B2 set, two on pseu-
doethane and two on the corresponding pseudomethyl
radical. All computations were done with the GAMESS
quantum chemical program package. The resulting 32
properties identified (hydrogen values all appear three
times) have diverse units, accuracy, and importance. As
such, the differences between actual and target prop-
ertiesxi andXi must be weighted appropriately for the
overall cost function by applying a normalized least
squares expression

f (A1A2B1B2) = 1
32∑
i=1

wi

32∑
i=1

wi

(
xi − Xi

ui

)2

The “weighting” factorswi correct for the number of
occurrences of each carbon or hydrogen feature. The
“unifying” factorsui reflect the apparent, or desired, ac-
curacy of each property and are chosen from chemical
intuition. This equation is evaluated after completion
of each tuple of GAMESS jobs, so that thewi andui
values can be easily adjusted to later allow straightfor-
ward pseudopotential optimizations.

To identify interesting low-cost regions and avoid
trapping in local minima, we first scanned portions of
the parameter space in their entirety. This task consists
of huge numbers of short, uncoupled QM calculations
and thus quite suited for grid computing. In the initial
experiment at the PRAGMA4 workshop, the four vari-
ables were varied between−10 and 10 a.u. in steps of
1 eps
o y
f 3
e with
5

at
P s
t The
i with
a

ent
o an
t sur-
f “lo-
c with
n gests
p e to
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eff(r) = A1 exp (−B1r
2) + A2 exp (−B2r

2)

his form corrects for differences in electron inter
ion and basis set through negative (attractive) and
ive (repulsive) values for the amplitude coefficientsA1
ndA2. The positive exponential prefactorsB1 andB2
pecify the radial extent of each term around the fl
ine atom; the smaller their value, the less compac
orresponding function, and vice versa.

To analyze the results for each parameter set, a
ble cost function that reduces the differences betw

he properties of ethane and pseudoethane to a s
umber is required. Bond lengths, bond angle, diss
tion energy, Mulliken overlap populations and ato
harges were selected as independent properties
imize with respect to. We applied a common le
f QM theory (B3LYP/6-31G(d)) using both sphe
al and Cartesian basis set formats. This results in
a.u. forA1 andA2, and between 0 and 10 a.u. in st
f 2 a.u. forB1 andB2. Ignoring function symmetr

or now, this leads to 15,876× 4 jobs. At the SC’200
vent, we performed even larger parameter sweeps
3,361× 4 and 60,016× 4 individual calculations.

A snapshot from the initial parameter scan
RAGMA4 is displayed inFig. 2. This snapshot show

he complexity of the cost function hypersurface.
sosurfaces reveal a system of connected channels

rather “bumpy” terrain.
To find appropriate starting points for subsequ

ptimizations, regions with function values lower th
he “zero” model (no GDP or canceling GDP red iso
ace inFig. 2) are of special interest. Several such
al” minima are scattered over the parameter space
o apparent pattern, although further analysis sug
artial linear dependence. Although we were abl
nd a ‘minimum’ in this particular run, all cost functio
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Fig. 2. A single snapshot of the GDP parameter space scanned in
the PRAGMA4 experiment.A1, B1, andB2 are displayed on thex,
y, andzaxes;A2 evolves with the snapshots. Isosurfaces of the cost
functionf are drawn at 3620 (red), 631 (green), 398 (cyan), and 251
(magenta).

values were still too high to be acceptable. Therefore,
in the SC2003 experiments we also performed sweeps
with a logarithmic point distribution and a higher grid
density around the most interesting region. The deepest
minimum appears when a medium-size repulsive and
a diffuse attractive Gaussian function are combined to
build a maximum potential at the fluorine core and a
shallow depression closer to the bond distance of the
neighboring carbon atom. We tentatively attribute this
to the larger size and smaller electron attraction of a
methyl group compared to a fluoro group. With these
very large data collections in hand, it turned out that the
significance of the best “global” minimum could be re-
markably improved when the unit factor for the bond
angle was reduced, a fact that can not be easily de-
duced from chemical intuition. This revealed the most
promising parameter region and weighting for subse-
quent GDP optimizations with Nimrod/O.

In subsequent studies, we used the resulting opti-
mal parameter combinations as starting points for ad-
ditional grid runs. The Nimrod/O tool, which performs
automatic optimization was incorporated to explore
the parameter space more intelligently with a num-
ber of search heuristics, to find the final optimized
GDP. As explained above, we varied variables in the
least squares procedure to generate a more funnel-
like hypersurface. This will allow minimizations com-
mencing from any remote place to travel towards the
global minimum more directly. Overall, this proce-
dure considerably reduces the development time of

GDPs for use in studies of many types of molecular
systems and reaction processes using the GAMESS
software.

6. Protein–ligand docking studies

In a new project in the field of molecular modeling,
we have begun to apply Nimrod/G and Nimrod/O to in-
vestigations in protein–ligand docking. Such types of
studies are of high importance for drug design in the
pharmaceutical industry. The goal here is to scan pos-
sible conformations for combined complexes of ligand
(often a small organic molecule) and protein (for ex-
ample an enzyme that needs to be blocked) in space,
and to find their optimal position(s) with respect to
each other. The tendency for them to bind together is
described by a free energy cost function. In the cur-
rent setup, we use Nimrod to scan through the possible
conformations of a test system based on a rotation and
translation algorithm, and distribute the corresponding
jobs onto a grid of machines. Unreasonable structural
configurations resulting when atoms are either too far
apart, or too near each other, are excluded. The electro-
static part of the binding free energy is then calculated
using an adaptive Poisson–Boltzmann solver, in this
case the APBS software[11]. An additional goal in
this work is to refine the scoring energy function for
this procedure.
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The pseudopotential and docking examples dem
trate the suitability of Nimrod for high-throughp
alculations in computational (bio)chemistry. Anot
nteresting application is therefore to utilize the p
edure to perform calculations for a large set
olecules, putting the results directly into a datab
ne of the main problems of such an endeavor is
ultiple complicated steps are necessary both to
are the input files for the calculations, as well as to

yze and store the output files into a relational datab
his goes beyond the scope of the short pipelines p
le to define in Nimrod plan files. However, such pre
ation and storage steps are not very compute-inten
o they can be run on a local host. Therefore, we
imrod/G just to distribute the resource-demand
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parts of the calculations on a computational grid on
basis of simple plan files, which are automatically gen-
erated from templates. The control of Nimrod/G itself
is embedded in a more complex workflow infrastruc-
ture with GUI, based on the Ptolemy II[12] and Kepler
[13] systems. The current setup targets the automatic
calculation of jobs with GAMESS. However, the over-
all design is very general such that adaptation to a num-
ber of different scientific computation codes should be
quite possible.

8. Conclusions

We have illustrated how the Nimrod toolkit has
made it possible for us to solve parametric model-
ing tasks for molecular modeling on computational
grids. We were able to parameterize a GDP pseu-
dopotential[5,6] which can be used now for appli-
cations in QM/MM or free energy difference calcu-
lations, which otherwise would have been very dif-
ficult. This has encouraged us to expand our studies
into the area of protein–ligand docking. Furthermore,
we are currently building a workflow infrastructure on
top of Nimrod, which will permit seamless genera-
tion, distribution, computation, storage, and analysis
of computational (bio)chemistry jobs in an automated,
high-throughput manner[14]. In this way, we hope
to enable grid computing as an every-day tool for re-
searchers interested in performing molecular modeling
s
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failures, and different resource management favors
the use of computational grids for parameterization
applications.
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