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Abstract. This paper is intended as a practical tutorial on how to develop mul-
tiple time stepping (MTS) integrators for molecular dynamics (MD). We consider
in detail how to incorporate mollified impulse methods and extrapolative MTS al-
gorithms such as LN. It shows how object-oriented and generic programming can
be used to write extendible and modular scientific software that also has high per-
formance. This is illustrated through the design of PROTOMOL, an object-oriented
component framework for MD. In particular, we show how PrROTOMOL accom-
modates MTS integrators of arbitrary number of levels and arbitrary shape of
boundary conditions, and how it encapsulates program optimizations such as par-
allelism. We present evidence that PROTOMOL achieves its design goals: (i) High
performance, after evaluating PROTOMOL against leading MD programs, and (ii)
extensibility, by demonstrating how to incorporate into PROTOMOL a new mollified
MTS integrator that lengthens the longest time step possible for MD.
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1 Introduction

Molecular dynamics (MD) solves Newton’s equations of motion by evaluat-
ing pairwise interactions between particles (force evaluation), marching the
system in time (numerical integration), and imposing boundary conditions.
Different possibilities for each one of these steps present a challenge to the
design of a flexible software platform to accommodate new algorithms.

This paper is intended as a practical tutorial on how to develop multiple
time stepping (MTS) integrators for MD. It has a practical tone and com-
plements other tutorials of a more mathematical nature, such as those found
in [36,50,54,55,60]. We consider the requirements of MD software that in-
corporates state-of-the-art MTS integrators of an arbitrary number of levels.
Examples of these integrators are the extrapolative method LN [4,5,52] and



the mollified impulse method, or MOLLY [25,26,37-39,61], which is in turn
a more stable variant of Verlet-I/r-RESPA [27,67].

We introduce a particular algorithm-development platform for MD called
ProTOMOL [40,48]. We show that it is possible to write extensible and mod-
ular software that also gives high performance. We accomplish this using
object-oriented and generic programming techniques in C++, and present ev-
idence of achieving the design goals through the following tests: (i) Exten-
sibility, by illustrating how to incorporate MTS integrators such as Verlet-
I/r-RESPA, MOLLY, and LN in a common framework, and (ii) high perfor-
mance by showing performance numbers similar to that of NAMD 2.2 [41], a
leading MD program with similar goals to PROTOMOL.

This tutorial should be helpful to researchers who are trying to develop
new algorithms for MD. The software design ideas that are presented here
should be useful to those writing their own software for MD, and may con-
tribute towards a standardization that allows for an easier exchange of algo-
rithms. Also, these ideas apply to languages other than C++.

The outline of this paper is as follows: First, a review of the important
components of MD is undertaken in Section 2. Then, the requirements for
MD software that supports MTS integrators are identified in Section 3. Next,
we introduce PROTOMOL’s design in Section 4, as a way of meeting these
requirements. We present related work in Section 5. An evaluation of PROTO-
MoL is in Section 6. Here we present examples of implementation of several
MTS integrators, along with performance evaluation. Conclusions and work
in progress are in Section 7. As a service to the research community and
potential users of MOLLY MTS integrators, we include an appendix show-
ing an elegant derivation of analytical Hessians for the CHARMm force field
[46]. These may prove useful in other contexts as well, such as normal mode
analysis.

2 Molecular dynamics

Here we present a review of molecular dynamics. Besides the excellent tu-
torials cited in the introduction, we recommend the more extensive tutori-
als [9,42] and the books [23,30,45,53]. We consider MTS integrators in Sec-
tion 2.1, force evaluation in Section 2.2, and boundary conditions in Sec-
tion 2.3.

2.1 Numerical integration

The numerical integration of Newton’s equations of motion is limited by sta-
bility: the length of time steps one can take to integrate the equations of
motion is fairly short relative to the total length needed for simulations —
time steps are in the order of femtoseconds (10~!® seconds) whereas sim-
ulations of a few microseconds (10~ seconds) up to one second are most
desired.



Fig. 1. Schematic for the Impulse multiple time stepping method.

Multiple time stepping integrators have been used to lengthen the time
step for most of the interactions in the equations of motion. These methods
evaluate different parts of the force at different frequencies. Limitations on
the step size in MTS integrators are still severe though, and these are due
more to stability than accuracy.

A typical MTS integrator is the Verlet-I/r-RESPA multiple time step-
ping impulse method. In this method the force is split into different com-
ponents whose dynamics correspond to different time scales, which are then
represented as appropriately weighted impulses (with weights determined by
consistency). The impulse method is
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where the partitioning of U into Ut and U®!°V is chosen so that an appro-
priate time step At for the slow part of the force is larger than a time step dt
for the fast part. In the formula, & is the Dirac function. This is illustrated
schematically in Fig. 1. This method permits an increase from 1fs to 4fs in
the length of the longest time step At. MTS integrators may use more than
two levels. LN is an effective method that uses three levels and stochastic
damping, which allows even longer time steps than Verlet-I/r-RESPA. An
elegant way to consider the generalization of MTS integrators to arbitrary
numbers of levels is the use of the Trotter factorization, cf. [23,67].

When Verlet-I/r-RESPA was introduced, it was predicted that there would
occur resonances that might induce instability if the frequency of the slow
force impulse coincides with a normal mode frequency of the system. Reso-
nance produces an oscillation in the positions whose amplitude increases with
time. There is empirical evidence that time steps of 5fs or greater are not
possible with this method.

We have worked on the mollified impulse method (MOLLY), a family of
integrators [25] that counteracts the instabilities present in the MTS Verlet-
I/r-RESPA integrator. This is accomplished by perturbing the potential using
time averaged positions. The time average is obtained by doing dynamics over
vibrations using forces that produce those vibrations. Thus,

U™ (X) — UM (A(X)), (2)



with the force defined as a gradient of this averaged potential,
—VUY(X) = —Ax (X)TVU" (A(X)), (3)

where Ax (X) is a Jacobian matrix.

This perturbation compensates for finite At artifacts. Intuitively, aver-
aged positions are better than instantaneous values for a rapidly changing
trajectory X (t). Perturbing the potential rather than the force ensures that
the numerical integrator remains symplectic [53]. The force used by MOLLY
is the gradient of the perturbed potential. The pre-factor Ax(X)! can be
seen as a filter that eliminates components of the slow force impulse in the
directions of the fast forces, and thus improves the stability of Verlet-I/r-
RESPA. Different averaging functions give rise to MOLLY integrators with
different stability and accuracy properties. We have used two different aver-
agings, one based on explicit time averaging, which is reported in [61], and
another based on complete elimination of linear instabilities, reported in [39].
These two methods overcome the 5fs barrier, and the latter achieves a 50%
speedup over Verlet-I/r-RESPA. A stochastic variant of MOLLY has recently
been shown to allow time steps of 12 to 14fs [38].

2.2 Force evaluation

Force evaluation in MD typically consists of bonded and non-bonded inter-
actions. Bonded interactions are short-range and adequately described with
simple static graph representations, and computing these forces is a simple
graph traversal. Examples are bond, angle, dihedral and improper interac-
tions. Non-bonded interactions are longer range than bonded interactions and
cannot be determined statically. They are the most computationally expen-
sive. Thus, most MD program optimizations happen here.

One of the most common optimizations for non-bonded force computa-
tions is the use of cutoffs to limit the spatial domain of pairwise interactions.
Closely related to this is the use of switching functions to bring the energy
and forces smoothly to zero at the cutoff point [60, p. 149]. Furthermore,
cutoff computation can be accelerated through the use of cell lists or pair
lists [23, p. 368].

2.3 Boundary conditions

To complete the definition of the model system to be simulated one needs to
specify boundary conditions which describe how the molecules interact with
their surroundings. The physical characteristics of the system being simulated
and the kind of questions for which answers are sought often dictate the type
of boundary conditions, even though there is a certain freedom in choosing
them. Two commonly used boundary conditions are:



1. Vacuum: this models isolated systems, and it is equivalent to using no
boundary conditions at all. It is convenient for testing numerical algo-
rithms and for understanding the behavior of individual macromolecules.

2. Periodic boundary conditions: this models systems with a small num-
ber of particles that experience forces as if they were in an infinitely
large bulk. Periodic cells are used, and when evaluating forces multi-
ple images of particles are considered. The shape of the original cell
may be cubic or hexagonal or any other number of plane filling shapes.
These forces can be summed by using the celebrated Ewald sum [16,19-
21,29,43,44,49,56,63,64].

Note that any MD system should support all of the above, and several shapes
in the case of periodic boundary conditions. Also, these differently shaped
cells should work in conjunction with Ewald-like force evaluations and cell-
list algorithms. For more details on boundary conditions the reader is referred
to the book [3, pp. 24-32,1561L.].

3 Design challenges for MD software

The previous sections have allowed us to identify the requirements of an MD
framework that is extensible and has high performance. We summarize them
under two headings: component architecture and optimization encapsulation.

3.1 Component architecture

It is necessary to have a modular design that allows for easy prototyping
of complex methods. This may be accomplished by using a component ar-
chitecture, where a number of modules, interfaces among them, and basic
communication services are defined. Examples of component architectures
are Microsoft’s Component Object Model (COM, cf. [15]) and CORBA [2].
A component architecture for high performance software is the Common
Component Architecture (CCA) [1]. The modules that we have identified,
along with their functional requirements, are the following;:

1. Collaboratory front end, which performs I/O and links to visu-
alization and steering devices. This module needs a clean interface to
the other layers. For readers interested in these considerations we recom-
mend consulting the MDAPI, an MD application programmers interface
that is described in [32], and the interactive and steered MD interfaces
described and used in [35,65].

2. Middle layer, which does integration of the equations of motion.
(a) The main requirement here is to support an arbitrary number of

levels in MTS integrators. It should be easy for the user to compose
different integrators in an MTS chain.



(b) The algorithm developer should be able to easily associate a subset
of forces with each integration level.

(¢) To accommodate MOLLY integrators, there should be a user defined
pre-processing of coordinates (averaging) and a post-processing of
forces (mollification).

3. Computational back end, which performs force evaluation and
molecular state updates.

(a) For MTS integrators of arbitrary numbers of levels, it should allow
for computation within a spatial range using different switching func-
tions.

(b) For greater flexibility of the types of systems simulated, it should
support arbitrarily shaped cells for periodic boundary conditions.

(c¢) To support more sophisticated integrators such as MOLLY, it should
allow for the evaluation of forces at user-specified positions.

3.2 Encapsulation of optimizations

To satisfy the goals of extensibility and high performance, it is desirable to
encapsulate optimizations such as parallelism without hurting performance.
This may be achieved using generic programming mechanisms, such as tem-
plates in C++, cf. [57,58,66,69]. The most important optimizations imple-
mented are described next.

1. Incremental and scalable parallelization of force evaluation and
integration We hide parallelization in two objects, and thus allow for the
incremental development of parallel modules. The applications developer
may start with a sequential implementation of his or her algorithm, while
transparently benefiting from already parallelized modules.

2. Cell list algorithms and boundary conditions One would like to
support cell lists for improved performance, with the following constraints:
(a) Arbitrarily shaped cells. This can be accomplished by making the cell

lists generic (templated).
(b) Minimum image convention for periodic boundary conditions. This
requires that the atomic pairwise distance testing be generic as well.

3. Fully customizable non-bonded forces using generic cells and
boundary conditions
(a) A visitor defining how to compute pairwise forces.

(b) A combined energy and force evaluation function.

4 ProtoMol design as a solution

ProTOMOL is an object-oriented component-based framework for MD sim-
ulations. The framework is designed for non-bonded, bonded, short-range
and long-range forces for applications with tens of thousands of atoms rep-
resenting biomolecules and solvents. It is designed for high flexibility, easy



extendibility and maintenance, and high performance demands, including
parallelization. It is a solution to the requirements for MD software that we
have identified so far.

The components (Fig. 2) implement the back end (force computation)
and the middle layer (integrators), while applications (front end) use these
components as basic building bricks to realize MD applications. Using the
component-architecture approach makes it easy for user-developers to write
their own simulations. In this section we will describe the design of the main
components of PROTOMOL.

ProtoM ol

Components Applications

Forces Base
Web C++ Tc HMC-MD
Parallel  Integrators

Core-Developer User-Developer

Fig. 2. The Framework.

4.1 MTS integrators

In order to allow for user composition of MTS integrators with good per-
formance we have implemented a twofold solution: an integrator definition
language that allows the user to compose new MTS integrators at run time,
and an integrator hierarchy that efficiently supports the integrator definition
language. Object composition and inheritance are the main techniques for
code reuse and design [24, p. 18].

Integrator definition language. At the highest level, our solution is to
provide users with an integrator definition language, where he or she can
select the following: integrator to be used at each level and forces associated
with that level. An integrator can be MTS or single time stepping (STS).
Different STS integrators may be used to define different equations of motion.
For example, one can define constrained dynamics by using the integrator



Integrator {
level N-1 integrator_name {
cyclelength||timestep value
force forcename forceoptions, [forcename forceoptions]

}

level 0 integrator_name {

}
}

Program 1: Grammar for PROTOMOL’s integrator definition language.

called SHAKE [51], or Langevin dynamics by using the Briinger-Brooks-
Karplus BBK [13] integrator. Associated with each level is a set of forces
to be evaluated at that level, called a force group in our framework. This
provides great flexibility to the user in partitioning the forces across the
multiple levels. An abstract user definition of a new MTS integrator with N
levels is given in Program 1. As examples, we present different MTS integrator
definitions in Programs 2—4.

Integrator {
level 1 MOLLY {
cyclelength 6
force Coulomb -algorithm Full -switchingFunction ComplementSWCl}
level 0 Leapfrog {
timestep 1 fs
force Improper, Dihedral, Bond, Angle
force Coulomb -algorithm Cutoff -switchingFunction SWC1
force LennardJones -algorithm Cutoff -switchingFunction SWC1}

Program 2: Two level MOLLY MTS integrator.

Integrator hierarchy and inheritance. Now we will discuss how we sup-
port this integrator definition language in PROTOMOL. We assume through-
out this presentation that one uses the velocity form of each integrator. This
form can be more easily extended to multiple levels than the position form of
the integrators [10,28,60,62,67]. For example, the velocity form of the Verlet
or leapfrog algorithm discretizes Newton’s equations of motion as in Algo-
rithm 1.

Verlet’s multiple time stepping extension, Verlet-I/r-RESPA can be writ-
ten as Algorithm 2. Similarly, MOLLY is written as Algorithm 3. One can




Integrator {

level 2 Impulse {

cyclelength 4

force Coulomb -algorithm Full -switchingFunction ComplementSWCl}
level 1 Impulse {

cyclelength 2

force Improper, Dihedral

force Coulomb -algorithm Cutoff -switchingFunction SWC1

force LennardJones -algorithm Cutoff -switchingFunction SWC1}
level 0 Leapfrog {

timestep 1 fs

force Bond, Angle}

Program 3: Three level Verlet-I/r-RESPA MTS.

Integrator {

level 2 ConstantExtrapolation {

cyclelength 50

force Coulomb -algorithm Full -switchingFunction ComplementSWC1}
level 1 MidpointExtrapolation {

cyclelength 2

force Coulomb -algorithm Cutoff -switchingFunction SWC1

force LennardJones -algorithm Cutoff -switchingFunction SWC1}
level 0 Leapfrog {

timestep 0.5 fs

force Bond, Angle, Dihedral, Improper}

}
Program 4: Three level extrapolative LN MTS integrator.
half a kick Ap
Pn71+e — Pnfl _ TVU(Xnil)
a drift
Xn _ Xn—l + AtM_IPn_1+E.
half a kick

P" = prTite %VU(X").

Algorithm 1: Velocity form of the Verlet or leapfrog discretization of
Newton’s equations of motion. The symbol P?~!*¢ represents the momenta
just after the (n — 1)th kick. X™~! and X™ are the positions. At is the
integration time step, which is typically 1fs in MD.




abstract the behavior of Verlet, Verlet-I/r-RESPA,| and MOLLY in an algo-
rithmic fashion as follows:

1. halfkick();
2. doDriftOrVibration();
3. calculateForces();
4. halfkick();
half a kick
n—1+e n—1 At slow,n—1
P = PPl el (4)
a vibration Propagate X"~!, P"~1*¢ by integrating
d -1 d fast
< , 2 (X) 5)
for an interval At to get X", P"™¢.
half a kick
Fslow,n _ FSIOW(XH)’ (6)
Pn — Pn—s + %Fslow,n. (7)

Algorithm 2: Verlet-I/r-RESPA method. The symbols P*~1+¢ and P"~¢
represent momenta just after the (n — 1)th kick, and just before the nth kick,
respectively.

The function doDriftOrVibration() is the key to the abstraction. For an
MTS integrator, it executes the next level of integration, whereas for an
STS integrator, it executes the drift routine. The function calculateForces()
evaluates each force in the force group. MOLLY also defines a pre-processing
of the positions and a post-processing of the forces. The integrator class
hierarchy is designed using inheritance (Fig. 5):

1. At the base of this hierarchy there is an abstract integrator class. It pro-
vides the interface for any integrator. Every integrator defines a run()
method that updates a set of positions and velocities by evaluating the
force group. All MTS integrators have a pointer to a next integrator.
The preprocess() and postprocess() methods are defined by MOLLY in-
tegrators as the averaging of positions and mollification of forces, re-
spectively. These methods are implemented as virtual functions, where a
virtual function allows for a common interface but specialized behavior.
The beauty of virtual functions is that an existing code can be extended
without modification.

2. An integrator that is expressed in the velocity form is what we call a
standard integrator. An integrator such as LN has to be derived from a
position-form integrator.




half a mollified kick

Pn—1+5 — Pn—l + %Fslow,n—l. (8)
a vibration Propagate X™~!, P"~'*¢ by integrating

d _ —1 i __ pofast
G X=M P L P=F"(X) (9)

(e.g., Verlet/leapfrog with time step 4t) for an interval At to get X™ and P"°.
a time averaging Calculate a temporary vector of time-averaged positions X" =
A(X™) and a Jacobian matrix J" = A, (X™)T . The time averaging function

A(z) uses only the fastest forces Fredueed(z),

half a mollified kick At
Pn _ Pnfe + 7F,slow,n (10)

Algorithm 3: Mollified impulse method. The symbols P*~1*¢ and P"~¢
represent momenta just after the (n — 1)th kick, and just before the nth kick,
respectively. Note that X™ is used only for the purpose of evaluating F*°%,
it does not replace the value of X™.

slow force evaluation:

Fslow — FS]OW(X)7 (11)
followed by k2 steps of {
medium force evaluation:
Frmed .= pred(x 4 %Ath). (12)
followed by ki steps of {
half a drift: 1
X=X+ §5tV, (13)
kick:
Ffast — Ffast (X) Frand — 2'YkBT MI/QZn (14)
’ ’ ’ ot ’
F = Fslow + Fmed + Ffast + Frand’ (15)
V= (147t)"" (V + %&M_lF) . (16)
half a drift: 1
X=X+ §6tV. (17)

H}

Algorithm 4: Extrapolative three level MTS method LN. Assume that the
medium time step At = k16t and the longest time step At = ky Aty,. Given
positions X and velocities V', we show one long step of the method.




3. There are STS and MTS integrators. STS integrators do not point to
another integrator, and their doDriftOrVibration() function performs an
update of the positions. MTS integrators point to the next integrator in
an integrator chain, and their doDriftOrVibration() function executes a
number of integration steps of the next integrator in the chain.

4. The last level implements actual integrators, such as leapfrog, Verlet-1/r-
RESPA, or MOLLY.

An extrapolative method such as LN (Algorithm 4) defines a new branch
in the integrator hierarchy, where its base is a position-form integrator (i.e,
half drift, kick, half drift). It also requires an extrapolative MTS integrator,
where the forces are accumulated from one integration level to the next.

Relationship between integrator definition language and integra-
tor hierarchy At run time, an integrator definition is interpreted and the
correct integrator hierarchy is set up by PRoTOMOL. This works because
the integration methods are virtual, and are dynamically associated with the
specific type of the integrator object that calls it. This does not hurt per-
formance since integration is a relatively infrequent operation; most of the
computing time is spent in force evaluation. An example of a 3-level chain of
integrators set by PROTOMOL at run time is shown in Fig. 3.

- - > MTSlIntegrator

doHalfKick();
doDriftOrVibration();
~-- MTSIntegrator
I *nextlntegrator doHalfKick();
I ;
I calculateForces(); doDriftOrVibration();
1 doHafKick(); STSIntegrator
[ *nextl ntegrator doHalfKick();

calculateForces(); doDriftOrVibration();
doHalfKick(); calculateForces();
doHalfKick();

Fig. 3. Multiple time stepping integrator.

4.2 Generic non-bonded forces

Our design of non-bonded forces consists of a base class defining the inter-
face to every force evaluation, which operates upon positions, forces, and
molecular structure information. The evaluation of pairwise interactions of
any non-bonded force consists of:

1. An algorithm to find the pairs to be evaluated, e.g., cutoff or full range
computations, etc. Closely associated with this algorithm is an algorithm
to manage cell lists.

2. A switching function that smoothes the potential and force evaluation.



3. A type of boundary conditions that defines how to test distances, e.g.,
vacuum boundary conditions define Euclidean distance tests, whereas
periodic boundary conditions define a minimum image convention.

All non-bonded forces do a distance testing, check for exclusions (if the
atoms are connected through a short chain of bonds the non-bonded force
between them is not computed), then call the non-bonded force function,
compute the energy and its gradient, apply the switching function, and apply
the chain rule to the energy and force. Thus, it is possible to reuse this
mechanism for cutoff, full-range, and Ewald non-bonded force computation,
and for any pairwise non-bonded force.

The great advantage of this generic design is maintenance: performance
improvements to a module of the generic non-bonded force computation ap-
ply to all non-bonded forces. For example, by changing the order of cutoff
and exclusion tests to perform the most frequent case first, we obtained a per-
formance improvement between 5% and 40%. To have all non-bonded forces
benefit from this optimization, it was sufficient to change the method that
computes one atom-pair interaction.

Fig. 4 shows how forces and integrators communicate, where the integra-
tors are responsible for the forces. Note that the integrator object, through
its force group, executes the evaluate() function of bonded forces, or of the
non-bonded force evaluator, for cutoff, full, or Ewald sums.

I ntegrator SystemForce
TBoundaryConditions. Nonbondm
o eelualcg-0 i
Thnbordrrce doOneAtomPair (
BondSystemForce NonbondedCuttoffSF g L ennardJonesForce
evaluate() evaluate() operator ()
AngleSystemForce NonbondedFullSF g | CoulombForce
evaluate() evaluate() operator ()
TBaundaryConditions ]
Improper SystemFor ce TooundryCondiions || SwitchingFunction
TCalManage _—
evaluate() operator()
Dihedral SystemFor ce FullEwaldSystemFor ce BoundaryConditions
evaluate() evaluate() basisDiffer ence()

Fig. 4. Communication Between Integrators and Forces.



Integrator

myPositions (d)
myVelocities (d)

Standar dl ntegrator

myEnergies (d)
myForces (d)
myForcesToEvaluate (d)
myTopology (d)

run(...); (v)

doDriftOrVibration(); (v)
doHalfKick(); (v)
calculateForces(); (i)
run(...); (i)

preprocess(); (i)
postprocess(...); (i)

]

ST SIntegrator

MT SIntegrator

myTimestep (d)

doDriftOrVibration(); (i)

myCycleLength (d)
myNextlntegrator (d)

L eapfrogl ntegrator

doHalfKick(); (i)

doDriftOrVibration(); (i)

NoseNV T L eapfrogl ntegrator

Impulsel ntegrator

doHalfKick(); (i)

myBathPosition (d)
myBathVelocity (d)
myTemperature (d)
myThermallnertia (d)

BSplineMOLL YIntegrator

myMOLLY Position (d)
myMOLLY Energy (d)

doHalfKick(); (i)
doDriftOrVibration(); (i)

doHalfKick(); (i)
preprocess(); (i)
postprocess(...); (i)

Key

(d) = dataelement ; (i) = method implementation ; (v) = pure virtual method

Fig. 5. Integrator hierarchy in PROTOMOL.




5 Related work

Besides tutorials on development of integrators for MD that have been cited
above, one should cite the many excellent MD programs such as AMBER
[71], CHARMm [11], NAMD [41], SPASM [8], X-PLOR [14], PINY_MD
[68], and many others [7,12,17,34,47,59]. Indeed, one has to answer the ques-
tion, why another MD program? Our answer is that many design decisions
of programs intended for production simulations render them inappropriate
to serve as an algorithm development and academic research platform.

Of all the programs above, NAMD 2.2 addresses several of the require-
ments we have identified in this paper, and it has served as an inspiration
in the design of PRoTOMOL. NAMD has an object-oriented design, it is
written in C++ and the parallel language Charm++, and has excellent perfor-
mance through the use of an efficient data and work decomposition and active
messages. However, its abstractions do not go far enough to allow sufficient
code reuse, and many optimizations are not encapsulated enough, so that
the algorithm developer has to consider them from the outset. In particular,
ProTOMOL addresses the following limitations of NAMD for the develop-
ment of algorithms: First, in NAMD, the integrators are hardwired into one
sequence, with multiple tests to determine what kind of system one is using;:
for example, Langevin or constrained dynamics, full or cutoff electrostatics,
and many more possibilities. Our design separates these possibilities into dif-
ferent modules. Also, our integrator hierarchy and the integrator definition
language allow for the dynamic creation of MTS integrators, facilitating the
development and testing of new algorithms. Second, in NAMD, the force com-
putation is written using compilation macros to account for different types of
non-bonded force algorithms (cutoff or full range), types of switching func-
tion, cell manager details (whether it is computing a pair within a cell or
different cells), exclusions, etc. In our design we solve this problem through
the use of generic force classes, as explained in the previous section. Thus,
instead of compilation macros we use template parameters. Because of inlin-
ing we can still get the advantages of compiler optimizations. Third, NAMD
achieves impressive scalability (being a finalist of a Gordon Bell prize in Su-
percomputing 2000) through the use of active messages and a combined force
and spatial decomposition. These optimizations impose a great penalty on
developers: one needs to deal with the distributed nature of the computations
at all force levels. Also, the active message approach hides the control flow,
which is now determined at run time and cannot be determined from reading
the code. Our design hides these optimizations at the deepest level, and it
uses common libraries such as the standard template library (STL, [57]) and
MPI [22], without altering the control flow.

Finally, we acknowledge the influence of object oriented frameworks such
as POOMA [31], and object oriented libraries such as OOMPA A [33], which
offer examples of powerful abstractions for scientific codes. Generic libraries
such as the STL [57], Blitz++ [69], and MTL [58], have taught us how to



write high performance software in C++ [66]. Excellent references to scientific
computing in C++ are [6,70].

6 Evaluation of the framework

We show preliminary evaluation of PROTOMOL by comparing its perfor-
mance against NAMD 2.2 in Section 6.1, and by showing how to implement
a MOLLY integrator in Section 6.2.

6.1 Performance: ProtoMol vs. NAMD 2.2

Runs were performed on a SGI Onyx2 (250MHz r10000). The times represent
the wall times (in seconds) for 10 steps, sequential. For every step PROTO-
MoL uses plain Ewald summation, whereas NAMD 2.2 uses Particle Mesh
Ewald [18]. Table 1 shows results for a solvated BPTI system with 14281
atoms.

| ProToMoL I NAMD?2 |
Periodic boundary conditions

Plain Ewald 209.38 PME 57.10

Cutoff 33.19 Cutoff 22.53
Normal boundary conditions

Cutoff 25.36 Cutoff 20.00

Full Coulomb 455.03 Full Coulomb -

Full Coulomb & VdW|349.43||Full Coulomb & VdW|351.49

Table 1. BPTI, 14281 atoms, cutoff of 10 A.

6.2 Example: B-spline mollified impulse method

Now we show how to implement a particular MOLLY integrator. We pro-
vide more detailed information in how to efficiently compute this integrator,
including the analytical derivation of the angle Hessian in the appendix. This
Hessian is needed in the algorithm described next. It is possible to use time
averagings that consist of numerically integrating an auxiliary, reduced prob-

lem: )
(o] t B
= — — X 1
Aw =5 [0 () Xoar 18)
where ¢ (A%) is a weight function, and X (t) solves an auziliary problem

2 ~ ~ ~
M%X = Fredueed(X) . X(0) =z,

d -~
X =0 (19)



This approach is computationally feasible if the weight functions ¢ have
compact support in time. The paper [25] suggests using B-spline weight func-
tions, which are non-zero over a short interval. The effectiveness of the averag-
ings induced by these weight functions is directly related to the extensiveness
of the time averaging. One such B-spline weight function that has been tested
is called ShortAverage:

0, §<0,

2, 0<s<?i,
ORI (20)

) 8_57

0, s>%.

The coding of A(z) and A;(z) can be done by hand in a systematic
manner. First the calculation of A(z) is coded, and then the differentiation,
applying the chain rule with respect to each of the components of x to yield
code for A;(z). As an example suppose that the leapfrog method with time
step dt is coded for the calculation of A(x). This is then differentiated to
obtain A, (z). The result is the following code for calculating A(z) and A, (z):

Initialization is given by

Xi=z, X, =1,
P:=0, P, :=0, (21)
B:=0, B, :=0,
and step by step integration by

P:= P+ LotFreduced(X) P, := P, + LotFreduced(X) X,

B := B + 54tX, B, = B, + 30tX,,

X :=X+66M'P, Xy =X, +tM~1P,, (22)

B:=B+ %étX, B, = B, + L0tX,,

P := P + ;§tFredued(X), P, := P, + LotFredueed(X) X,.

The value (1/At)B is used for A(z) and (1/At)B, for A,(z). We continue
the above integration until we reach a value of ¢ such that ¢(t/At) is zero at
this value and remains zero for larger values of . In practice, one would like
to choose 6t = %. If such is the case, and if ShortAverage is used, then one
gets a handy equation for computing A, (z) :

1
Au(e) = T+ S AP M F (2) (23)
where F, = —Ureduced(z) which is the Hessian of the energies involved in

the time averaging. To implement a B-spline MOLLY integrator we have to
compute the Hessian matrices directly. The derivation of analytical Hessians
is shown in the Appendix.

To illustrate the procedure, consider a water system. Water systems are
easy to experiment with since all the water molecules are separate from each



other. Assume the O is numbered as atom 1, and the H as 2 and 3. In order
to mollify the slow force impulses acting on each atom, and if only bond
and angle energies are included in the reduced system, we can assemble the
bond Hessians and angle Hessian to form a complete Hessian for one single
molecule. Suppose the Hessian matrices of bond energy for atoms 1 and 2,
and 1 and 3, i.e., H?412 and HP913, and the angle Hessian matrix for atoms
12 and 3, i.e., H323,
The assembled Hessian matrix for this whole molecule is as follows:

a123 bd12 bd13 r7al23 bdl2 r7al23 bd13
total i —‘_12]3{11 ;:1112{11 H12123 N H%fdu His -‘_12};’12
otal __ alz a a
" B H21123 N H%1d13 A -*_12]3?22 1213123 bd13 | 24)
H3* + Hyy H H33*" + Hy;

Substituting F,(z) in Equation (23) with —H*®*%! one gets the the filter
A (z).

7 Conclusions and work in progress

This paper has identified important requirements for the development of bet-
ter multiple time stepping integrators, which may accommodate an arbitrary
number of levels and run time flexibility in the assignment of forces to dif-
ferent integration levels. In particular, we have identified the requirements to
accommodate Verlet-I/r--RESPA, MOLLY, and LN methods in a common
framework.

We have shown the usefulness of software engineering for scientific com-
puting, in particular the ideas of object-oriented design, particularly object
composition and inheritance, which allow for a separation among modules,
and the specialization of integrators according to their taxonomy; generic pro-
gramming, which served to abstract common operations in the non-bonded
force, allowing for parameterized routines on the non-bonded algorithm used,
switching function, cell list algorithm, and boundary conditions; and object
oriented design, using . High performance is obtained by using inlining and
generic programming, since the code can be efficiently optimized by modern
compilers.

We have kept the code relatively straightforward for algorithm develop-
ment by encapsulating all optimizations: for example, parallelism is hidden
inside a Parallel object, cell management for arbitrarily shaped cells is also
encapsulated, as well as boundary conditions. These optimizations are usually
the culprits for lack of extensibility in MD codes.

We have evaluated our framework PROTOMOL by illustrating how to im-
plement complicated MTS algorithms such as a B-spline MOLLY method,
and evaluated its performance by comparing to a leading MD program,
NAMD 2.2. The paper provides enough detail to enable the reader to im-
plement different MTS integrators, including MOLLY methods, either using



our design ideas and interfaces, or by directly using our framework. Regard-
ing performance, although we are somewhat slower than NAMD, there is
great room for improvement in the optimizations, and the flexibility of our
platform is much greater. As far as parallelism, in another paper we report
a parallel efficiency of 75% in 32 nodes where only non-bonded forces were
parallelized [48]. It does not compare with NAMD, which to the best of our
knowledge is one of the most scalable MD programs, but we provide an at-
tractive algorithm-development and production platform.

We are making the design even more flexible by abstracting the force
computation and molecular structure even more, so that a certain graph-like
data structure may be used as the basis for traversals with generic visitors
that actually compute the forces. We are also extending the framework to
include Monte Carlo and Hybrid Monte Carlo applications.
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Appendix Derivation of the Hessian of the Angle
Energy

We derive the Hessian of the angle energy used in the CHARMm force
field [46]. This is the most complicated, and the same approach can be used
for other bonded forces. Angle interactions describe angular bonds between
three atoms. These bonds are modeled as harmonic angular springs. The
energy of such a bond between atoms i, j, and k is given by:

Eangle = EG + Euba (25)
Eg =k (6 —60)°, (26)
Eub = kub (|Pik] — 7ab)” (27)

Tij Tkj
73117 ksl
this bond, kyp is Urey-Bradley constant, r;; = 7y — r;, |7i| is the calculated

where kg is the force constant, § = cos™! ( ) , Oy is the rest angle of



distance between atoms ¢ and k and ryy is rest distance for the Urey-Bradley
term.

By definition, the Hessian is the second derivative of the energy function.
The Hessian of the Urey-Bradley energy as shown in Equation (27) can be
obtained easily.

I0-1 9 ket Tt vivikT =1 0 —rierie” + 1
E" =2k, | 000 | + 7|“. |“ 0 0 0 . (28)
—I0 I Tk —virvik” +10 riri’ =1

Let C(a, B,7) = ;\J;g:/% where a, 8 and + are scalars, and o = |r;;|%,

2 2
B =|rk;|", and v = |rri|”.
Now the angle energy can be expressed as

Ep(C(a, 8,7)) = ko(cos™ (C(a, B,7)) — b0)*- (29)

The second derivative of the Fy part is then expressed as follows:

a

—— 2 kg[sinf — (0 — Bg) cos b
Ef =EcCrr+ ( ol sir(13 ; 0) ]) c,cr (30)
R ~- _
where Eq = —2l=00) 0. = fa, + gB, + hy, in which | = 255

9= 4_\(;;2—3'—/17 h = _2\/_+\/_7 Qpr = (_27270)T « ng: ﬂT = (0727 _2)T\/B "'l::j,
and v, = (2,0, —2)T\/7 r1:. The C,, is computed as follows:

C:‘l'r*
Crr = (f v + 9 Ber + hyer) + (r 7+ By g7 + 7 BT, (31)
where
21 —-2I0 0 0 0 2I 0-21
Q= |=2I 2I 0|, Bp=102 =2I|, ~v,=| 0 0 0 (32)
0 00 0-2I 2I —2I0 2I
and
szfaaT+fBﬂT+f’Y’YT7 grzgaar+gﬁﬂr+gv'yra
hy = hq ar + hg By + hy vy (33)
where
_ —a+38—3y _—a—fB -7 _ 1
fo=Swryg > V= sarer Ny Y

_ _3a—-p3-3y B 1
9o = fps gﬁ—Wa gw—Wa
ha =fy, hg=gy, hy=0. (36)



In Equation (31), the first part, C2,., becomes

T

2f+h) I —2fI  —2hI
Ch,=1| =2f1 2(f+g9l =291 |,
—2nI =291 2(g+h)I

whereas the second part, C?,, becomes

07137‘ = fa (IT-OZZ’ + fB OZTIBZ + f’y 0‘7‘731 + o /87-0477: + ag ﬂrﬂz +

9~ ﬂr'}’? + ha 'Yraz + hg 'Yrﬂ? + hy '71"731
where

- ~ AT A~ AT
47'z'j7'ij _47'z'j7'ij 0

T . .
Qro, = —4TijT'ijT 4T,‘j’l‘ijT 0| «
| 0 0 0
[0 0 0
T _ A AT A AT
BrfBy = |0 4rjprik . —4rjgrie | B
_0 —4 Tjijk 47'jk7'jk
- n AT A a T
. Ariprin” 0 —4rigrig
Ve = 0 TO 0 - |7
| —475krin” 0 4riprin” |
[ 0 0
T N AT ~ AT
ﬂrar = _4Tkj7'z'j 41“]9]'7“,']' \/E\/B

B ~ AT ~ AT
—4 TkiTij 47"kz'ﬁ'j
ol = 0 0
~ AT ~ AT
| 4'f'ki7'ij _47'k:i7'ij

0
0

| 47‘];]'7‘;]'71 —47“]:;]'7‘2]'7‘ 0_
0
0 Vayay
0

. [0 4rkirk; " —4rhirk; "

77"/81" = 0 0 0 \/Bﬁ

[0 —4rhiri; " 4rhari;”

arﬂ? = (BraZ)Ta ar'?’g: (7Ta?)T: ﬂr%;r: (WTﬂ?)T-

The second part of Equation (30) becomes

b (2k9[sin0— (0 — 6p) cos b
Err = . 3
sin® @
gfﬂraz' +hf7r047:{’ +
9farBT + g B BT + hgvBr +
hfaryr +ghByl + B2 yAl).

) (f2 arazv +

(37)
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