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from the implementation of the penalty function method in CHARMM, here we
used the following constraint function for each of the distances.

r2
i,j − d2

i,j = 0, with ri,j = ‖xi − xj‖,(5.7)

where di,j is the distance between atoms i and j in the global energy minimum
configuration of the cluster. The penalized energy and force functions can then be
formulated as,
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and the equation of motion becomes,
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where S is the set of selected pairs of molecules with distance constraints. We
integrated the equations in (5.10) by using the position Verlet. A flow chart for
the penalty function algorithm as applied to argon cluster simulation is shown in
Figure 9. Note that in this implementation of the penalty function algorithm, a
step size of 0.032 was used, and the penalty parameter was increased by 1 in every
500 time steps during the whole simulation.

Figure 10 shows the changes in potential energy for cluster 24 in 9000 time
steps simulated by Verlet (VL) and the penalty function method (PL). Within
this period of time, the potential energy of the trajectory produced by the penalty
function method decreased gradually towards the global energy minimum of the
cluster while the trajectory produced by Verlet remained oscillating at a high energy
level. Similar results were observed on other clusters. Some of them showed even
faster convergence of the trajectory to the global energy minimum of the clusters,
as shown in Figure 11 for cluster 13, where the trajectory approached the global
energy minimum in 3000 time steps.

6. Concluding Remarks

In this paper, we have proposed a so-called penalty function method for con-
strained molecular dynamics. In this method, a special function is defined so that
the function is minimized if the constraints are satisfied. By adding such a func-
tion in the potential energy function, the constraints can then be removed from
the system, and the simulation can be carried out in a conventional, unconstrained
manner. The advantage of using a penalty function method is that it is easy to
implement, and does not require solving a nonlinear system of equations in every
time step. The disadvantage of the method is that the penalty parameter, i.e.,
the parameter used to scale the penalty function, is hard to control and in princi-
ple, needs to be large enough for the penalty function to be truly effective, which
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Figure 10. Changes in potential energy of argon cluster 24. Solid
and dotted lines show the potential energy of the trajectory pro-
duced by the Verlet (VL) and penalty function (PL) methods,
respectively. Here, randomly selected 50% of all distances were
constrained to their distances in the global energy minimum con-
figuration (-97.349).

on the other hand, may cause numerical instabilities when used in simulation. It
may also arguably be a disadvantage that the penalty function method only forces
the constraints to be satisfied approximately but not completely. In any case, the
method may possibly be used as an alternatively and computationally more effi-
cient approach for constrained molecular dynamics simulation than the Lagrange
multiplier types of methods.

We have first implemented a penalty function method in CHARMM and tested
it on protein Bovine Pancreatic Trypsin Inhibitor (BPTI) by following a similar
experiment done by Gunsteren and Karplus for the Shake algorithm. In this im-
plementation, we removed the bond length potentials from the potential energy
function and introduced the corresponding bond length constraints. For each of
the bond length constraints, we constructed a quadratic penalty function and in-
serted it into the potential energy function. For each different type of bond, we also
scaled the corresponding penalty function with the force constant of the bond so
that the resulting function had the same form as the original bond length potential
if without multiplied by the penalty parameter. In this way, the resulting force
field becomes simply a continuation of the original force field as the penalty param-
eter changes continuously from 1 to a value > 1. We conducted a simulation on
BPTI with the penalty function method, and compared the results with Verlet and
Shake, and found that the penalty function method had a high correlation with the
Shake and outperformed the Verlet. In particular, the root-mean-square-deviations
(RMSD) of the backbone and non-backbone atoms and the velocity auto correla-
tions of the Calpha atoms of the protein calculated by the penalty function method
agreed well with those by Shake. Note again that the penalty function method
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Figure 11. Changes in potential energy of the trajectory for ar-
gon cluster 13 produced by the penalty function method. Here,
randomly selected 60% of all distances were constrained to their
distances in the global energy minimum configuration. The tra-
jectory already approached to the global energy minimum (-44.3)
of the cluster in 3000 time steps while the trajectory generated by
the Verlet remained in high energy.

requires no more than just applying a conventional, unconstrained simulation algo-
rithm such as the Verlet algorithm to the potential energy function expanded with
additional penalty terms for the bond length constraints.

We have also tested the penalty function method on a group of argon clusters
with the equilibrium distances for a selected set of molecular pairs as the constraints.
Here by the equilibrium distances we mean the distances for the pairs of argon
molecules when the clusters are in their global energy minimal states. We generated
these distances by using the global energy minimal configuration of the clusters
published in previous studies. A penalty function was constructed for each of the
constraints and incorporated into the potential energy function of the cluster. The
simulation was then conducted by using a conventional, unconstrained simulation
method, i.e., the Verlet algorithm [26], with the extended potential energy function.
Here, there were no substantial algorithmic changes or computational overheads
required due to the addition of the constraints. The simulation results showed that
the penalty function method was able to impose the constraints effectively and the
clusters tended to converge to their lowest energy equilibrium states more rapidly
than not confined by the constraints.
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