Implementation and Characterization of Protein Folding

on a Desktop Computational Grid
Is CHARMM a suitable candidate for the United Devices MetaProcessor?

B. Uk!, M. Taufer3, T. Stricket, G. Settanrfi, A. Cavall?

! Department of Computer Science? Department of Biochemistry
ETH Zurich, Switzerland  University of Zurich, Switzerland
buk,tomstr@inf.ethz.ch settanni,cavalli@bioc.unizh.ch

3 Departement of CSE and Scripps Institute
University of California, San Diego
taufer@csag.ucsd.edu

Abstract average during normal use (word processing, web brows-
ing, e-mail etc.) [3, 27, 22]. At the same time, some com-
CHARMM is a popular molecular dynamics code for conputationally intensive problems are too large for even to-
putational biology. For many CHARMM applications sucldays largest supercomputers to solve in reasonable amounts
as protein folding, desktop grids could become viable altexftime. We find examples of such computations in many
natives to clusters of PCs. fields of computational sciences, cryptography and mathe-
In this paper, we present a prototype and discuss the viabiatics.
ity of a protein folding application with CHARMM on theThe goal of a wide variety of technologies like Globus [11,
United Devices MetaProcessor, a platform for widely dig2], Condor [2], EU DataGrid [25, 15], and GriPhyN [10],
tributed computing. We identify the algorithmic approads to transform the Internet into a powerful computational
of protein folding as a hybrid search algorithm with besplatform. Moreover, a significant industrial effort will pro-
first, depth-first and breadth-first components and addreite standard software for similar systems in the near future
the issues of task scheduling and fault tolerance. (e.g. Entropia [5], United Devices [1]).
The performance evaluation of our system indicates thény projects try to utilize theinused computing power
the calculation is robust against the heterogeneity of coavailable on the Intranet or the Internet for large-scale prob-
pute nodes and limited communication capabilities typems. The possibility of harnessing the power of idle
cally found in desktop grids. We show that there is an iprocessors in a company or all over the world has been
teresting tradeoff between accuracy and task parallelismpesven by the success of technology demonstrators like
sulting in optimal work-pool size for a given platform angeti@homefor the analysis of radio telescope data [23]
a given simulation. Surprisingly the platform heterogener distributed.nefor testing cryptographic keys against se-
ity of a desktop grid positively affects the quality of proteigurity flaws [7]. These projects involve so-called embar-
folding simulations. rassingly parallel problems, meaning that each participat-
Protein folding calculations with CHARMM turn out to beng node performs a lot of work that is not dependent on the
well suitable for desktop grids like e.g. the United Dework of other nodes.
vices MetaProcessor. Our software system can make a l#gstein folding research is an area of computational biology
amount of nearly free compute cycles available to comphat could greatly benefit from free computational power.
tational biologists. Protein folding simulations using molecular dynamics re-
quire huge amounts of computing power, but unlike crypto-
Keywords: protein folding, widely distributed comput-graphic key-space searches or cosmic signal analysis they
ing, desktop grids, workload characterization, search algoe not embarrassingly parallel.
rithms, CHARMM, United Devices MetaProcessor. Previous research addresses the issue of protein folding
simulations on distributed platforms, but no project explic-
. itly investigates the amount of task parallelism available
1 Introduction and the effect of tasking on the accuracy of the results.
CHARMM on the distributed computing platform Legion
Millions of PCs are in use everywhere but remain undédras been studied in [19]. The implementation described
used most of the time, utilizing only 18% of their power othere specializes in high-performance, strongly intercon-



nected clusters and a fairly small number of tasks. Oamd pointing out some relevant limits of task parallelism
work applies more broadly to desktop grids built from confier protein folding application on such a widely distributed
modity PCs connected by a wide variety of stronger apthtform.

weaker network technologies. TRelding@homeproject

conducted by researchers at Stanford University [9, 31, 30]

is based on the TINKER molecular dynamics package and

uses plain task parallelism on PCs connected via Interr@t. Protein |:0|ding on Computationa|
For a first implementation the supercomputer code was re- .

designed so that only trajectories overcoming energy bar- DeSktOp Grid

riers were continued [24]. The resulting study dealt with a

collection of foldings of a 16 residy¢-hairpin peptide [31]. 2 1 protein Folding with CHARMM

In a more advanced implementation the same team removed

all dependencies among trajectories resulting inamost s

) . . . aI-TARMM is a code for simulating the structure of biolog-
able code designed to collect as much simulation time

: , ) i@ﬁlly relevant macromolecules (proteins, DNA, RNA) [4].
possible [30]. The latter version of the code was aIOplleleﬁses classical mechanical methods to investigate potential

the unfolded state of 3 small prote!ns (ranging from 12 E%ergy surfaces derived from experimental and "ab initio”
36 resu_jues) a_nd hone qf the proteins showed clear fOIdH@antum chemical calculations [17]. We use CHARMM for
events in the S'ml_“ated time. i i i Molecular Dynamics (MD) simulations at constant temper-
As a starting point to the work described in this papefy e to investigate the protein folding process, in which the
we also use plain task parallelism to successfully migraigton equation of motion of the system (protein + thermal
the CHARMM code for a protein folding simulation 10 the, ) js discretized and solved by an integration procedure
widely distributed platform [26] of United Devices (UD):\sgrlet algorithm). The force on the atoms is the negative
the UD MetaProcessor. However, in our study of the Vi@'radient of the CHARMM potential energy [17].

bility and effectiveness of CHARMM on the UD MetaPro-

cessor we focus our attention on the whole complex systBfsically. in a protein folding simulation we perform a
including both the platform and the application paramete??.amh for trajectories leading to conformations close to the
ative (folded) conformation of a protein, starting from an

In this first prototype of the protein folding application, wé& X . i .
IS Hrst P yp prote’ ng appricaton, W folded conformation. An entire trajectory for which a

carefully study issues like the effect of the heterogene ) f sub-trai . k-units h b
of the computation platform under investigation and the ertain amount of sub-trajectories or work-units have been

fect of several workload parameters, such as the numbef@f'Pleted is characterized by its starting conformation with

molecular dynamics steps per work-unit (or work-unit siz starting quality factor, as well as the best calculated qual-
and the maximum number of work-units in progress at a factor for the entire trajectory with the related conforma-
time (i.e. work-pool size) tion and the the set of work-units leading from the starting

As a result of this study on workload characteristics afd nformation to the best conformation.

application performance, we find that there are significdfiteach work-unit, an MD simulation of a certain number
limitations of the scalability due to the limited amount o®f molecular dynamics steps (@rork-unit siz¢ and with

task parallelism generated by a protein folding calculatigiPnstant temperature is performed. The entire folding pro-
In particular, large work-unit sizes providing simulationgess is guided by the measure afuality factor, which is

with better quality factors, and calculation methods such@peated calculated for a certain amount of snapshots along
PME providing higher accuracy, both increase the amo@ach work-unit computation. The best quality factor found
of work per work-unit and therefore the turn-around time df @ sub-trajectory (lower quality factors are better!) guides
a single task. On the other hand, simulations with a sh#g overall branch and bound search for the best conforma-
overall turn-around time make the biologists more produéon. The best conformation with lower quality factor is
tive in their research. returned at the end when the work-unit is completed. The
In Section 2, we briefly introduce the protein folding praiudlity factor used here is the RMSD introduced in [29].
cess using CHARMM code. We also present the United DB-OUr implementation we use a slightly different definition
vices MetaProcessor, a commercial platform for widely digk4]. According to this definition, the conformations mini-
tributing computing that we used as a grid platform in otRizing the quality factor_ should bglong to the folding tran-
investigation. We show the adaptation and the migrationfion state ensemble (i.e. they lie on the top of the free
the protein folding process to our platform for widely dis2nergy barrier separating the folded from the unfolded pop-
tributed computing and identify the algorithmic approacHation).

of protein folding as a hybrid search algorithm with besBuring a protein folding simulation, multiple work-units
first, depth-first and breadth-first components. In Sectiona8e processed simultaneously in parallel. New work-units
we present our experimental results of the study of criticale always generated using the best result obtained so far
issues like the effect of heterogeneity, work-unit size alad starting conformation and assigning to this conformation
work-pool size on the execution time and the quality of theew random atom velocities at the same temperature. The
results for the protein folding of a specific protein, the SHdfectiveness of this kind of algorithms in molecular dynam-
domain. In Section 4, we conclude summarizing our resduilts simulations has been discussed in [24].



2.2 The United Devices MetaProcessor formed.Work-unitsare submitted to the server via the Man-

i ; ement API by aontroller processwhich performs the
The United Devices (UD) MetaProcessor platform (M?é y p Ich p

platform) [27, 28] provides an environment for runnin
compute intensive tasks distributed over many desktop-

class machines in a corporate-wide Intranet or over theg Porting Protein Folding to the UD
worldwide Internet. The MP platform is well established

for problems with low communication to computation ratio MetaProcessor

and involving coarse-grain parallelism with no dependerany unique properties of the UD MetaProcessor plat-
cies between work-units. Figure 1 shows the MetaProcesgffm must be taken into account to successfully port a

neration of work-units and the retrieval of results.

platform architecture and components. protein folding application to this distributed platform.
Controller An application-specific controller process which generates
Application work-units and submits them to the MP server has to be de-
PR signed and implemented. However, this controller does not
P interact directly with the workers. Workers communicate
(Merge) T only with the MP server, which performs the scheduling
T decisions.

For our protein folding application, we implemented such
a controller process, taking into account both the issues re-

Management DRI lated to the protein folding listed in the previous section and
sener the features of the UD MetaProcessor.

Database At the beginning of a protein folding simulation, our con-
troller process creates and submits a set of starting work-

units to the MP server (initialization phase). These work-
T ] L units all have the same protein conformation but a different
random seed number. The work-units are also character-

ized by a starting best quality factor. The work-unit set is

defined as thevork-pool The user decides the dimension of

Server

<« MP Server

the work-pool. The number of work-units in the work-pool
is called thework-pool size
i i ! During the whole simulation, besides the set of work-units
—— —— —— which have been completed and for which results have al-
i i ! ready been returned, we have the set of work-units which
Task Module Task Module Task Module are either in process by a worker or waiting until they are
assigned to a worker. At regular intervals during a so called
Worker Worker worker . .. update phase, the state of the work-pool is inspected by
the controller process. The control process is responsible
Figure 1: MetaProcessor platform overview. for generating and submitting to the work-pool additional

work-units in substitution to the ones which have reached

the end so that the sum of the work-units in process by a
The MP server is the link between the MP platform anorker and the ones in waiting in the server queue is the
the participating agents. It is responsible for scheduling,werk-pool size The user decides the dimension of the up-
well as for the distribution of task modules, resident dagate interval. For the generation of new work-units, the con-
and work-units to the agents, and for receiving results i€l process sorts out whether between the set of work-units
turned by the agents. The management server allows \&bich have reached the end since the last update, there are
cess to the internal data structures viakMemagement AP1 any work-units which improve the best quality factor at that
(Application Programming Interface), allowing for instancéme. In case there is a work-unit with improved quality
the submission of work-units and retrieval of results. Tiactor then the new work-units are generated using its con-
database contains all relevant information of the MP pld@rmation while the related quality factor becomes the new
form. The database, MP server and Management sefvest quality factor. In the case that no improvement has
form the server side of the MP platform. been found, the last best conformation is used for generat-
The UD agent is a small program which runs on each partigg the work-units to add to the work-pool while the best
ipating device (omorker). The agent communicates withuality factor remains unchanged.
the MP server to request work-units, resident data and t&sk scheduling the work-units (tasks) we incorporate the
modules as needed, executes the task module on the pamaster-worker setting prescribed by the UD MetaProces-
ipating device, and returns the task’s results to the sensar software toolkit because it is well suitable for the task
The management console provides a web-based interfpagllelism resulting from the application of CHARMM to
to the MP platform, allowing administrative tasks to be peprotein folding.



Once new work-units are queued to the MP server in B4.1 Energy minimization as search in depth

work-pool, it is the server which distributes the new work- )

units and the ones already present in the queue acrossTtﬂ%f'rSt.k'”d of changes are smooth changes and due to the
agents in the distributed system. The scheduling decisi§gchanical forces between the atoms. The process of calcu-
over which task to select next are left to the United Devickion for these changes is a physical simulation called en-
MetaProcessor and in the current version of the softw&@Y Minimization. A sub-trajectory of states within such an
there is little influence left to the application writer. energy minimization is a linear chain without any branches

. . and is encapsulated inwsork-unit or atask which will

The scheduler in the MP server provides so-calleger be our basic quantum for the distribution and the schedul-

schedulingwhich basically means that. aslong as the SENEh of the protein folding computation. Since it is too ex-
has workiun!ts queued thatare not being propessed by o sive to evaluate every configuration during energy min-
workers, it will send out one of these work-units to a work

. ) .- 'r[nization, the calculation of the quality factor is limited to
requestlng work [1.6]' A worker on wh|c_h a finished Workéertain shapshots during the energy minimization. In the
unit has been running asks for and receives a new work-

Wiculations considered for this paper, snapshots were taken
from the MP server. If however, all work-units have al; : . paper, P

. very 100 simulation steps.

ready been sent to workers, the server will re-send woﬁ« 2 and 3 sh | fth hth lity f

units for which no results have been obtained yet. T jJures < an 3s oW examples o t_e pat_ the quality fac-

eager scheduling provides a simple method for faul.t tol?a?—r takes along two different sub-trajectories of an energy

9 gp b mj[nimization with the same work-unit size 80000 steps.

ance, i.e. if a worker has crashed, eventually the work-u L L " !

. . : : ne property of this simulation is that it is not possible to

it was processing will get resent to a different worker. This _~." - . X .
edict if or when an improvement of the quality factor will

. . 1
scheme can also have negative effects, for instance caugm(%I e . : :
occur. Specifically in our cases a simulation concludes af-

yvork-umts of slow machines to be re;cheduled, resulUE] a fixed number of steps but in general adaptive criteria
in redundant results and thus a potential waste of compyta.

tion time. So the rescheduling feature of the MP platform I8 se_d on the q_uallty factors are also s_uppor_ted. 'I_'he resultor
. . . ) .. the simulation is the snapshot of configuration with the best
in fact not desirable. To avoid rescheduling of work-units

we take a simole aoproach by ensuring that the size of ueality factor obtained within the entire sub-trajectory. Ata
work-pool is aI[\?va splgr or tha)r/1 the numgber of workers co Igher level of abstraction, the process of energy minimiza-
tributigg ysiarg flon for a single conformation candidate can be collapsed

_ ) ) into a single edge in the higher level search tree.
Since the starting conformation of each newly generated

work-unit depends on the results returned so far, there are
dependencies between work-units, making the task gen&4-2 Randomized conformations as search in breadth
e oo o e seach in e is tiggera by a Second K of
L changes to the configurations of a molecule under investi-
cally generated search application. . . : : . .
gation. The folding process intentionally introduces distur-
The protein folding algorithm used is in itsé#fult tolerant  pances to the molecular system by reassigning the atom ve-
because the work-units generated from a certain conformssities of a conformation with random numbers while pre-
tion are identical except from a random number seed thagés,ving the temperature. Each work-unit generated in the
used to assign new atom velocities. Therefore the resultsgr@cess of randomization receives a different random seed.
only marginally affected by the infrequent loss of an onlin@utiple work-units are generated from one single confor-
work-unit. mation using different seeds. This results in the branches of
a breadth-first search.
Figure 4 shows a possible configuration of the search tree.
In the picture, we have three update phases for which new
work-units are generated and queued in a work-pool.
] ) ] o In Figure 4, the protein conformation\{ol;) in the first
The process of protein folding for agiven protein is a seargRate is the best found at that time and we assume that
through a tree of a large number of possible configuratigR empty work-pool is fully completed by new work-units
of the atoms in the protein, a so called conformation, und&{ch one with a different random seed. In the second update
investigation. Each node in the tree corresponds 10 a djljase only two work-units have reached the end while two
ferent configuration of the atoms in the molecule. For eaglhers are either in progress by workers or waiting at the
configuration there is an heuristic function to guide furthgfp server. Between the work-units which reach the end,
decisions in the search. This function calculates the qualif¢ conformation with best quality factonols) is cho-
factor based on the total energy of the atom configuratiogen and two new work-units are generated and added to the
In the process of looking for best conformations, we peserver queue by the control process. Note that the work-
form a search in breadth and in depth on a tree of thremits not finished yet remain in the work-pool queue. Dur-
dimensional atom configurations. Correspondingly therg the third update, all the four work-pools are finished.
are two kinds of changesto the three-dimensional atom cdis time the best conformation found/(ls) is used to
figurations. add four new work-units to the work-pool.

2.4 Protein Folding as a Search Algorithm
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Figure 4: Example of a piece of a search tree for a protein folding simulation in which for each update phase new work-

units are generated from improvements of the quality factor observed and queued in a work-pool.

Figure 5.a shows the case in which no improvement of tbempleted in the mean time, while the search in depth de-
quality factor can be observed for the work-units completégtmines primarily the waiting time and turn-around time of
between two update phases. In this case, the two new dibre-work-units in the queues.

formations are discarded addols, which is still the con-

formation with the best quality factor, is used again as the

starting conformation of the two newly generated work-

units (Figure 5.b). If this situation occurs repetitively, the

protein folding simulation has reached a local minimum,

and new strategies are needed to escape this minimum. L ) ,
The waiting time depends on the ratio of the work-pool size

over the number of workers that are available on a particular
platform. The turn-around time of the single work-units is
due to the work-unit size as well as the CPU clock rates and
The branching factor of the search in breadth is adaptie network technologies of the nodes on the heterogeneous
and depends on the work-pool size and the number of tasktform.

2.4.3 Parameters affecting the search process
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Figure 5: Example of a piece of a search tree for a protein folding simulation in which at the end of an update phase no
improvement of the quality factor can be observed for the work-units completed.

3 Characterization of Protein Fold-
ing on UD MetaProcessor

3.1 The Biological Structure Folded

As an example of workload for our study we chose the sr
SH3 domain. It is a 56 residue protein consisting of tw
anti-parallelg-sheets packed to form a single hydrophobi
core (see Figure 6). The folding characteristics of src-Sk
domain (and structurally homologous proteins) have be
thoroughly studied both from the experimental and the th
oretical point of view [6, 13, 18, 21], and a detailed pictur
of the folding nucleus [20] and the transition state ensemt_ o _ _
[21] is now available. The SH3 domain represents a sortfggure 6: The src-SH3 domain is a 56 residue protein con-
testing table for theories or algorithms dealing with protefiiSting of two anti-paralleB-sheets packed to form a single
folding. Its short length and the abundance of comparabidrophobic core.

studies make this protein the optimal target for our compu-
tations. The size of this protein does not allow to simul ; ;
its behavior with an explicit treatment for water; nevert:;a‘—a'3 Effect of Heterogeneity on the Quality

less the implicit solvent model used here, that is based on Parameter

the solvent access_ible surface area of the atoms (SASA)é&j_l Testbed for the study of heterogeneity effect
successfully described several aspects of the dynamic prop-

erties of this protein [13]. Two long-running tests using machines available around the
clock on a first testbed are conducted over a period of 20
days. The machines range in CPU clock rate from 350 MHz
to 1.6 GHz, providing a wide performance spectrum. Also,
We use different testbed configurations with machinesatwvidely varying range of network connectivity technolo-
ETH Zurich and at the private residences of several @es are in use, from machines in the same LAN segment
searchers for studying the effect that platform and applics the server (100 Mbit/s switched Ethernet) to machines at
tion parameters have on quality and total turn-around tifi@éme connected via ADSL (128 kbit/s to 512 kbit/s).

of the protein folding of the SH3 domain. Most of the machines involved are used during the course of
First of all, we investigate the impact of the heterogeneitye tests for normal day-to-day tasks. Because the UD agent
on the quality of the protein folding results. In particulagpawns the task module processes at low priority, only oth-
we look at the kind of CPU clock rates and network teckrwise unused processor cycles are consumed by the tests.
nology as a representative of the platform parameters of fitee following application parameters have been chosen for
heterogeneous computational grid. We also study the effgwse tests: 100’000 simulation steps per work-unit, a plat-
of aspects directly related to the application (i.e. applicirm size of 45 machines, a work-pool of 50 work-units
tion parameters) like the work-unit size and work-pool siznd a polling frequency of one shot every 5 minutes. The
on the quality and turn-around time of the protein foldingtwo tests are subject to a number of unforeseen disrup-

3.2 Platform and Application Parameters



tions (e.g. network failures, failure of machines, includinhe work-unit sizes are: 20000 simulation steps and 40000
the machine running the controller process, server’s disknulation steps per work-unit.
full), which cause the test to stall occasionally, exhibiting
many properties which usually characterize real widely di§_—4_2 Experimental results of work-unit size effect
tributed grid platforms.
Figure 9 shows the results of the quality factor for the two
) ] different work-unit size chosen (20000 and 40000 simula-
3.3.2 Experimental results of heterogeneity effect tion steps). The tests with 40000 steps reach good qual-
'ﬁ factors after fewer processed work-units. Although the
er tests with 20000 steps also reached similar quality fac-
rs after larger amounts of processed work-units, in two of
e three cases presented in Figure 9, the test with 40000
eps still obtained the best quality factor at the end.

An important question in a heterogeneous environment li

the one we are studying, is whether slow machines are a[%

to provide enough contributions to the overall computati%ﬁ

to justify their participation. In our case, work-units ar

generated based on the results of previous work-units. -ﬁ%

time at which a result is returned is therefore a parameter

which can not be ignored. Itis possible that, during the pro-

cessing time of a work-unit on one machine, the state of 85 Effect of Work-Pool Size on the Execu-

entire system has progressed so that the result of the work-  tion Time and the Quiality Factor

unit of the considered machine is obsolete and therefore not

used for the generation of new work-units configurations.3f5.1 Testbed for the study of work-pool size effect

slow machines return a disproportionately large amount@f
0

obsolete results, their contribution to the entire calculati ffere'nt values Lor the twqu-pt;ol i'thon dlffkerentl plgt- t
will be less valuable. rm sizes are chosen to investigate the work-pool effec

The long-running tests show that results returned by all on the quality fr?lctor. For the mvestlgatlon_of the effect of
e work-pool size a number of short-running tests of 12

chines, fast and slow, are accepted as good configurati%ns.

Figures 7 and 8 show the CPU clock rate for each resuﬂurs are conducteq on two dn‘fgrent testbed configurations
each one characterized by a different subset of work-pool

which was accepted in the long-running tests. Most re: es. Both the testbed configurations are connected by 100

) ; i
sults are from machines W.'th.CPU clock rates between 9%I@)it/s switched Ethernet while the work-pool size is con-
MHz and 1010 MHz. This is due to the fact that many, . (10000 simulations steps)

such machines are used, and thus the total number of w e first testbed comprises the following machines: 12 ma-
units completed by these machines was large. Nevertgﬁ— P 9 ’

; I f ines 500 MHz Pentium IIl (Katmai), 12 machines 600
less, slower machines make contributions during all pha : . i’
of the simulation. Note that in Figure 8, no machine fast?grr§|z Pentium lll (Katma) and 24 machines 933 MHz Pen-

. : ' um Il (Coppermine). The work-pool sizes considered for
than 1010 MHz participated in the calculation. the first testbed are: 70, 120, 200.

The second testbed has the following structure: 12 ma-

3.4 Effect of Work-Unit Size on the Execu- chines 400 MHz Pentium Il (Katmai) and 12 machines
' . . . 1000 MHz Pentium 1l (Coppermine). The different work-
tion Time and the Quality Parameter pool sizes considered for the second testbed are: 30, 45, 60.

3.4.1 Testbed for the study of work-unit size effect

i i i i 3.5.2 Experimental results of work-pool size effect
An important parameter of our simulations is the work-unit

size. To study the effect of theork-unit sizeon the quality Figure 10 shows the minimum, average and maximum qual-
factor and the resource usage, a number of short-runnilydactors obtained using three different levels of the work-
tests of 12 hours are conducted on two testbed configysael size for the short-running tests on the larger testbed un-
tions with different numbers of machines connected by 186r investigation. The work-unit size is maintained constant
Mbit/s switched Ethernet. The first testbed comprises: (0000 simulation steps per work-unit). Figure 11 shows
machines 400 MHz Pentium Il (Katmai), 12 machines 5@Be same quality factors (minimum, average and maximum)
MHz Pentium Il (Katmai), 12 machines 600 MHz Pentiurfor the smaller testbed. Again the work-unit size is 10000.
Il (Katmai), 12 machines 933 MHz Pentium IIl (CopperFor the larger testbed, the tests with a work-pool size of 120
mine) and 12 machines 1000 MHz Pentium III (Coppereached the best quality factor in average. On the smaller
mine). The second testbed uses a subset of the above liststbed, the best quality factor in average is reached with a
machines and comprises: 6 machines 400 MHz Pentiwark-pool size of 45. This implies that for each platform
[l (Katmai), 6 machines 500 MHz Pentium III (Katmai)size there is an optimal work-pool size which leads to the
6 machines 600 MHz Pentium Il (Katmai), 6 machindsest results (i.e. quality factor). To keep all workers busy
933 MHz Pentium Il (Coppermine) and 6 machines 10@Be work-pool size should be larger than the number of par-
MHz Pentium Il (Coppermine). In these tests, two difticipating workers. Therefore, the dependency between the
ferent work-unit sizes are considered and their effect on tipeality factor and the work-pool size inherently limits the
turn-around time as well as the quality factor is investigatednount of task-parallelism available in the application and
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Figure 7: CPU clock rate of nodes returning accepted reFigure 8: CPU clock rate of nodes returning accepted re-
sults, for the first long-running test. sults, for the second long-running test.
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Figure 10: Minimum, average and maximum quality fac- Figure 11: Minimum, average and maximum quality fac-
tor for different work-pool sizes (i.e.70, 120, 200) on a tor for different work-pool sizes (i.e. 30, 45, 60) on a
testbed with 48 machines. testbed with 24 machines.

the potential for speed-up in a widely distributed computien on the heterogeneous platform.

tion. The performance evaluation with a 56 residue protein (the

Overly large work-pool sizes can cause a slow Converge'%?g—SHBdomain) shows that there are interesting trade-offs

of the quality function and can therefore result in |Ong(-ﬁ,§ work-unit size and work-pool size which even affect the

turn-z?[rotuhnd timﬁt a? dtisplafyed in tFiC?l:retlz' :[I;]he figu ality of the results in the folding simulation. Larger work-
reports the qualily tactor of repeated 1ests on e SMay; gjzag provide better quality factors with a smaller num-

t?SthdS For the several t?StS’ the work-pool size is 10 of work-units, but resultin longer turn-around times and
simulation steps. Com_pan_ng the three plcture_s We can parallelism. We prove that the quality of the protein
that as _the worl_<—poo| SIZE INCreases, th_e coniribution to ﬁjing simulation is sensitive to the platform configuration,
simulation provided by the slower machines {400 MHz) b?.'e. the number of workers and the clock rates of the work-
comes more and.more rele_vgnt. Moreover_, .Iargerwork-p%%_ In particular, the proper choice of work-pool size for
SIZEs hglp to a_v0|d local minimum and_ facilitate the reso|<L:{'given platform size (number of workers) can improve the
tion of simulations stuck in a local minimum. final quality factor by 20%-30% with the same total amount
of computation performed. We demonstrate that with larger

; work-pool sizes the active contribution of slower machines

4 Conclusion to the entire folding process become more significant and

g\e computation becomes less susceptible to local minima.

In this paper, we migrate a protein folding simulation us: . .
ing CHARMM from PC clusters to the United Device ut choosing work-pools that are too large will adversely
5’a_f'fect the convergence of the quality factor.

MetaProcessor - a commercial platform for widely di
tributed computing on Intra- and Internet. We also look @&he experience with our research prototype indicates that
the performance characterization of the migrated applithe application of protein folding is robust against the het-
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Figure 9: Effect of work-unit size on the quality factor foFigure 12: Effect of work-pool size on the quality factor
a platform with 30 nodes (np 30) and a platform with 6@nd the kind of machines providing accepted work-units
nodes (np 60). Marks are work-units which improved thge. CPU clock rate). The several tests last about 12 hours
quality factor and were accepted. In all three cases, the rangd runs on 24 nodes (12 nodes with 400 MHz CPU clock
with 40000 simulation steps per work-unit reached a goggte and 12 nodes with 1 GHz CPU clock rate).

quality factors after earlier than the tests with less steps per

work-unit.

erogeneous environments and the limited communicat@hlARMM are well suitable candidates for widely dis-
capabilities of desktop grids. In fact, all compute nodes itilbuted computation on a desktop computational grid. The
volved do provide contributions to the progress of the prévggested software system can make a large amount of
tein folding simulation, despite their different CPU clockearly free compute cycles available to computational bi-
rates and slower network interconnections. Based on @l@gists in need of a large amount of additional compute
performance study presented in this paper, we can conclpa@wer for protein folding calculations for their research.
that the platform heterogeneity positively affects the quality

of protein folding simulations, because of its positive influ-

ence on task generations and scheduling. The diﬁeren@e@knOW|edgment

in clock rates and network speeds seem to contribute addi-

tional randomnessto the search for an optimal conformatibis work was partially supported by the Swiss National
by simulated annealing and help to get better results.  Competence Center in Structural Biology (NCCR). We
In short, we can say that protein folding calculations witliould like to thank United Devices for the use and the



support for their MetaProcessor software and the authfirg] A. D. MacKerell Jr. and et al. All-atom empirical potential
of CHARMM at the Harvard University for their generous
academic licensing practice of the code.
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