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Abstract: The present report introduces a novel module of
the QuBILS-MIDAS software for the distributed computa-
tion of the 3D Multi-Linear algebraic molecular indices. The
main motivation for developing this module is to deal with
the computational complexity experienced during the cal-
culation of the descriptors over large datasets. To accom-
plish this task, a multi-server computing platform named T-
arenal was developed, which is suited for institutions with
many workstations interconnected through a local network
and without resources particularly destined for computa-
tion tasks. This new system was deployed in 337 worksta-
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tions and it was perfectly integrated with the QuBiILS-
MIDAS software. To illustrate the usability of the T-arenal
platform, performance tests over a dataset comprised of
15000 compounds are carried out, yielding a 52 and 60
fold reduction in the sequential processing time for the 2-
Linear and 3-Linear indices, respectively. Therefore, it can
be stated that the T-arenal based distribution of computa-
tion tasks constitutes a suitable strategy for performing
high-throughput calculations of 3D Multi-Linear descriptors
over thousands of chemical structures for posterior QSAR
and/or ADME-Tox studies.
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1 Introduction

Chemoinformatics as a research field has among its objec-
tives the codification of chemical information using compu-
tational methods, with the aim of accelerating the identifi-
cation and/or optimization of compounds with desirable
properties/activities."" To this end, a large number of logi-
cal/mathematical procedures that codify the molecular fea-
tures or properties into numerical values, known as molecu-
lar descriptors (MDs), are commonly used.” Several software
for the calculation of MDs have been developed, such as:
DRAGON,” Mold2,” BlueDesc,” PowerMV,® PADEL” and
others.® With the exception of PADEL, these programs do
not employ parallelization strategies to compute their MDs
and thus do not maximize the current computing architec-
tures.

Recently, Marrero-Ponce etal. introduced the QuBILS-
MIDAS [Quadratic, Bilinear and N-Linear Maps based on N-
tuple Spatial Metric Similarity Matrices and Atomic Weight-
ings] software,” which computes geometric (3D) align-
ment-free MDs for non-covalent relations among N atoms
of a molecule and are collectively denominated as 3D N-
linear MDs (also see SI1)."” This program has remarkable
features such as: multi-core processing, batch processing
mode, data cleaning module, allows the custom configura-
tion of the MDs, fully cross-platform, and others (see
Table 4 in Garcia-Jacas et al.”? for a complete comparison)
which grant the QuBiLS-MIDAS software several advantages
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over other programs reported. This software is freely avail-
able via INTERNET at: http://tomocomd.com/.

The 3D 2-linear MDs, as a subfamily of the 3D N-linear
MDs, are employed when non-covalent relations between
two atoms are taken into account. These relations are codi-
fied using several similarity metrics (e.g. Manhattan, Eucli-
dean, Canberra and others) and the obtained values are
represented in the two-tuple spatial-similarity matrix."*
Moreover, and as a natural extension of the aforemen-
tioned subfamily, the 3D 3-linear and 4-linear MDs were de-
fined to consider relations among three and four atoms, re-
spectively, using multi-metrics, e.g. bond angle to relate
three atoms and dihedral angle to relate four atoms. This in-
formation is condensed into three-tuple and four-tuple spa-
tial-similarity matrices, respectively. These approaches were
used for the first time in the definition of 3D-MDs.""*

The 3D N-linear MDs have been assessed in three differ-
ent chemoinformatics studies: 1) variability analysis based
on Shannon’s Entropy, which evaluates the ability of dis-
criminating compounds with different chemical features,™”
2) linear independence of the captured information using
the Principal Component Analysis technique,'? and 3)
QSAR studies. The first and second study demonstrated
that the 3D N-Linear MDs present comparable-to-superior
variability and codify orthogonal information with regard
to 3D DRAGON MDs." In the third study, the obtained re-
sults were superior to those reported according to the
cross-validation leave-one-out (Q%,,) and external (Q%,,) pre-
dictive ability parameters for the considered datasets,"”
with these results further corroborated using non-paramet-
ric statistical procedures (see SI2).

As was previously mentioned, one of the main features
of the QuBILS-MIDAS software is its multi-core processing
capability. However, it is not enough to satisfy the compu-
tational demand for the high-throughput calculation of 3D
N-linear MDs over large datasets. For example, in a previous
study™ it was observed that the computation of 20280 3D
4-linear MDs for the PrimScreen1 dataset comprised by
1000 compounds, took approximately 106370 seconds
(29 hours) employing 16 processing threads (8 native cores
with multi-threading each one). As can be noted, despite
the fact that the processing time is considerably less than
when one processor (639006 seconds) is used, it still is
quite high. In fact, if the dataset size is increased by m mol-
ecules, then the processing time will be raised by approxi-
mately 106*m times. Thus, other computational alternatives
should be taken into consideration to enable quicker com-
putations of these MDs.

Nowadays, distributed computing is a popular method
of dealing with huge calculations. In this sense, there are
systems known as Desktop Grids or Volunteer Computing
Projects, such as BOINC,"* OurGrid,"™ Hadoop,"® Java Het-
erogeneous Distributed Computing JHDC)"”! and others,™®
based on the principle of using the computational resour-
ces available across networks to process computationally
large problems."” All these systems support Bag-of-Tasks
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(BoT) processing, that is, each task is divided into inde-
pendent sub-tasks which are processed by the processing
nodes linked to the system. So, the high-throughput com-
putation of 3D N-linear MDs on thousands of structures
could be implemented as BoT calculations, where each sub-
task will be comprised by a subset of molecules and the
MDs to compute it.

To accomplish this, the JHDC system was employed be-
cause of the following reasons: 1) it's fully cross-platform
without recompilation of the source code; 2) it presents
a modular design which allows that each component to be
isolated and thus independently developed, modified and
tested; 3) it simultaneously supports several computation
tasks of diverse complexity; 4) it's developed in Java lan-
guage and thus the integration with the library for calculat-
ing 3D N-linear MDs is simple;” 5) it's open source; 6) it's
of general purpose and has been successfully employed in
Bio-Chem-informatics’ applications;*” and 7) it's designed
to work in an INTRANET environment.

However, as almost all distributed computing platforms,
the JHDC system is based on client/server architecture (CSA)
and thus it is not always suitable to support a huge
number of connected workstations, whereby, the use of
multiple servers could be a suited alternative. In this sense,
a Multi-Tiered Distributed Computing Platform was pro-
posed.”?" This platform consists of an n-ary tree of nodes
where the internal nodes work as schedulers and the leaf
nodes perform the processing. However, an appropriate de-
ployment and use of this could be complex due to: 1)
there is no a priori knowledge on the width and depth of
the tree in order to ensure a good behavior; 2) the process-
ing nodes must be statically configured to one of the many
scheduling nodes and thus, it is difficult to perform an ini-
tial configuration of the system; and 3) the recursive split-
ting of the tasks for Bio-Chem-informatics applications
cannot be indicated for all programs because some of
these are platform-dependent (e.g. computation of MDs
with Mold2 program). Therefore, this paper unveils strat-
egies to address these challenges, by creating an environ-
ment through which the QuBILS-MIDAS software is capable
of performing high-throughput distributed calculations of
the 3D N-linear MDs over large datasets employing a multi-
server approach.

2 Overview of the Multi-Server Distributed
Computing System

The distributed computing system described in this report,
denominated as T-arenal, is created with the purpose of
using a large number of computational resources under its
control in a local network, without limitations in the size of
the system. To this end, a multi-server approach was imple-
mented by combining the peer-to-peer and client-server ar-
chitectures within one model, in such way that the servers
can work together without losing computational power.??
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T-arenal is divided in two main parts: back-end and front-
end. The front-end is the means through which the users
can access to the functionalities on the system, while the
back-end is responsible of performing all requests made via
the front-end. The front-end can either be the desktop
graphical interface provided with T-arenal (see Subsec-
tion 2.3), or any other interface developed. The Java RMI
(Remote Method Invoke) communication technologym] for
message passing among the components of T-arenal was
employed, as well as Java Sockets or Apache FTP™®¥ to ex-
change large data files.

2.1 Back-End. Multi-Server Approach

The back-end of T-arenal is based on a multi-server model
organized as a tree of three levels (see Figure 1). It is divid-
ed into three software components: root server, request
server and client. The root server constitutes the link from
the back-end to the front-end and it is thus responsible for
handling or assigning to one of the request servers the de-
mands performed via the front-end. In addition, it allocates
an incoming calculation task to the most suitable request
server for its processing (see SI3) and determines when a re-
quest server must collaborate with another to perform
a task. Moreover, the root server has a mechanism of allo-
cating the clients of the system to the corresponding re-
quest servers according to user-defined allocating rules. So,
the deployment of T-arenal is simple because the clients
always establish communication with the root server in

front-end

request
server /

client /

client 2

Figure 1. General architecture of the T-arenal system.
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order to obtain the configuration (IP address and port) of
the request server to operate with.

On the other hand, the request server is responsible of
breaking down the assigned task(s) into smaller sub-tasks
(work units) according to a user-defined algorithm, and col-
lecting the results obtained from the computations per-
formed by the clients in order to construct the final solu-
tion. Another functionality of a request server is to control
the work units created but yet to be processed. The
amount of request servers to use in the system is according
to the logical structure in which the workstations are
grouped (e.g. per sub-network). There again, new request
servers can be dynamically added or removed without af-
fecting the distributed system.

It is important to remark that the request server(s) can
handle several tasks of different priorities at the same time.
This number of tasks can be user-defined (by default is
equal to 1) and its minimum value is 0. This lower bound
indicates that all resources belonging to a request server
will be used to collaborate in the accomplishment of a task
placed in another request server. This collaboration schema
(see SI3.1) is also used when the number of tasks is less
than the number of available request servers. The request
server that is collaborating in a task works like a proxy be-
tween their clients and the helped request server. Thus, the
high concurrence present in a system based on CSA due to
the many connections is improved. In this sense, if there
are m request servers each one with n clients and only one
request server is working, this will receive as maximum

[ > root
Server

request
server m

request
server 2

client /

client 2
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(m—1)+n requests which are much less than if all existing
clients (m*n) carried out requests to the same server.

Finally, the client module is responsible of processing the
work units assigned from the corresponding request server.
To this end, the client frequently requests a work unit, per-
forms its processing, returns the result to the request server
and once again requests another work unit. If at any time
the client does not receive a work unit to process, it will go
into a “sleep mode” for some period before performing the
previous operations. Moreover, if a work unit is assigned,
then the client will not contact again the corresponding re-
quest server until the sub-task is completed or an exception
occurs. All the communications between a request server
and their clients are initiated by the latter. If the client loses
the communication or is disabled from working with the
corresponding request server, then it connects again to the
root server to obtain the configuration of another request
server. Scheme 1 is a flowchart illustrating how a calculation
task is processed in the T-arenal system.

2.2 T-Arenal Library

A library was added to T-arenal in order to programmatical-
ly interact with the system. This library completely conceals
the technical details, topology and communication proto-
col of the computing system from the developers and it
thus facilitates the development of custom applications
that require the T-arenal system. There is a SystemConnec-
tion class that constitutes the starting point to establish

front-end root server
To authenticate user Verify user
username and password data
Ok

user session

»  Create Problem
.class Java files and :

compiled-time libraries

Add Problem

Execute Problem

problem’s instance ID

- Create Execution
input files

Add to
scheduler

Find a available
request server

exist

not exist

mcorrect

send final solution

send class Java files,
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communication with the system. To build an instance of
this class, it is necessary to pass as parameters the informa-
tion of the final user (username and password) and root
server (IP address and communication port). If the System-
Connection’s object is successfully created, then the final
user is authenticated into the system and can access to all
corresponding functionalities.

2.3 Front-End. T-Arenal Desktop Graphic User Interface

The T-arenal Desktop Graphic User Interface constitutes the
front-end provided with the T-arenal platform. This stand-
alone application connects and disconnects from the root
server without affecting the system’s operation. Its develop-
ment was performed using the API previously described
and its objective is to provide access to all functionalities
implemented on T-arenal. For instance, the owner of a par-
ticular task can monitor its progress, as well as download
the results compressed into a single Zip archive. For more
information see T-arenal User Manual freely available at:
http://tomocomd.com/.

3 Distributed QuBiLS-MIDAS Software

3.1 Distributed Computation Task of N-Linear Algebraic
Molecular Descriptors.

To assess the utility of the multi-server approach, the 3D N-
linear MDs"® were implemented to be calculated over T-

client

Request a work unit

request server

Scheduler

client’s features

Is client no

ized? .

- authorized’ return empty work unit
£

.
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L 0 =
28
SE| |2
EEB| |5 Choose task Task loader
<8l e
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E R a return creafced
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return
result

Record the result
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Scheme 1. General workflow of the T-arenal system to perform a calculation task allocated in a request server.
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arenal. To this end, the programming library explained in
Sl4 was employed. In SI5 the UML diagram of the classes
responsible of performing the distributed calculation is
shown, where QuBiLsDataManager and QuBiLsTask consti-
tute the two main classes of the application. An instance of
the former receives as input one or several datasets in MDL
MOL/SDF formats, and in addition one or several projects
previously saved with the QuBILS-MIDAS software.”’ In the
overridden generateWorkUnit method used to build the
sub-tasks, each dataset/project pair is taken into consider-
ation and for each of these a subset of molecules and the
corresponding 3D N-Linear MDs are obtained, which to-
gether constitute a work unit. The subset of molecules is
according to the user-defined granularity in the configura-
tion file provided with this application, with 1 being the
minimum value. It is important to remark that the granular-
ity is according to the computational complexity of MDs to
be computed, and the features of the workstations con-
nected to T-arenal. With a suitable granularity overload in
the interconnection network is avoided because of con-
stant communication of the clients with the corresponding
request server.

Once the work units are assigned, then in each client an
instance of the QuBiLsTask class is built to perform the
processing. The results obtained are sent back to the Qu-
BiLsDataManager instance through the overridden process-
Results method. These should be saved in one CSV (Comma
Separated Values) output file in the same order that the

request server

Read-in molecular
dataset

fiumber molecules

< granularity? no

Read-in molecular

are there more
datasets?

molecular
informatics

corresponding work units were created. However, the re-
sults may not necessarily be received in the aforemen-
tioned order due to the fact that T-arenal is designed to
work in a dynamic environment. Therefore, to avoid this sit-
uation the obtained results are saved as independent CSV
files. The distributed calculation finalizes when the 3D N-
Linear MDs are computed for all compounds (see
Scheme 2).

3.2 Distributed Computation Module for the QuBiLS-MIDAS
Software

To run this distributed application on the T-arenal system it
is mandatory to upload the .class files (compiled Java files)
corresponding to the classes represented in SI5, as well as
the compiled-time libraries employed. To this end,
a module for interacting with the distributed system was
developed in the QuBILS-MIDAS software. In this way, it is
only necessary to select the option that indicates that the
3D N-Linear MDs will be computed on T-arenal (see Fig-
ure 2A). Subsequently, a dialog window is shown in order
for the user authenticate himself on the system (see Fig-
ure 2B), and if this process is successfully performed then
another dialog window for setting up the parameters of
the calculation is shown as well. Once the task is config-
ured, a problem named “DistributedQuBiLS” is automatically
created if it is not yet recorded on T-arenal. Next, from this
problem a particular distributed computation is initialized

client

Compute molecular

descriptors from project

Record computed molecular

send work unit (subset of
molecules and molecular
descriptors)

descriptors

descriptors into an independent [
CSV file

all molecules

return response unit

Create response unit

processed?

lerminate

Scheme 2. General workflow of the 3D N-Linear molecular descriptors distributed computation.
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with the transference of the datasets and the MDs chosen
by user. Finally, the user can close the QuBILS-MIDAS soft-
ware or perform another calculation either locally on the
workstation or on the T-arenal platform.

Also, this new module permits the user to monitor (see
Figure 2C) or stop the execution of a determined computa-
tion, as well as to download or delete from the system the
obtained solutions. In addition, an option to join the results
belonging to the work units created during the processing
into a unique output file, is provided in the T-arenal menu.
Lastly, it is important to highlight that the distributed com-
putations of MDs may also be started from the Batch Proc-
essing module belonging to the QuBILS-MIDAS software.

3.3 Distributed Performance Test

In order to perform the distributed computation of the 3D
N-Linear MDs, the T-arenal system through a ghost image (a
clone disk image used for deploying programs in large
number of workstations simultaneously) was deployed in
337 workstations belonging to the computing laboratories
of the University of Informatics Sciences, Havana, Cuba. T-
arenal was configured with a root server and three request
servers with an equal number of clients (workstations). Each
server have a 2.20 GHz Core(TM)2 Duo E4500 with 1 GB of
RAM and 160 GB of hard disk space. The clients present
a wide variety of hardware features (see Table 1), have
Nova GNU/Linux (https://humanos.uci.cu/nova/) as operat-
ing system and are connected to T-arenal by means of
a non-dedicated network Ethernet LAN to 100 Mb/s.

For evaluating the performance of this distributed appli-
cation the speedup and efficiency metrics were taken into
consideration. The former is computed by dividing the
“best” sequential time of the algorithm by the parallel time
obtained with p processors (workstations), while the latter
is calculated by dividing the speedup by the corresponding
number of processors used. The speedup metric indicates
to what extent a parallel algorithm improves its sequential
version, with the maximum speedup value being equal to
the number of processors employed to accomplish the al-
gorithm. The efficiency metric represents the effectiveness
(a value between 0-1) with which an algorithm utilizes the
p processors assigned. These metrics are generally comput-
ed for algorithms executed on dedicated-systems of homo-

molecular
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genous architectures. However, because of the heterogene-
ity of the computational resources linked to the T-arenal
system (see Table 1), the “best” sequential time was deter-
mined on the workstation with the best features in the set
of computers: an Intel(R) Core(TM)2 Duo CPU E4500
2.20 GHz with 2 GB RAM.

For assessing the performance of the application, 12480
and 7488 2-linear and 3-linear MDs were computed, respec-
tively, on the PrimScreen15 dataset comprised by 15000
structures (http://www.otavachemicals.com/-download-
compound-libraries/cat_view/110-diversity-sets/133-
primscreen-15). It is important to highlight that as T-arenal
is deployed in a dynamic environment, then the number of
workstations used to compute the speedup metric cannot
be fixed a priori. In this sense, the authorized clients (may
not necessarily be switched on) to perform work requests
are gradually increased to achieve a greater number of
computational resources working on the calculations. The
granularity used was of 6 and 2 molecules (values obtained
after several internal tests) for the 2-linear and 3-linear MDs,
respectively.

Table 2 shows the processing time (per molecule and de-
scriptor), speedup and efficiency attained during the com-
putation of the MDs. The processing time is also graphically
represented in the Figure 3. As can be observed, the com-
puting time always decreases as the amount of processors
(clients or workstations) used in the computation is in-
creased. So, it can be observed that the sequential calcula-
tion time is reduced from 49349 seconds (13 hours) to
950 seconds (16 minutes) and from 166017 seconds (46
hours) to 2783 seconds (46 minutes) in the computation of
the 3D 2-linear and 3-linear MDs, using as maximum
number of clients 265 and 282, respectively.

On the other hand, when the behavior of the speedup is
analyzed, it is observed that this is not proportional to the
number of processors used. Similar behavior is observed in
the assessment of the efficiency attained with the computa-
tional resources utilized. However, both behaviors may be
due to the fact that the maximum number of clients em-
ployed is not constant throughout the calculations because
some of them could crash (e.g. clients could be switched
off). In addition, the speedup and efficiency metrics were cal-
culated taking into account the “best” sequential time, de-
termined under a Core(TM)2 Duo architecture. However,

Table 1. Hardware features and the corresponding number and percentages calculated with respect to the 337 workstations linked to T-

arenal system.

Processors RAM

Type Amount Percent (%) Size (MB) Amount Percent (%)
Pentium(R) 4 224 66.47 <512 69 20.47
Celeron(R) 72 21.36 >512 and <768 37 10.97
Core(TM)2 Duo 25 7.41 >768 and <1024 217 64.39
Pentium(R) Dual-Core 14 3.26 > 1024 and <1536 5 1.48
Pentium(R) D 1 0.30 > 1536 9 2.67
Atom(TM) 1 0.30
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Table 2. Distributed calculation results of the duplex (2-linear) and ternary (3-linear) QuBiLS-MIDAS MDs.

Number of Processors Processing time Speedup Efficiency Processing time for Processing time for
(s) one molecule (s) one descriptor (s)
Duplex QuBiLS-MIDAS indices
1 49349 1.000 1.000 3.290 3.954
27 6534 7.553 0.280 0.436 0.524
45 3697 13.348 0.297 0.246 0.296
71 2220 22.229 0.313 0.148 0.178
115 1571 31.412 0.273 0.105 0.126
157 1443 34.199 0.218 0.096 0.116
187 1238 39.862 0.213 0.083 0.099
265 950 51.946 0.196 0.063 0.076
Ternary QuBiLS-MIDAS indices
1 166017 1.000 1.000 11.068 22171
66 11773 14.102 0.214 0.785 1.572
93 8639 19.217 0.207 0.576 1.154
161 7339 22.621 0.141 0.489 0.980
179 6531 25.420 0.142 0.435 0.872
184 5346 31.054 0.169 0.356 0.714
190 4362 38.060 0.200 0.291 0.583
282 2783 59.654 0.212 0.186 0.372

the majority of the workstations have poorer hardware fea-
tures (87.83% are Pentium(R) 4 and Celeron(R), see Table 1)
than those from which the “best” sequential time was
computed and thus, these workstations have more proba-
bility of being available to perform the calculations. Conse-
quently, the processing time is greater than if the worksta-
tions to be used were mainly based on Core(TM)2 Duo ar-
chitecture.

Despite the good performance achieved, it is important
to point out that the distributed calculation of the 3D N-
Linear MDs is not always advantageous. This is due to the
fact that sometimes the calculation of the MDs is quicker
on a single workstation than on a wide distributed comput-
ing system, particularly when a small number of com-
pounds are to be studied and/or few indices are to be
computed. Therefore, the developed module for the

Distributed Calculation Time (logarithmic scale)

1 1 1 1 1

T T T T T T

—©6— Duplex indices (2-linear)
—&— Ternary indices (3-linear)| _|

1 1 1 1 14

0 25 50 75 100 125
Number of Processors

150 175 200 225 250 275

Figure 3. Graphic representation of the processing time achieved during the distributed calculation of the Duplex and Ternary algebraic

molecular descriptors.
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QuBILS-MIDAS program is recommended when thousands
of compounds and/or MDs are considered.

4 Conclusions

In this manuscript a novel module belonging to the
QuBILS-MIDAS software for the distributed calculation of
3D N-Linear MDs was presented. To this end, a new distrib-
uted computing platform, denominated as T-arenal, was
developed by using a multi-server approach to offer an al-
ternative for high-throughput calculation tasks. T-arenal in
a dynamic environment constituted of 337 heterogeneous
workstations was deployed, and for its evaluation 12480 2-
linear and 7488 3-linear MDs were computed over a dataset
comprised of 15000 compounds. The obtained results
demonstrate that the sequential processing time of the
considered MDs is reduced by 52 times in the case of the
former and 60 for the latter, when their computation is dis-
tributed among various workstations. Therefore, it can be
concluded that the novel module constitutes a valuable
tool to perform high-throughput calculations of 3D N-linear
MDs over large datasets, and in this way contribute to the
faster characterization of compounds when QSAR or ADME-
Tox studies are to be carried out.

5 Future Outlooks

Currently, a MPI-based parallel library is being developed to
provide a suitable tool for using the computational power
available in the super-computers. In addition, another ver-
sion of the QuBILS-MIDAS software based on the Graphic
Processing Units (GPUs) is being implemented as well.

Supplementary Information Available

The current version of the QuBiLS-MIDAS software, the dis-
tributed computing system developed in this report and
the respective user manuals are freely available in the To-
MoCoMD Framework web site (http://tomocomd.com/). In
addition, the scheduling strategy and programming library
to developed distributed applications for T-arenal system
are provided.
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