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Abstract

Molecularmodéding is a well-establishedool
usedin avariety of scientificdisciplines,includ-
ing pharnaceuticalchemistry(the development
of new drugs) and bioinformatics (the apgica-
tion of informationtheoryto biologcal sequene
analysis)[1]. Molecularmockeling is frequently
usedfor plannirg expeiiments,analyzingthe re-
sultsof experiments,andfor making predictians
in situationsvheretechnicalimitationsmake ex-
perimerts difficult or impassible. Recentlythe
Linux/GNU opeating system,runring on inex-
pensve desktogP Csusingvideocardswith pow-
erful hardware graphics accelerationhasgrovn
very popular in molecularmockling due to its
low cost, low barrierto use, and compatilility
with existing UNIX workstationsThe Compuer
Graphis Lab at the University of CaliforniaSan
Franciscq?] is developing an advancedmocel-
ing applicdion, Chimera[4], to succeedts well-
regaded but aging application MidasPlus[3].
Chimerais written in C++ and Pythax andem-
phasizesprogammableextensibility as its pri-
maryfeatue. In recogiition of theincreasingn-
terestin Linux asamolecuar mockeling platform
weundetookaport of Chimerato Linux. Porting
Chimerato Linux repesenteda nunber of chal-
lengeswhich hadto be overcome;we describe
theprodemswe facedandour solutions.

1 Introduction

For over tenyearsthe ComputerGraphicd_ab
hasdistributeda popular UNIX-basedmolecuar
modding application MidasPlus. The Midas-
Plus systemis useddaily in university-level re-
searchprogamsin orderto displayandmanipu
latemacranoleculesuchasprateinsandnucleic
acids. Ancillary progamsprovide featuessuch
as computation of molecuar surfaces and elec-
trostaticpotentialsandgeneratio of publication
quality spacefilling imageswith multiple light
sourcesand shadavs. MidasPlusis distributed
with documentedsour@ codeto sene asa start-
ing point andtrainingtool for othes interestedn
doingtheir own softwaredevelopment.

Chimerais a new molecuar graghics packag
developedby the UCSFComputeiGraphicd.ab-
oratol asthenext generéion of MidasPlus.The
primary featureof Chimeraarehighqualityreal-
time molecdar graphics and programmnable ex-
tensibility. Theemphasion extensibility is a di-
rectresultof the succes®f the MidasPlusdele-
gateextension mechaism, which hasshavn that
the ability to incomporateuserwritten progams
greatlyenhanesthe modelingenvironmen. Mi-
dasPluswas not originally designedwith easy
extensiblity as a god, althowgh an extensim
mecharsm allows applicatios (“delegates”) to
addfunctionality to MidasPluswithout requring
the developerto recomjile the MidasPlussource
code.

Chimera has been desigred to provide ad-
vancedmoleculargraplics capaliities while re-
taining the functionality currently available in



MidasPlus.The packag hasheencompetely re-
designedatherthanbuilt upan MidasPlus. In-

steadof combiring thefunctionality into asingle
progam,we selectedh subsef MidasPlusfea-
turesto form thecoreof Chimeraandthenimple-
mentedherestof thefeaturesasextersionsto the
core. Thethreemajorgrouys of corefeaturesn

Chimeraarethe graghical display the userinter-

face,andthe extersionmechanism.

2 Graphical Display

Molecularmodelirg applicatios placea great
emphaisontheperfomanceof theworkstations
graphcs subsystemand Chimerais no excep
tion. Ratherthanimplemant a high-perfomance
graphcs library from scratchywe choseOperGL
[5], a cross-platfom graphics library originally
developedby SGI. Chimerasupmrtsanumbe of
differentmethoddor displayirg molecularstruc-
tures.Molecularstructuesareeffectively grapghs
with noces (atomicpositiors) and edges (bords
betweenatoms). Unlike mary typical graghs,
molecdar structurestypically occuy 3 dimen
sions. The defaut representatioris a wireframe
model,usingOpenGLs line primitive. Chimera
canalso drav the structureusing tubes to rep-
resentthe bonds, and spheresto representhe
atoms. More sophisticatedrepresentationsn-
clude molecularsurfaces and volumes. Tubes,
spheresand surfacesare decompsedto trian-
gles. Volumescan be visualizedas isocortour
surfacesor astrue 3D volumes.OpenGLhandles
line andtriangle primitives very efficiently. Re-
centextensiors to OperGL have addedaninter
facefor repesentingzolumesusing3D textures.

The Chimeragraphcal systemis uncoipled
from the molecularobject managmentsystem.
Graphi@l objectsare storedin displaylists (re-
tainedgraphical primitives),andthe displaylists
are only retuilt whenthe uncerlying molecuar
datachangs.For exanple,if themocklis rotated
but the atom colors are not changd, no molec-
ular datachanges (orly the viewing transfam)
andsothedisplaylist doesnotneedto berehuilt.
This allows to nearmaximal perfamancefrom
3D graphics cards, which typically storedisplay
listsin cardRAM compatform, readyto bewrit-
ten to the graghics pipdine with minimal pro-
cessing.

Figurel: Thisis an exampe of a Chimerases-
sion. Thegraphcal window is displayingpratein
modé “1lhvr’ usingsmodh ribbonsandspheres.
The ribbons trace the backone of the pratein
modé while the sphees represenan anti-HIV
drugbouwnd atthe active site of the protein

3 User Interface

Chimerais a cross-platbrm apgication (Win-
dows andUNIX). To save programmer time and
effort, we chosethe Tkinterlibrary providedwith
Python[6] asthe baseuserinterfacelibrary. Tk-
interis awrapyperarourd thetk [7] library, which
provides a cross-platfom GUI with native look
andfeel on the Windows, UNIX andMacintosh
platforms. On top of the Tkinter library, we use
Pmw [8] and Tix [9], which provide userinter
facecompmentswhich canbecombnedto gen-
eratesophisticatedlialogs.

4 Extension Mechanism

Molecular mockling has a long tradition of
“rapid ideadevelopment”. Often,a scientistwill
comeup with a new idea, and wantsto imple-
ment the idea quicky in a scripting languag
suchas Perl or Pythonto determire whetherit
is feasibleanduseful. If theideais feasible,the
implemenation s typically recoddin C, FOR-
TRAN, or C++, for perfamane reasons. We
have built a sophsticatedextensionmechaism
which providessuppat for usersto addnew fea-
turesto Chimerawithout needingto reconpile



theentireapplication. The extensionmecharsm
is corveniert andcanbe usedto rapidly develop
new functionality asneeded Extensios canbe
written in Pythonor C++, can accessall the
molecuar datastructuresprovided by Chimera,
and use Tkinter to preseh a GUI for the ex-

tensionto users. Exampes of extensiors which
havealread beencontritutedto Chimerainclude
the “VolumeViewer” extension[10] for viewing

molecuar volumedata,andthe “Collaboraory”

[11] which provides synchraized mockling be-
tweengeogaphicallydistantscientists Although
most extersionsare written in Pytha for rapid
application development,corveniene, andeasy
cross-platbrm usage perfamanceeritical com-
ponents can be rewritten in C++ and compled

to native objectcode. An extensionwhich re-
quiresC++ is theimplemertation of the “march

ing cubesalgorithni [12] which convertsmolec-
ularvolume datainto isosurfices.

Extensios are loadal at runtime using the
standardPythay mechanisnfior loadingmodules:
the“import” statementThePythonimport state-
mentlocatesthe codewhich providesthe named
functionality, eitherin the form of a Pythonfile
or a sharedobject,andloadsit. In the caseof a
sharedbbject,Pytha loads the moduleusingthe
dynanmic linker.

Suppating interaction  between C++ and
Pythonrequires extensive “wrapping” of coce.
Chimerainternally storesall primary molecuar
data structuresas C++ objects,with “shadav”
Pythonobjectsthat have the sameattributesand
method asthe C++ objects. Therearea num
ber of applicatios which canwrap C functions
and C++ objectsfor usein scriptinglanguags,
but our requilementof sophisticatedC++ sup-
porteliminatedall the variouswrappng apgica-
tions available at the time (sincethat time, bet-
ter C++wrappershave becone available,andwe
intendto deternine whetherthey satisfyour re-
quirenents).Ourwrappirg application “wrappy”
is partof thefreely availableOTF (“Object Tech-
nology Frameavork”) [17].

An exampe extersion, which hides some
of the atomsin a protein molecule basedon
their name, follows. It is clear from the code
that Pythan deseres its description of “exe-
cutable pseudcode”; a programner who does
not know Pythonor anything abou molecules
couldquickly pick up thegist of the algoiithm.

# Import system modules used
# in this example.

import  re

# Import Chimera modules used
# in this example.

import chimera

# Define a regular expression
# for matching the names of

# protein  backbone atoms (we
# do not include the carbonyl
# oxygens because they tend to
# clutter up the graphics

# display  without adding much
# informa tion).

MAINCHAIN = re.comp ile(\
“(N|CA|IC N\$, re.l)

Do the actual work of

setting the display status
of atoms and bonds. The
followi ng ’‘for’ stateme nt
iterate s over molecules

The function call

'chimer a.openMode Is.list(\
modelTy pes=[chime ra.Molecule 1]’
returns a list of all open
molecul es; non-mo lecular
models such as surfaces and
graphic s objects will not
appear in the list. The
loop variabl e 'm' refers to
each model succes sively.

HHIFHHFHF R

for min chimera.op enModels.li st(\
modelType s=[chimera .Molecule])

The followin g ‘for’
stateme nt iterate s over
atoms. The attrib ute
referen ce 'm.atom s’
a list of all atoms in model
'm’, in no partic ular order.
The loop variable 'a’  refers
to each atom successive ly.

returns

H o H R HHH

for a in m.atoms:

# Set the display status of
# atom ’'a’. First, we match
# the atom name, ’'a.name’



against the backbone atom
name regular  expression ,
'MAINCHAIN'.  The functi on
call

'"MAINCHAIN.match(a .name)’
returns an ‘re.Mat ch’ object
if the atom name matche s the
regular  expression or ’'None’
otherwi se. The display

status of the atom is set to
true if there is a match
(return value is not ’'None’)
and false otherwis e.

HFHHFHFHFHFEHHFHEHHHFH

adisp lay =\
MAINCHAINmatch(\
a.name) != None

By default, bonds are

display ed if and only if
both endpoin t atoms are
display ed, so therefore we
don't have to explicitl y set
bond display  modes; they

will  automat ically "work
right".

HoHHHHHHFHR

with

(62}

Challenges associated
Chimeraon Linux

Before undetaking the port of Chimerato
Linux, we hadto satisfythesoftwarerequrement
restraintpresentedy Chimera.We selectedhe
RedHat 6.2 distribution of Linux [13] because
it was stable,reliable, well-supprted and com-
monly used. We believe that otherdistributions
suchas Debianwould alsobe acceptableand-
datesfor building Chimera,but due to lack of
time resouces we did not try them. We have
sinceupgraledfrom RedHat6.2to RedHat 7.1,
which hasbetterbuilt-in support for OpenGL

Python OpenGL,andTcl/Tk areavailableon
Linux so thesedid not preseh challerges; we
simply comgled andinstalledtheseapplications
from their primary sourcedistributions. The
initial port of Chimerato Linux usedPythonr
1.5.2 Mesa-3.2(for Open@., [14], and Tcl/Tk
8.0. More recentportsof ChimerausePython
2.1, Mesa-3.4 and Tcl/Tk 8.3. BecauseMesa-

3.4 conforms to the Linux OpenGL ABI, ary
ABI-compliant implemertation of OpenGL for
Linux will work with Chimera. For examge,
the nVidia GeForce graghics card requies a
vendar-suppied OpenGLdriverimplementation;
Chimeraworks justfine with this driver.

All C++ codein Chimerais written in stan-
dardC++, making heary useof thestandad C++
library, andthe objed-orientedgenericprogam-
ming featuesof C++. Theprimarychalleng in
porting Chimerato Linux wasto find a standad
C++ compiler and library. The C++ compler
(egcs) provided with RedHat 6.2 was not suffi-
cient;it lacked somerequiral C++ templatefea-
turesanddid nothave astandards-aopliantC++
library. Thisis undestandablébecasethe C++
standardibrary wasfinalizedonly recently;egcs
compied to a draft version of the standardand
significantchargeswere madein the publishel
standard Further templatesare a sophisticated
(andvery recent)featureof C++ which requres
extensve compler andlinker suppat.

After expelimentationwith several different
C++ compiles availablefor Linux, we settledon
GNU g++ [15] version2.953. Version2.953
suppats all of the languaye featureswe use,al-
thoudh its standardC++ library is not compete.
Evenwherethe library calls are available, there
are bugs in the implementationswhich apper
only whenthe library is usedextersively. After
looking at severaldifferent(andexpensie) com-
merciallibraries,we found STLpott [16], afreely
availableimplementatio of the standardC++ li-
brary derived from the SGI STL. STLportis a
high-quality implementationof the library, and
in additionto suppoting GNU g++, it supports
25 otherC++ complers. We arecurrently using
STLpot-4.5.

Once we had settledon a platform and re-
quiredtoolsetandlibraries, the port of Chimera
to Linux wasstraightfaward. We simply mod-
fied our Makefilesto useg++ andSTLpot, and
compled the entire apgication with no major
modificatims. g++ combinel with STLpott ac-
tually found severallines of noncompliant C++
code(lack of std:: namepacequalifierwhere re-
quiredandillegal algumentsto standardibrary
functions) which were not flaggedby the UNIX
comiplers (CommqC++ 6.3andMIPSPro7.3.])
and Windows comgler (MetroWorks CodeVr-
rior) we use.



Although our expeliencewith libstdc++ (the
standardC++ library implementation included
with g++) was somavhat negaive, we are glad
to repat that the libstdc++ developersfixed ev-
ery bug thatwe repated (we alwaysisolatedthe
bugsto simple testcasestypically only several
lines long) and prospets of having a compgete,
reliablelibstdc++in thefuturearepromising

An interestingorodemthatwe only noticedon
Linux wasrelatedto the usageof dynanic load-
ing of moduleswith “dlopen” whenthe mainap-
plication(for examge, Pythop is linkedwith the
C compilerand the modues are compled with
the C++ compler. WhenPythonimports a sec-
ond modde linked agairst the standardC++ li-
brary and usescertainfeatures(suchas excep
tionscombiredwith ostringstreams)theappgica-
tion will coredump Closeinspectionof delug
gingoutput from thedynanic linkeraswell asthe
linker'ssourcecode shavedthatwhenthesecond
library wasloadel, the standardC++ library was
loadeda secondime, ratherthanhaving its sym-
bols resolhed by the first modue’s linked stan-
dardlibrary. Thiscausegroblemswith theinter-
nal stateof thelibrary which causedh coredump
when a floating point number was output to a
stringstream.Thereare several “work-aounds”,
noneof which is comgetely satisactory One
is to modify the argumentsto dloper{) in the
Pythonmodue loading codeto allow global sym-
bol resolutian, but the authas of Pythonhighy
discredit this appoach. Another workaround
is to force the standardC++ sharedlibrary to
be loadel before the main progam startsusing
theLD _PRELQAD ernvironmer vaiiable;further
loadsof thelibrary alwaysusetheinitially loaded
library. A third option is to explicitly link Python
agairst the standardC++ library when compl-
ing. We arecurrently usingthe secondption be-
causeghis allows Chimerato usethedistribution-
installed python without ary modificatiors The
secondoption wascausingcoredunps on appli-
cation exit). We have deternined that the core
dump was actually due to mistalen linking of
oneof Chimeras subsidiarylibraries againstthe
STLpott staticlibrary. Later, the chimerashared
library was linked againstthe subsidiarylibrary
aswell asthe dynamc STLpat library. There
fore, therewere two copiesof the standardli-
brary residentin the progam andwhen objects
were passedetweerthe main Chimeraapgica-
tion andthe subsidianjibrary somememoy was
likely corupted (the standardibrary maintains

someinternalstatefor its objects,andtherewere
two copesof theinternalstate).Whentheproper
linking was applied the segmenation fault on
exit wentaway.

6 Performance of Chimera on PC
Workstations with Hardware Ac-
celerated Graphics

Over the pastfew years,PC hardvarehasim-
provedtrememouslyin perfamanceandis now
reachiry the level of perfomancewhich nor
mally would only be availablein high-end Unix
workstatiors. This perfomanceincreaseis par
ticularly visible in the 3D graphics area. In the
past, graphics cardsfor PCsprovided a “dumb
2D frame buffer” andpossiblyafew primitive ac-
celeratedoperatians for drawing rectandes and
filled regions. Thesecardswere sufiicient for
acceleratingwindowing systemslike Microsoft
Windows andthe X Window System.However,
demauing 3D applicatiors suchas*“first persm
shootes” have driven the graphics card indus-
try to add suppat for hardvare accelersed 3D
graphcs (“HA3G”) . HA3G hasexistedfor some
time on high-end Unix workstationsfrom SGl,
HP, Digital, andIBM. Early HA3G on PCswas
very limited; initial cardslike theVVoodoomainly
providedfastrasterizatio (writing of texture pix-
els into the frame buffer) but did not provide
suppat for transfomationandlighting in hard
ware. Wheneer a 3D point is to be plottedon
a 2D screenits 3D coordnatesmust be trans-
formed into the appopriate 3D spaceand then
projededto 2 dimensios. Thesecalculatimsare
normally donein single precisionfloating poirt.
For mockls with very large nummbersof points,
this putsan excessie burdenon the FPU of the
systems CPU, leaving muchlesstime for theap-
plication. For sometime, high-endgraphics cards
in the PC have hadhardwaretransfomationand
lighting. New low-costHA3G cards,suchasthe
nVidia GeForce2 and ATl Radeon,have made
hardvare transfamationandlighting a standad
feature Thisallowsfor significartly higher poly-
gon courts for mockel objects,which equatego
greatemn-screa realism.

Molecular moceling typically represets a
molecue as a collection of sticks (the chemi-
cal bords) and balls (the atoms). While small



molecuessuchasethand (9 atoms)do notplace
alargedemaunl 3D graghicssystem'interesting

molecues suchas proteirs and DNA are much

much larger (often 10,000 or more atoms). To

model thesesystemsin real-timeabsolutelyre-
quiresHA3G, andthebettetheHA3G, thelarger

the systemthat can be modeled Further en-
hancedepresetationssuchasbacktneribbons,
spheresandsurfacescanbeused.

Thereis a greatdeal of interestin replacing
older Unix workstatiors with modern PCswith
HA3G. One important decisionwhen replacing
thesesystemswith new PCsis what operating
systemwill run. This decisionis driven by sev-
eralforces,including what softwarewill berun,
andwhat level of perfomanceis requred. Al-
thoudh potting legagy Unix applicatiomsto Win-
dows is far more work thanportingto Linux, if
the samesoftware runs on both Microsoft Win-
dows and Linux, the decisionwill be basedon
theperfamanceof thesoftwareonthegivenplat-
form. With this in mind, we uncertooka studyto
measureéheperfamanceof Chimeraonthesame
machire (AMD 1GHz, 256MB DDR-SDRAM,
nVidia GeForce2MX 32MB DDR RAM) run
ning both Windows 2000 Professionand Red
Hat 7.1. The GeForce2MX graphics card has
hardware transfamationandlighting andis very
inexpensie- lessthan $1M@. It hasdrivers for
bothLinux andWindows 2000, andthesedrivers
sharemuch of the samecode. Essentially the
drivers shareall the carddriving codebut have
differentinterfacecodefor the opeating system.
In this studywe contrdled for the systemhard
ware but allowed the operting system/windw
displaycodeto vary. Also, becaseChimerawas
compiledwith Visual C++ on Windows andg++
on Linux that cock variesas well. One possi-
ble improvement on the studywould be to com-
pile Chimerawith g++andSTLpot onWindows,
which would be possibleusingMingWin, which
would cortrol for thegeneratd code

The question we asled was not “what is the
highestframerateachievalde with a givenwork-
load”, but rather “can we achie/e a target frame
rate with a given workioad”. The minimum
acceptale frame rate in molecdar mockling is
abou 20framespersecondbelov whichinterac-
tive manipuation becomesoticeally jerky. The
workload in this caseis a moceratelysizedpro-
tein (HIV prateasePDB model“1lhvr”). We var
ied the representationbetweenwireframe, ball

and stick, surfaces,and spheres. Wirefrane is
typically the fastestwhile spheresare the slow-
est,basedon the numtler of polygonsto produce
therepresetation.

| Repr | Windows | Linux |
wireframe 50 45
ball/stick 12 26
surface(d=2) | 12 17
surface(d=10 | 6 5
sphere 3 7

Table 1: Relatve Performace, in frames per
secondof Windows 2000 Professionabnd Red
Hat Linux 7.1 on a ChimeraBenchmak. The
hardwarewasa 1GHz Athlon, A7TM266 mother
board with 256MB DDR-SDRAM andanVidia
GeForceMX (32MB SDRAM). Perfornmanceis
measuredn frames/secathfor the given repre-
sentation.The PDB (ProteinDataBank) “1hvr”
(HIV Proteasegrystalstructue wasused.

As canbe seenby thetable,in mostcaseshe
perfamancawvasfairly similarbetweerindows
andLinux, but in certaincasesl.inux did signifi-
cantlybetter We do notknow theactualcauseof
this perfomancedisparity sinceit doesnot ap-
pearto be systematicacrossall representations.
Further we note that except for wirefrane and
ball and stick repesentationghe perfomance
waslessthanacceptableThisis nottoo surpris-
ing given thefactthatthecardusedfor theexper
imentsis designedor gamesandcostslessthan
$10Q Bettercardssuchasthe nVidia Quadr@
andFireGL2, bothof which aresuppoted under
Linux, give significantlybetterperfamancethan
the GeForce2MX. The mode usedin this study
wasnotparticulaty large,andrecently structural
biologsts have determired biologcally signifi-
cantstructured 00timeslarger. For facilemanip
ulation of thesemolecues with wireframerepie-
sentationshigh-end graphcs cards arean abso-
lute necessity

7 Conclusions

A moden Linux distributionrepresentsa pow-
erful developmen platform, capableof compl-
ing andexecuing a sophisticatedcientificappli-
cation developedusing a moden software lan-
guag. Minimal changesvererequred to com-



pile Chimera,allowing the Chimeradevelopers
to focustheir efforts on producingtheir software,
rather than detugging their build environmeri.
We especiallyapprecitedthatg++andSTLpat
helpedus find programmirg errois which were
notflaggedby otherC++complers. Whendevd-
oping sophisticatedC++ applications that make
useof dymamiclinking, it is importantto unde-
standthe behaior of the runtime linker, espe-
cially with respecto staticconstrctors.
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