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E-science  infrastructures  are  becoming  the  essential  tools  for computational  scientific  research.  In this
paper,  we  describe  two e-science  infrastructures:  Science  and  Engineering  Applications  Grid (SEAGrid)
and  molecular  modeling  and  parametrization  (ParamChem).  The  SEAGrid  is a  virtual  organization  with  a
diverse set  of  hardware  and  software  resources  and  provides  services  to access  such  resources  in a  rou-
tine and transparent  manner.  These  essential  services  include  allocations  of  computational  resources,
client-side  application  interfaces,  computational  job and  data  management  tools,  and  consulting  activi-
ties. ParamChem  is another  e-science  project  dedicated  for molecular  force-field  parametrization  based
on both  ab-initio  and  molecular  mechanics  calculations  on high  performance  computers  (HPCs)  driven
by  scientific  workflow  middleware  services.  Both  the  projects  share  a similar  three-tier  computational
infrastructure  that consists  of a front-end  client,  a middleware  web services  layer,  and  a remote  HPC
computational  layer.  The  client  is a Java  Swing  desktop  application  with  components  for  pre-  and  post-
data processing,  communications  with  middleware  server  and  local  data  management.  The  middleware
service  is  based  on Axis2  web service  and  MySQL  relational  database,  which  provides  functionalities  for
user authentication  and session  control,  HPC  resource  information  collections,  discovery  and  matching,
job  information  logging  and  notification.  It can also  be  integrated  with  scientific  workflow  to  manage
computations  on HPC  resources.  The  grid  credentials  for  accessing  HPCs  are delegated  through  MyProxy
infrastructure.  Currently  SEAGrid  has  integrated  several  popular  application  software  suites  such  as

Gaussian  for  quantum  chemistry,  NAMD  for molecular  dynamics  and  engineering  software  such as  Aba-
cus  for  mechanical  engineering.  ParamChem  has  integrated  CGenFF  (CHARMM  General  Force-Field)  for
molecular force-field  parametrization  of  drug-like  molecules.  Long-term  storage  of  user  data  is  handled
by  tertiary  data  archival  mechanisms.  SEAGrid  science  gateway  serves  more  than  500  users  while  more
than  1000  users  use  ParamChem  services  such  as atom typing  and  initial  force-field  parameter  guess  at
present.
. Introduction

Science and engineering disciplines have been doing simula-
ions with high performance computers (HPCs) for testing new
oncepts, corroborating experiments, prototyping new designs and
redicting events hitherto unknown. Since most understanding of
ature is multidisciplinary and HPC hardware evolves rapidly, the
bstraction of the complexities of HPC systems from researchers
as been shown to improve the simulation experience and reduce
he time to find solutions. This idea [1] resulted in many Science and

ngineering gateways or e-science portals [2,3]. A science gateway,
ateway in short, is an infrastructure that provides an organiza-
ion of integrated resources and services and manages users and
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their simulation activities. An evolving gateway is expected to sup-
port user communities and their changing needs, particularly those
require increasingly interdisciplinary science and engineering sim-
ulations in a sustainable environment. In the TeraGrid organization
alone, there were 22 science gateways by 2010, which consume 40
million standardized services and support 40% of the total users [4].
Some of the chemically oriented e-science infrastructures include
CSE Online [5], Nanohub [6], chem-informatic data mining infra-
structure [7] and crystal structure submission infrastructure [8].
The growth in the science gateway program shows that this is a fun-
damental way  for researchers to perform researches. The gateway
uses a variety of technologies to provide a diverse set of resources
to their respective communities. The resources could be dedicated
computer clusters, national and local supercomputing facilities
such as XSEDE (https://www.xsede.org/) or Ohio Supercomputer

center, Cloud resources such as Amazon EC2 or Microsoft Azure.
The technologies that integrate these resources range from simple
secure shell protocols to grid and web  services. All these critical
components of successful gateways have been reviewed in [9,10].

dx.doi.org/10.1016/j.jocs.2014.01.005
http://www.sciencedirect.com/science/journal/18777503
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his paper describes recent developments in two such science gate-
ays: SEAGrid and ParamChem infrastructures to illustrate the

-science infrastructures in production and development.
A basic deployment experience of the initial production ver-

ion of SEAGrid known as Computational Chemistry Grid (CCG)
as been described in [3,11,12]. Here we describe the extensions
f the gateway services beyond supporting chemistry applica-
ions to serve both science and engineering applications. Two
-infrastructures SEAGrid (Sections 2.1–2.3) and ParamChem (Sec-
ions 3.1–3.3) will be described in detail. In order to present how
ervices are integrated from the perspectives of the user and the
ateway infrastructures, the manuscript is organized as follows.
he description of the Graphical User Interface (GUI) client of SEA-
rid (DESSERT) is presented in Section 2.1. The Grid Middleware
ervices (GMS) that handle the common transactions in the SEA-
rid and ParamChem infrastructure are described in Section 2.2.
he production usage of science and engineering applications in
EAGrid is given in Section 2.3. Introduction of the ParamChem
rganization is presented in Section 3.1, followed by the descrip-
ions of the GUI client (Paramberoo) in Section 3.2. Section 3.3
escribes the middleware services that mediate the operations in
aramChem infrastructure along with the integration of Apache
iravata workflow management system [13]. Finally, the current
ork and outlook in these projects are summarized in Section 4.

. Science engineering applications Grid: SEAGrid

The SEAGrid (Science Engineering Applications Grid) pre-
iously known as CCG is a virtually organized community
yber-infrastructure in production. The cyber component of the
nfrastructure is made up of several XSEDE supported HPC
esources, middleware computer servers, and mass storage facil-
ties to archive user data. The organization has provided over 11

illion service units (SUs) of allocated CPU time to the community
n the last year. The components of the infrastructure are described
n the sections below.

.1. The graphical user interface: DESSERT

User interacts with SEAGrid through a desktop client named
ESSERT, which is refactored based on the GridChem client [3]. It is

 Java Swing application deployed as a JNLP application. This client,
aunched using Java Web  Start application locally on a laptop or
esktop system, provides users the convenience of click-and-run
nd automatically updates itself whenever the software is updated
y the developers with new features or bug fixes. Fig. 1 shows the
imulation job setup panel in the client, which provides a way  to
elect application software, HPC resource (Blacklight at Pittsburgh
upercomputer Center, Trestles at San Diego Supercomputer Cen-
er, etc.), job requirements (execution queue, wall-clock time, the
umber of processors, memory), and options to provide required

nput file(s) for the application job. It also shows the client’s capa-
ility to accept multiple job submissions through a single job script
ith a plugged-in job parser, which parses and validates the job

cript. The job script is an XML  file that defines a series of parallel
obs with similar job parameters, as needed in jobs such as param-
ter sweep calculations. The input file for each job is defined in
<input>” tag of the XML  file. In this example, two jobs are submit-
ed here with name “lmp batch 1”, “lmp batch 2”. The computing
esource being used is Trestles. User has requested 32 CPUs with
0 min  wall-time with allocation id “uic151” for each job using

he common requirement configuration read from the input file
or each job. User also has the capability to change the job require-

ents through the requirement section of client interface for single
obs.
nal Science 5 (2014) 576–589 577

To support the growing community of users, various HPC
resources and software suites supported on them are integrated
into DESSERT. The set of scientific software currently supported
includes quantum chemistry codes LAMMPS [14], Gaussian [15],
Gamess [16], NWChem [17], Molpro [18] and DMol3 [19] and
molecular dynamics codes AMBER [20], NAMD [21], and Gromacs
[22], and molecular scattering code DDScat [23]. Some of the soft-
ware is restricted to only the bona fide group users. Apart from
the above scientific suites, the computational structural mechanics
suites Abaqus [24] has been integrated along with a visualization
interface CAE [25] that can be launched as part of post processing
if one is installed on the user’s local system. The newly deployed
hardware systems such as trestles at San Diego Supercomputer
Center (SDSC) and Blacklight at Pittsburgh Supercomputer Center
(PSC) are included that support some of these software. For exam-
ple, a stress simulation of solid flanges in contact conducted by the
Abaqus modules is shown in Fig. 2, which is post-processed with
CAE interface launched by the DESSERT client (Fig. 2b).

2.2. Grid Middleware Service: GMS

The Grid Middleware Service (GMS) is designed to hide the
worker services from the client with a set of common interfaces
to perform essential operational services (such as user authentica-
tion, data staging, and job monitor, etc.) common to both SEAGrid
and ParamChem infrastructures. The basic organization of the mid-
dleware is described in [3] and enhancement in data organization,
refactoring the core services using AXIS2 software framework and
new extensions to login services are discussed further in this
section. For ParamChem infrastructure, GMS  is also integrated
with Apache Airavata scientific workflow services, which will be
described in later sections. Fig. 3 shows the abstraction model of
GMS with DESSERT client.

Access to the gateway services is controlled and only verified
academic investigators are provided with an allocation. Researcher
firstly needs to register for both username and password through
a secure web portal and request community HPC allocations under
the block allocations to the gateway and/or register their existing
NSF/XSEDE allocations. Upon registration and successful allocation,
a project ID is provided. Additional users can be added to the project
and the group together can use the resources allocated under the
project ID. Then the user can run computations optionally organiz-
ing them under different research project IDs. Behind the scene, a
MySQL database is used in the GMS  to store the data and map  the
relations between the data with five relational tables. User, Comput-
eResource and Project tables store the raw data while UserProjects
and ProjectResources tables store the mapping relations among the
data. For example, the MySql fields, userID and projectID are pri-
mary keys in User and Project tables, which also serve as foreign
keys in the UserProjects table. Similar rule applies to the ComputeRe-
source, Project and ProjectResource tables. Additional features are
implemented in the database to address various restrictions and
scenarios. It is common to have HPC service stopped time to time
due to maintenance or eliminated at retirement of the resource. A
Boolean field named “enabled” is added in ComputeResource table
to identify whether the HPC resources are available at that moment.
This design provides a consistent way  to address the resource avail-
ability. Secondly, a blacklist table is added to database to prevent
user groups from accessing particular compute and/or applica-
tion resources based on a requirement, such as license. Hibernate
library [26] is applied to communicate with the database, which
features with the object relation mapping (ORM) to map  between

Java classes and database tables.

User authentication is essential under the multiple user
environment infrastructures. The user authentication process in
SEAGrid occurs in two stages. Registered users firstly authenticate
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Fig. 1. Job set up panel in DESSERT

hemselves through the middleware database. After that, the GMS
pplies a Globus web service [27] and delegates an X.509 security
redentials [28] using Secure Socket Layer (SSL) [29] for socket
ased secure communications to provide an authorized access to
PC resources.

Factory design pattern is applied to provide the login function
or different types of access such as community or XSEDE user based
n their SEAGrid allocation type selected in the client. A Java Fac-
ory class LoginFactory firstly returns an appropriate LoginProvider
bject based on the access type. Then, the LoginProvider performs
he actual login task and creates an AutenticationBean object. The
essionManager function generates a new login session with default
2 h validity as shown in Fig. 4. After that, the last login times-
amp is recorded through a Hibernate database transaction and an
uthentication token ID is created that also serves as the session
dentity and sent back to the client. While the session is active,
he client communicates with the service (GMS) using the token
nstead of authentication itself every time and subsequent transac-
ions are labeled with the token ID, which make it easy to track them
nd help troubleshooting in the case of any unexpected behav-
or. The middleware is integrated with the XSEDE science gateway
ttribute-based authentication through GridShib and SAML [30]
okens to provide individual user attributes such as SEAGrid ID and
n as a community credential to the HPC resources. These attributes
ay  be used to enforce certain policies for the community users at

he HPC resource. For the users using XSEDE allocation, additional
SEDE userid and pass phrase are read along with SEAGrid user-
ame and password. Both sets are used in the login service and
rocessed accordingly. The LoginFactory class returns an appropri-
te LoginProvider object based on the access type ‘XSEDE login’,
nd subsequently runs the login task to create an Autentication-
ean object. The X.509 credential will use the XSEDE user id and
assphrase in this case and the rest of the process is same resulting

n an authentication token.
The GMS  web services are based on Apache Axis2 framework
31] and use Simple Object Access protocol (SOAP) to transfer
ML-formatted messages. Contract-First development strategy is
pplied in developing the Axis2 web service. With the contract-first
pproach, a web services description language (WSDL) document
 with multi-job submission script.

is used to describe the contract. Then, an Axis2 tool ‘wsdl2java’
generates the stub codes from the WSDL contract for accessing
web services. A full list of 12 Axis2 web services implemented in
GMS can be found at the URL (http://gridchem-mw.ncsa.illinois.
edu:8080/axis2/services/listServices).

Here, we illustrate the implementation of web service with the
JobService as an example. Fig. 5a shows the service endpoint ref-
erence (EPR) of the JobService and 14 associated operations, which
we will use in the process of the submitting a job by describ-
ing the operations in both client and service sides as depicted in
Fig. 5b and c. Fig. 5b shows three steps to call the operations of
web service from client side. Firstly, get web  services from different
Axis2 middleware server URL through the getClient (URL) function.
Secondly, prepare the necessary input parameters for specific web
service operations. Thirdly, get the JobServiceStub on the server
through the getClient().getJobService() method and run the specific
operation(such as submit in this example) with necessary input
parameters. If the operation has return value (like submit opera-
tion), get return() method can be used to return it to the client.
Fig. 5c shows the necessary implementations on the server side.
Firstly, getJobService() returns the JobServiceStub which can be
used by the client to access specific web  services. Secondly, concrete
class JobServiceImpl is used to implement all the methods declara-
tions of JobService interface. Implementation of submit operation
is shown as an example, where job is submitted after validations of
session and job information.

Data management is another important service for multiple
user environments in both the infrastructures. We  applied tertiary
storage mechanism that ensures a long-term backup of user’s
research data. This includes two  independent data transfer pro-
cesses from HPCs, one, to the client upon request by the user
and a second to a dedicated mass storage server, automatically.
When client needs to retrieve files from the computer resources,
it first notifies the Axis2 FileService about the location of the
file. After checking for the existence of file and user’s access

privileges, the middleware service retrieves the file from the
remote HPC to a local temporary directory on middleware server.
Then the file is downloaded to client’s machine through a socket
pooling connection manager to improve performance. Message

http://gridchem-mw.ncsa.illinois.edu%3a8080/axis2/services/listServices
http://gridchem-mw.ncsa.illinois.edu%3a8080/axis2/services/listServices
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ransmission Optimization Mechanism (MTOM) [32] is applied to
ransfer data to and from web server efficiently. Currently, the file
ransfer service is capable to transfer files up to many Gigabytes to
ccommodate jobs with large input and output files.

.3. SEAGrid in production

This infrastructure is one of the most successful XSEDE science
ateways with consistent quarterly use at various XSEDE HPC sites.

his gateway is featured with “job based” control, where each user’s
EAGrid allocation is tracked by the middleware. SEAGrid manages
he job distribution and monitoring and collects job level usage
ata. Currently, the virtual organization serves more than 540 users
d out of “Flanges in Contact” problem solved with Abaqus using DESSERT/SEAGrid.

allocated with 260 projects, and has supplied more than 2.3 mil-
lion raw CPU Hours as represented in Fig. 6(a)–(d). The SEAGrid
community has been growing steadily during the initial deploy-
ment phase and in production. The number of individual jobs that
has also grown steadily during this period currently totals close to
60,000. Equally important to the number of jobs submitted is the
overall usage resulting from those jobs. Fig. 6(d) shows a detailed
XSEDE usage distribution that provides a way  to estimate future
resource requirements.
The project has enabled more than 80 publications, 50 confer-
ence presentations, 9 graduate theses and several presentations
from the SEAGrid community (details at https://www.gridchem.
org/papers/index.shtml). The users are supported through

https://www.gridchem.org/papers/index.shtml
https://www.gridchem.org/papers/index.shtml
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arious methods such as a consulting portal to register issues
http://www.gridchem.org/consult), GridChem help e-mail
help@gridchem.org) and personal telephone contact. More than
50 tickets have so far been answered with the consulting portal
lone. Significant events and user news such as system availability,

ervice disruptions, new application deployment, and service
nhancements are notified through mailing lists, the SEAGrid
ebsite, and an embedded RSS feed in the client.

Fig. 4. Authentication with sess
d Middleware Services (GMS).

3. Parametrization automation with workflow:
ParamChem

ParamChem is another gateway in development based on the
extension of GridChem project to provide automatic parametriza-

tion of molecular mechanics force-field parameters with integra-
tion of Apache Airavata workflow framework [13]. Similar but more
limited infrastructures such as ForceBalance [30], FFToolKit [33]

ion management in GMS.

http://www.gridchem.org/consult
mailto:help@gridchem.org


N. Shen et al. / Journal of Computatio

Fig. 5. Example of JobService web service. (a) JobService with its EPR and 14 oper-
a
o

a
a
o
p
p

tions. (b) Steps from Client-end to call JobService. (c) Server-end implementation
f  submit operation of JobService.

nd Gaamp [34] have been reported in literature. The force bal-

nce software is a set of python scripts for systematic force-field
ptimization that runs in command line execution only. FFToolKit
rovides software tools for setting up the optimization but no com-
utational services while the Gaamp is restricted to XSEDE users
nal Science 5 (2014) 576–589 581

only with no graphical set up tools. Paramchem infrastructure pro-
vides a combination of the tools and services in a comprehensive
service organization. In order to separate the essential functions
for better extensibility and stability of the services, ParamChem
also adopts the three-tier architecture that includes a front-end
desktop client, a middleware tier integrated with scientific work-
flow framework, and a back-end tier of computational resources as
shown in Fig. 7.

3.1. Design of the ParamChem e-infrastructure

Molecular mechanics is an approximate computational model
for representing chemical systems in atomic detail. It is presently
the only computational method fast enough to routinely perform
molecular dynamics simulations of large molecular systems on rel-
evant time scales. Force-field consists of large numbers of so-called
“force-field parameters” used in the context of a mathematical
“potential energy function” in molecular mechanics to relate the
atomic structure to the corresponding energy and forces. The qual-
ity of the model is determined by the accuracy of the energies
and forces that result from the force-field parameters. While force-
field parameters for bio-molecular systems are readily available,
this is not always the case for small organic molecules because of
the wide chemical space covered by organic chemistry. The Param-
Chem project is such an e-science infrastructure to provide a way
to optimize these force-field parameters and is a result of collabo-
ration with the parametrization domain experts driving the design
and deployment.

CHARMM [35] is a set of force-fields used widely for molec-
ular dynamics simulations. ParamChem has integrated CGenFF
(CHARMM General Force-Field) [36], an extension of the CHARMM
force-field to drug-like molecules into its current infrastructure.
CGenFF provides a set of rules to assign an “initial guess” of the
force-field parameters for specific molecules by analogy with a pre-
viously parameterized chemical moiety. The goodness of the initial
guesses is measured by the penalty scores assigned by the CGenFF.
The parameter optimization process requires a complex workflow
involving setting up an iterative scheme starting with the initial
guess, generating the reference data and extracting the right infor-
mation to fit the parameters. There are multiple applications and
complex logistics involved in maintaining data coherency in this
process and requires careful orchestration by the researcher.

In order to alleviate these complex and labor-intensive process
community centric software technologies such as the ParamChem
project was conceived. This project supports this core aim by pro-
viding an automated set of tools for generating and optimizing
force-field parameters. The present work focuses on optimization
of a particular type of force-field parameters called “dihedral angle
parameters” (or “dihedral parameters” in short). These dihedral
parameters are most often in need of optimization because of their
relative lack of transferability between different molecules. The
automation process can be divided into two stages: firstly, gener-
ating all necessary user inputs on various client operating system
platforms automatically. Secondly, feeding these inputs into mid-
dleware services that perform automatic execution of reference
data generation and optimization programs on remote computing
resources.

These automation tasks are solved with the ParamChem
Infrastructure schematically shown in Fig. 7, which is briefly sum-
marized below. The client provides a molecular editor and other
functions to specify a molecule in the right format required for
the atom typing and an initial guess generation. The initial guess

function is provided in the middleware as a service and requires
user authentication for security. Upon successful authentication,
the middleware generates all the credentials for further processing.
Once the initial guessed force-field parameters are generated, the
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ig. 6. Production usage of SEAGrid. (a) Allocation usage in SUs. (b) Jobs processed
xis  for (a–c) is the quarters in the year.

lient provides a wizard interface to guide the user through the
hole process of preparing all input files and configuring all the

asks in a pre-selected parametrization workflow registered in the
iravata workflow repositories. After the workflow is launched

rom the client, the Airavata workflow execution service will deploy
t on the computational resources for running. The workflow exe-
uted in the Airavata workflow management system is identified
ith a workflow instance ID that is used as handle to monitor

he workflow from the client. The client provides both text-based
nd graphical monitoring dashboard to monitor workflow exe-
ution. The workflows are executed in the XSEDE or ParamChem
omputational resources based on whether the reference ab-initio
alculation results are injected into workflow or not. After the
orkflow is finished, all the data are compressed and returned to

he client along with an automatic graphical display of goodness
f the parametrization. In the meantime, the data are also archived
n a mass storage device for later retrieval if needed.

.2. ParamChem client: Paramberoo

The ParamChem client, Paramberoo, plays a central role in the
nfrastructure since it glues all essential parts together from Param-
hem Middleware, Apache Airavata workflow management and
ser management. Paramberoo can be divided into four major mod-
les, which will be discussed in details below:
. Molecule visualization and its manipulation

. Initial force filed parameter generation

. Configuration and launching a parametrization workflow
umber of users, and (d) XSEDE resources usage in SUs per month. The horizontal

4. Monitoring the workflow execution and post processing of the
results

The first module, the molecular editor is based on the open-
source cross-platform program Jamberoo and is used to visually
construct or read the molecule from a file. The original program
has been extensively modified in the area of molecule manipulation
functions, such as multiple atoms selection/de-selection rules, for
better user experience when performing the dihedral angle selec-
tions.

The initial parameter generation module interacts with the
middleware server to generate initial guess of the force-field
parameters. The client submits the molecule file in mol2 for-
mat  to the ParamChem web  server (https://www.paramchem.org),
receives the initial guess parameter file and visually presents
the parameters to the user automatically. Fig. 8 illustrates the
Paramberoo interface showing the initially assigned parameters.
The “All Parameters” table shows all the initial guesses of all
the dihedral parameters and “Parameters around selected bond”
shows the dihedral angle force-field parameters of the high-
lighted dihedral bonds in the molecule viewer based on a user
selection.

The first column, the dihedral parameters, consists of four atom
types that are assigned by the CGenFF web service program. The
atoms highlighted in the viewer correspond to all possible physical

atoms corresponding to the selected dihedral parameter row in the
table. Note that there can be multiple physical atoms sharing the
same atom types since they are assigned based on the chemical
environment of the atom.

https://www.paramchem.org/
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The second column contains the penalty scores, which are used

o reflect the confidence quality of the initial guess parameters.

 zero penalty score indicates that the parameters of the corre-
ponding dihedral have already been optimized and available in

ig. 8. Paramberoo molecule editor with a sample molecule and a table of initial
uessed parameters from CGenFF web service program.
multi-tiered architectures.

the existing CGenFF parameter database at the ParamChem web
server. The higher positive penalty score indicates less confident
initial guess and the corresponding dihedral parameter should
have higher priority for further optimization. The detailed phys-
ical explanations of the parameters are given in CGenFF paper.
The client provide informative message dialogs with any new data
generation step to guide the user with suggestions or instructions
according to the CGenFF program or the parameter optimization
process. At the end of this step, two  necessary input files for
the parametrization workflow are obtained: molecule structure in
mol2 format and initial guess in CHARMM stream format. Other
input files needed to fully configure and launch the workflow will
be generated by the consequent steps.

In order to create the workflow, the user needs to generate five
additional input files. Manually editing all these files is a tedious
and error-prone process. For example, the order of file genera-
tion is important since the file contents are mutually dependent.
In addition, the user needs to make delicate choices during this
process in order to achieve consistent input data. In order to
assist the user in this process, a ‘wizard’ guide is provided in
Paramberoo. This will ensure the correct order of execution to
generate the required input files. The wizard shown in Fig. 9
provides suggested initial (guess) values for advanced users to
manipulate further. There are three dihedral force-field parame-
ters to be optimized: multiplicity, amplitude (i.e. force constants)
and phase. The default initial guesses are selected (checked) by
default, which can be changed or modified by advanced users if
needed.

The next step is to generate the target input file for ab-inito
quantum chemistry program (Gaussian in this case) to compute the

target data to be fitted against, to optimize the force-field parame-
ters. As shown in Fig. 10, the users can tune the input parameters for
dihedral potential energy scan calculation with the Gaussian pro-
gram [15] such as dihedral angle size & stepsab initio theory level
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Fig. 9. The wizard step to tune three force-field parameters for dihedral angle parametrization.

Fig. 10. The wizard step to tune input parameters of Gaussian potential energy scan calculations.

Fig. 11. The branch wizard step to inject Gaussian calculation results in original Gaussian log or concatenated format.



N. Shen et al. / Journal of Computational Science 5 (2014) 576–589 585

 Apac

a
s
n
t
p
t
a
w
i
w
d
g
t
v
e
c
a
e
t

w
o
g
A
b

m
c
i
t
n
s
i
s
s
r
t
p
f
d
t
T
a

Fig. 12. The wizard step to configure

nd basis set, required by the program. Since ParamChem infra-
tructure provides support for worldwide users, many users may
ot have access to Gaussian or XSEDE resources. This is because
he XSEDE resources and software provided through ParamChem
roject are nominally restricted to US academic investigators, while
he initial guess generation and fitting and validation services are
vailable to worldwide users. For these non-XSEDE users and those
ho have pre computed quantum chemical reference data, a way to

ngest the data is provided in the next step. As depicted in Fig. 11, the
izard provides two choices to ingest locally generated reference
ata. For XSEDE users, the interface provides, in addition, a way to
enerate the ab-initio reference data on XSEDE resources based on
he input files generated in previous wizard steps. All users are pro-
ided with a way to select and upload their existing reference data
ither in Gaussian output file format or as concatenated text files
ontaining the energy and the geometry at each of the dihedral scan
ngles selected in the previous step. Non-XSEDE users have to gen-
rate the reference data elsewhere and can only choose to upload
hat data to proceed to the next step.

‘Under the hood’, Paramberoo client will configure separate
orkflows based on the user’s data choices, which will either run

n XSEDE or Non-XSEDE computing resources. Finally, the users are
uided to the final step to perform common configurations of the
pache Airavata workflow and to launch it by clicking the “Finish”
utton as shown in Fig. 12.

The last module in the Paramberoo consists of the workflow
onitoring and plotting the result when the workflow finishes suc-

essfully. The Apache Airavata workflow can be monitored either
n a text-based format or graphically as shown in Fig. 13. The
ext-based workflow monitor is intended to monitor long run-
ing workflows (such as those involving reference data generation
tep) as the user is able to close the monitor window and restart
t later to retrieve it from the Airavata workflow management
ervice using the drop-down list on the top. The text-based panel
hown in Fig. 13a contains the topic ID and the input/output URLs
elated to the task block currently running on the left panel and
he dynamic log information of specific components on the right
anel. A double click on a specific log message line will provide
urther information regarding this step in a new message win-

ow. The graphic panel shown in Fig. 13b and c displays detailed
ask blocks and associated inputs and outputs in a graphical way.
he complete workflow is split into Fig. 13b and c for clarity
nd Fig. 13c should be viewed as continuing on the right side of
he Airavata workflow and Launch it.

Fig. 13b. The colors of the task blocks change as the workflow
makes progress in execution. Initially all blocks are colored yel-
low. Once a task block starts to run, it turns green. If the task
block ends successfully, it turns gray. Otherwise, it turns red, which
indicates failure of the task block. The construction and execution
order of the workflow blocks will be discussed in detail in the next
section.

The Apache Airavata Workflow middleware is able to publish
both ‘push’ and ‘pull’ workflow messages. If the Paramberoo client
is kept open during the workflow execution process, the workflow
messages are pushed to the client. Otherwise, the client can pull his-
toric workflow messages according to the topic ID when user selects
previously launched workflow ID from the drop-down list on the
top of the monitor panel. Either way, Paramberoo can automatically
download the output data from the ParamChem middleware to the
local machine as a compressed file, which is transferred to the mid-
dleware by the Apache Airavata workflow. For a successful run, the
dihedral parameter optimization data are plotted automatically as
shown in Fig. 14. Users can check the status of other workflows
by manually selecting them from the drop-down list on the top.
The path to the local directory of the result data is provided in the
bottom of interface for the user to navigate and analyze the results
further.

3.3. ParamChem middleware integration with workflow

The ParamChem middleware incorporates two sets of services:
the first set provides essential services related to user and data
management and the second focuses on the scientific workflow
management. The implementations of the first set of middleware
services have been discussed in Section 2.2. In addition to services
such as user authentication and data management, a new service
for the CGenFF initial guess parameter generation is added in this
set. The ParamChem middleware and CGenFF are deployed on sep-
arate dedicated servers to increase the stability. The implemented
Apache Axis2 web  services (JobService and FileService) are used
to handle the job submission and the file transfer from the client
to the CGenFF server. The client submits the molecule file in the

mol2 format to the CGenFF server through the middleware server.
After generating the initial guess of the parameters, the initial guess
‘stream file’ is retrieved by the client and visually presented to user
as shown in Fig. 8.
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ig. 13. (a) Text-based workflow monitoring. (b and c) Graph-based workflow mon-
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Another group of important middleware services is concerned
ith workflow execution and management. The Apache Airavata
orkflow services provide modularized software for workflow
anagement. The detailed descriptions of the package can be found

n [13] and here we focus on the descriptions of modules that have
een applied in building ParamChem infrastructure and how they
re integrated into ParamChem middleware services. Fig. 15 illus-
rates a schematic architecture and major components of Apache
iravata system. The features of the Airavata components incor-
orated in ParamChem middleware services are summarized as
ollows.

Apache Airavata Application Programming Interface (API) is writ-

ten in Java, which provides interaction points for the gateway
developers to interact with the toolkit. The Airavata graphical
interface (XBaya) is used to construct workflows and monitor
nal Science 5 (2014) 576–589

their execution graphically by either gateway developer or end
users of workflows.

• Generic Application Factory (GFac) works as an application
abstraction layer to wrap the command line to run an application
on remote computational resources as SOAP web service and cor-
responding WSDL web  service descriptions are made available.

• Workflow interpreter, an extremely dynamic and interactive
workflow enactment engine designed to enable application steer-
ing and interactive needs is used for execution.

• Registry API is implemented on top of the Apache Derby database,
which interacts with other components to put and get data, such
as workflow information and execution status.

• In addition to the basic web service specifications like SOAP and
WSDL, Apache Airavata also support WS-Messenger (an asyn-
chronous publish/subscribe based messaging system), which acts
as a nervous system of Airavata to manage communications of the
user and the system, and between the GFAC, the Airavata graphic
interface, and the workflow interpreter.

The detailed steps to compose the dihedral parameter optimiza-
tion workflow that exemplify the workflow system integration are
as follows:

1. Command line scripts to drive the executions of computational
software (such as CHARMM and Gaussian) and file managements
are deployed on remote computational resources.

2. The descriptions of these command line scripts such as
input/output parameters and remote deployment information
are registered with the workflow registry database using the
Airavata XBaya graphical interface. Once these scripts are reg-
istered, the Airavata GFac can manage the workflow process
including input file staging, job submission, execution, and mon-
itoring.

3. The registered scripts saved in workflow registry database (so
called applications) are applied as reusable building blocks for
a complete scientific workflow. Applying the drag and drop fea-
tures of Airavata XBaya interface a workflow graph is created
visually as shown in Fig. 13b and c.

4. Inside Apache Airavata system, a workflow graph is represented
as a Directed Acyclic Graphs (DAG). During its execution, the
workflow interpreter loads the composed workflow into mem-
ory and creates a new DAG object. This DAG object can be
dynamically configured by the client through the Airavata API
and launched by calling the workflow interpreter.

5. At the time of execution, the client code also interacts with the
WS-messenger bus to monitor the execution of workflow in real
time through the Airavata API.

In order to construct the workflow graphically with Apache
Airavata, it is important to understand the execution order of the
building blocks. The general rule of thumb is: if all input parameters
of the block are available, the block can go to the execution stage,
unless it is connected to another block by a dashed line. This dashed
line indicates that it will not execute until the second connected
block is finished executing. Taking the workflow in Fig. 13b as an
example, the Prepared Model Ref Data Invoke block is executed at
first since all inputs of this block are provided by the ParamChem
client automatically when the user is finished with the wizard
guide interface. The next block, the Gaussian Global Invoke, will
not start its execution until the Prepared Model Ref Data Invoke
block completes execution itself since it is connected with Pre-
pared Model Ref Data Invoke block with a dashed line. Since there
calculations can be expensive, the Gaussian Global Invoke block
is put inside the built-in “ForEach loop” control block in order to
be executed in parallel on multi-core or multiple-node computing
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Fig. 14. Panel to monitor the workflow status and display parameter optimization results.
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Fig. 15. Architecture and major com

esources. The output of the Gaussian Global Invoke block is for-
arded to the next block, since the ab-initio calculation results

re to be used as target data to be fitted against CHARMM derived
ata to obtain the optimized force-field parameters. The following
wo CHARMM calculation blocks will run calculations to opti-

ize the force-field parameters against the ab-initio reference
ata. The first CHARMM block will run the CHARMM calculation
sing the initial guess parameter set, while the second CHARMM
lock will perform a series of CHARMM calculations with a sim-
lated annealing Monte Carlo (MCSA) algorithm to find the best
et of parameters to minimize the error between CHARMM results
nd ab-initio calculation results. All input and output files for
ach running block of the whole workflow are automatically
rchived into both middleware server for immediate download
nd dedicated mass storage server for long-term storage and
etrieval.

. Summary, current status and future work

We  have demonstrated that e-science infrastructures have large
otential to help communities of users to access resource for sci-

nce and engineering disciplines. An infrastructure can provide

 basis for additional advanced services. SEAGrid is a production
-science infrastructure that is widely used. The open source soft-
are base for these projects will be available via Apache Airavata
nts of Apache Airavata toolkit [29].

project in collaboration with the OGCE group in Indiana. Toward the
goal of deploying multi-disciplinary applications, some engineer-
ing applications aligned with chemical parameter development
and usage will be deployed. Reactive flow problem such as com-
bustion modeling that requires coupling chemical energetic and
kinetic information with fluid dynamics is an area of current inter-
est. OpenFOAM [37] and Fluent [34] are two  packages that can
potentially be supported in the SEAGrid virtual organization in the
near future. The expectation of increased usage of national compu-
tational resources in SEAGrid is realized with the new deployments.
Due to this increase, an increased productivity in terms of publica-
tions is now anticipated.

In the middleware area, work is underway to provide job wait
time estimate and eventually runtime estimates based on Kar-
nak Prediction Engine [38]. This will aid the smart scheduling
to be implemented. A full featured integration of Apache Aira-
vata workflow suite is planned that will enhance the current
script based mechanism for the high throughput computational
services.

ParamChem initial guess server is deployed and more than
thousand users utilize its services worldwide. Fully functional

Paramberoo client for automated parametrization of molecular
force-fields is in alpha testing and will be released shortly. Simul-
taneous optimization of multiple dihedral parameters is in the
implementation stage. Additional bond, angle and non-bonded
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