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A FAMILY OF SYMPLECTIC INTEGRATORS: STABILITY,
ACCURACY, AND MOLECULAR DYNAMICS APPLICATIONS*

ROBERT D. SKEELT, GUIHUA ZHANG?!, AND TAMAR SCHLICK}

Abstract. The following integration methods for special second-order ordinary differential
equations are studied: leapfrog, implicit midpoint, trapezoid, Stérmer—Verlet, and Cowell-Numerov.
We show that all are members, or equivalent to members, of a one-parameter family of schemes.
Some methods have more than one common form, and we discuss a systematic enumeration of these
forms. We also present a stability and accuracy analysis based on the idea of “modified equations”
and a proof of symplecticness. It follows that Cowell-Numerov and “LIM2” (a method proposed by
Zhang and Schlick) are symplectic. A different interpretation of the values used by these integrators
leads to higher accuracy and better energy conservation. Hence, we suggest that the straightforward
analysis of energy conservation is misleading.
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1. Introduction. Our focus in this paper is a study of a set of methods for
systems of special (i.e., see (1) below) second-order ordinary differential equations
(ODEs). This set includes the following well-known methods: leapfrog, implicit mid-
point, trapezoid, Stormer—Verlet, and Cowell-Numerov. Of special interest to us is
the application of such methods to molecular dynamics (MD) of biomolecules. These
problems, as well as many other special second-order ODEs, are Hamiltonian systems,
and recently there has been much interest in the use of symplectic integrators in such
contexts. Symplectic methods preserve certain abstract invariants of Hamiltonian sys-
tems. Experiments [1, 2] show that symplectic methods give remarkable accuracy for
long integration intervals, and it has been shown by Suris [3] that symplectic methods
are stable for linear systems for sufficiently small values of the stepsize. Another at-
tractive feature of symplectic integrators is that the error due to a finite timestep can
be interpreted as an error in the scalar Hamiltonian function from which the force
vector is generated,! not merely as an error in the force vector. For further infor-
mation on symplectic methods for Hamiltonian systems, see [1] and references cited
therein.
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Our aim here is to unify and simplify the formulation and analysis of several
methods for MD in the context of symplecticness. We show that the schemes above
are all members, or equivalent to members, of a one-parameter family of methods.
This makes implementation unified and comparison facile. Some of these methods
have more than one common form, and the various forms are presented here system-
atically. In the case of the Verlet—leapfrog method, such a dual representation has
been discussed in [4, 5].

Also presented are a stability analysis, an accuracy analysis based on the idea of
“modified equations,” and a proof of symplecticness. A particular by-product of this
result is a demonstration that both the fourth-order Cowell-Numerov and the method
LIM2 of Zhang and Schlick [6] are symplectic. The values used by all these integrators
can be interpreted in a slightly different and more favorable way through trajectory
transformations, leading to higher accuracy and better energy conservation. As a
consequence, we suggest that the straightforward analysis of energy conservation is
misleading. That is, energy conservation alone can suggest, for example, that the
implicit midpoint method is more accurate than the Verlet method, but in fact Verlet
is twice as accurate. Numerical experiments on a model of butane support the results
of the asymptotic analysis for the moderately low accuracies used for MD.

The idea of interpreting numerical values in a more favorable way is similar to
an idea of Butcher [7] for increasing the order of Runge-Kutta methods. In the
more specific context of symplectic integration this idea appears in a lively paper [8]
motivated by solar system dynamics. Also, earlier papers [9, 10] essentially have
the same idea. One difference between the work in [8] and our approach is that
they use Hamiltonian flows whereas we use generating functions to construct the
transformation between what they call “mapping variables” and “real variables.” Our
numerical results for molecule dynamics give further evidence of their assertion that
one can “relate the mapping variables to the real variables and consequently remove
the spurious oscillations” to a large degree.

In the family of methods we consider, all are implicit except for Verlet. Thus, it
is reasonable to question the practicality of the implicit method for biomolecular MD.
Various techniques for accelerating the solution process of the resulting nonlinear
system [11, 12] have been devised to make computational cost manageable, even
competitive at moderate timesteps. Moreover, implicit methods might be viewed as
starting points for deriving cheaper methods that have nearly as good stability and
accuracy properties. Thus, further development of implicit schemes for such large-
scale problems is warranted.

We consider the system of ODEs

d’z

where z is the collective position vector, M is a diagonal matrix of masses, and F
is the collective force vector. We now describe the Stormer—Verlet, leapfrog, Cowell—
Numerov, LIM2, implicit midpoint, and trapezoid schemes. The discretization known
as the second-order Stérmer method is given by

1
(2) S M(X"T 22X+ X = F(X™),
At
where At is the timestep, and X™ denotes the difference approximation to x at time
nAt. This scheme was derived from a truncation of the higher-order method used by
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Stormer [13] to integrate trajectories of electrons in the aurora borealis. Toxvaerd [14]
states that “the first known published appearance [of this method] is due to Joseph
Delambre (1791) [15, 16].” This method was proposed as an integrator for MD by
Verlet [17] together with the formula

1

Vn - Xn+1 _ Xn—l
(3) ox )
for calculating the velocity v = %. It is known [18, p. 80] that this combination is
equivalent to the leapfrog method, defined as
(4) Vn+1/2 _ Vn71/2 + AthlF(Xn)’
(5) Xt = X AfYTHY2

The implicit discretization scheme with a different right-hand side than in (2),
1 1 5 1
o M(XH 22Xt Xt = D R(XTTY + D F(XT) 4 s F(X T

©) M £ XM = DR 4 S F(XT) + PO,

is often known as “Cowell’s method.” It was used by Cowell and Crommelin [19] to
predict the return of Halley’s comet in 1909. In the context of two-point boundary
value problems it is known as “Numerov’s method.” The coefficients of the forces are
chosen to yield fourth-order accuracy.

The method “LIM2” of Zhang and Schlick [6] is defined by

(7) éM(X"“ —2X" 4+ X" =F (;(X”“ + X”‘1)> .
This method was proposed in a paper comparing performance of several implicit
integrators for the Langevin equation, including implicit-Euler and implicit midpoint.
Both LIM2 and the midpoint method were found to be superior to the first-order
implicit schemes because they possess no intrinsic (numerical) damping on the basis
of linear analysis. However, resonance problems have been recently reported and
analyzed with the implicit midpoint [20]. The implicit midpoint method is given by
the pair
1
At
(8)
and the trapezoid method is similar, using only a different force approximation:
1 n+1 ny __ 1 n+1 n 1 n+1 ny __ 1 n+1 n
E(X —X)—é(V +Vm), EM(V —V)_Q(F(X )+ F(X ))
(9)
These two equations are known to be equivalent [21].
As we will show, all methods above are members of the one-parameter family
of symplectic methods presented in this paper. For leapfrog—Stérmer—Verlet a = 0,

for Numerov—Cowell a = %2, for implicit midpoint-trapezoid o = 1, and for LIM2

method a = % Equivalence here means that by some operation (;pplied to values
that are only local in time) we can transform values obtained by one method so that
they satisfy another. For example, if the values X™, V™ are obtained by the trapezoid
method, the transformation

X”:Xt%{/”, V=V —

1 1
(Vn+1 Jrvn)’ —M(V”Jrl _ Vn) —F <2(Xn+1 + Xn)> ,

XnJrl — X" =
( ) Ar

N

%M*F(X”)
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gives values X”, V™ that would be obtained by the implicit midpoint method. (This
transformation is obtained by observing that one step of the trapezoid method is
equivalent to a step of forward Euler with timestep % followed by a step of backward
Euler with timestep %. Similarly, implicit midpoint corresponds to backward Euler
followed by forward Euler.)

2. Formulation. We now describe the basic form of our family of integrators
and associate specific values of the parameter a with different integrators. At the
beginning of step (n+ 1), we assume that we know the collective position and velocity
vectors X" and V"™ as well as the collective force vector F™. In particular, F™ has
been obtained by solving the nonlinear system

(10) F" = F(X" + aA*M~1F™),

where « is the parameter defining each method within our family of schemes. Note
that (10) is an implicit equation for F™ for a # 0. Below we describe several forms
(e.g., 1E, 2M, 1E) for defining one integration step, that is, updating formulas for po-
sition, velocity, and force. Suffixes E and M distinguish between formulas that involve
evaluation (to derive the implicitly defined force) at the endpoints and midpoints, re-
spectively. Prefixes 1 and 2 are taken from standard terminology in the numerical
solution of ODEs: “1” for a one-step scheme that involves both position and veloc-
ity, “2” for a two-step scheme that only depends on position; in the latter case, the
velocity can be computed by various definitions (e.g., (3)), and this choice does not
affect the positional trajectory. Finally, we use bar notation in the propagation title
to denote a scheme that uses X = X" + aAt*F" instead of X" (this will become
clear below). With these notations at hand, we now define propagation forms 1E,
1M, 1E, 2E, 2M, and 2E. We show that 1E, 1M, 1E can be related to the Verlet (and
related leapfrog), implicit midpoint, and trapezoid schemes. Forms 2E and 2E can be
related to the LIM2 and Cowell methods.

Form 1E.
VTL+1/2 — VTL + %M—an,
Xn+1 - X" —|—AtV”+1/2,
(11) Fril = P(X™ 4 aAPM ),

V’n+1 — VnJrl/Q 4 %Mle’n%»l.

This propagation is classified as “E” because the force calculation occurs at the end
of the time subinterval (i.e., F"1). Within this definition, there are several ways to
write the MD equations. If we eliminate the intermediate value V"**1/2 we obtain

At

(12) vt =yn 4 7M*1(F" + Fth

for the velocity. We can also offer a one-parameter family of formulas for the position,
of which the most interesting ones are

A 2
(13) X = X" 4 AtV + TtM‘lF"
and
At At?
(14) X = X (VI V) = S M (P - ),
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For a = 0, (12) and (13) coincide with the known “velocity Verlet” scheme [18, p. 81].
The related leapfrog method is obtained by replacing computations of V™ for integer
values of n by computations of the velocity at the midpoint of the interval only, using

(15) yrtl/2 — =2 L ApM YR

Instead of omitting velocities at integral n, we can also define additional positions
1/2 _ At 1/2
XnHl/2 = x4 Styntl/2,
If we relabel X"~ /2 and V"~1/2 as X™ and V™, respectively, we get the midpoint
form of our propagation (not to be confused with the midpoint method).
Form 1M.

Xn+1/2 - X" + %V’n’
Frol2 — PXMH2 p AP M ETT?),
(16) vl —yn  AtM LR,

Xn+1 _ X7L+1/2 + gvn-l—l.
2

If we eliminate the intermediate values X"*t1/2 and F"*/2 we have in analogy to
(12) and (13) above

At
(17) X7 = X (Vv

for the position and a (one-parameter) family of formulas for the velocity. The most
interesting representatives of this family are

A
(18) Vil — v AtM LR (X” + 7tV" + oVt — V")>
and

Equation (17) and (19) with a = ] coincide with the usual formulation of the implicit
midpoint method.

If we use X" rather than X™ as our variable, we have another variant.

Form 1E.

_ At 1
(20) Xntl = X 4 7(1/“+1 + V™) + <a - 4) AP M7 FTE - ),

At
TM_I(FTL + F7L+1).

(21) Vn—H . VAL
In this formulation the method is technically not symplectic for a # 0. With o = %7
we recover the trapezoidal rule.

If we eliminate V™ from form 1E, we obtain A7f_2M_1(X"""1 —2Xn4 Xl =
where F" is defined in (10). Using the first relation to substitute for F™ in the right-
hand side of (10), we get our next form.

Form 2E.

1
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The velocities can be recovered by setting
1
C2At

For a =  this is the form given by [6] for the method LIM2.
If we eliminate V" from 1M, we have form 2M.

(23) %6 (Xt — xnh),

Form 2M.
(24) LM(XnJrl —2X" 4 anl) _ }anl/Z + }Fn+1/2
At2 2 2 9
where
1 1

The velocity is obtained from

— 2LAIS(XMLI _ anl) _ %M*l(FﬂJrl/? _ Fn—1/2).

We know of no use of this form in the literature.
If we eliminate V" from 1E, we have our final variant.
Form 2E.

(26) 1%

1 — _ _
(27) @M(X”'H _9X" 4+ Xn—l) — qF" 1 4 (1—2a)F" + OzF"'H,

with the velocity formula:

alt

(28) V= (XX

M71 F’n+1 - anl .
2At ( )

With o = 1—12, this form coincides with the Cowell method. The formal order of
accuracy (four) is such only in this form and only for X™. Some favor this form [14]
because it is in some sense canonical: it involves only those “special” values at which
the force is evaluated, all other values being regarded as ad hoc combinations of these.

Although six forms have been offered above, we favor form 1E for the following
reasons:

1. This form has good round-off error compared with forms 2E, 2M, 2E since
cancellation is avoided [22, p. 472]. Because of the exponential growth of
errors [18], this aspect cannot be ignored, especially with the use of single
precision.

2. Form 1E generalizes efficiently to multiple timestepping [23, 24, 25] compared
with form 1M.

3. Form 1E is symplectic unlike form 1E, which instead of using X" uses the
more natural values

(29) X" = X"+ aAtP ML E",

which are the points at which F is evaluated. Nonetheless, it can be shown
that 1E is equivalent to a symplectic method. Still, we prefer to use a sym-
plectic form, since this helps design method variants that retain symplectic-
ness; we also would expect that values computed in this form might be better
behaved.
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Below and in the next section we restrict ourselves to conservative forces for which
F(z) = —E,(x) for some potential energy function F(x) where E,(z) is the gradient
of the potential energy function. In this case the Jacobian matrix for the force vector
is symmetric. This property can be exploited, as shown in [6], to express the nonlinear
systems of equations as an optimization problem. If we regard f = F"™ as our variable
of unknowns, the problem becomes finding a minimum of

1
(30) éAtZ fPM7 f + o ' E(X"T 4 aAP ML),

For a = 0 (explicit method), the second term becomes At?E,(X"*HTM-1f. 1If
instead we use X = X" ! + aAt?M~1f as the variable, the minimization problem
for the “dynamics function” ®(X) is formed, where

(31) O(X) = %At*(x — X" (X — X" + aB(X).

Clearly, many solutions that minimize ® exist [26]. However, we want a nearby
solution in some sense. For example, we may seek the solution that will be obtained
by analytical continuation as « varies from 0 to its desired value. This solution will
be well defined as long as the Hessian of the dynamics function ® remains positive
definite. When positive definiteness does not hold, we may consider the timestep to
be too large.

3. Accuracy. We now analyze accuracy by the “method of modified equations,”
introduced in computational fluid dynamics [27, 1] to interpret the effect of discretiza-
tion error as a change in the mathematical equations. The idea is based on the as-
sumption that the numerical values (X™, V™) are exact values of functions (X (t), V (t))
that satisfy differential equations with slightly different right-hand sides, which are
assumed to possess asymptotic expansions in powers of At. We, in fact, use P = MV
(momenta) instead of V' as variables so that our given system is Hamiltonian:

dx dp

32 — =H — =—H,(x,p),
(32) = Hyep), = —H(xp)
where H(z,p) = 3p"M~'p+ E(x).
After a somewhat lengthy calculation, described in the subsection that follows,
we get a Hamiltonian system, at least up to O(At?),

X .

OiTt = Hy(X, P) + O(AtY),
P -

W A.(x,P)+o(ar)

with

H(X,P) = %PTM*P + E(X)

(33) + At? <112(M1P)TEM(X)M1P - <214 + ;a> Ex(X)TMlEx(X)>

where E,.(X) is the Hessian of the potential energy function. One can carry the
expansion as far as one likes (although it may not converge if carried to infinity).
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A similar result holds for the M form of the method. Again, after some calcula-
tions, given in the subsection that follows, we obtain a Hamiltonian system, at least
up to O(At*), with

H(X,P)= %PTM_lP + E(X)
2 L1\ T -1 L1 Tyt
+ At (24(M P)" Epp(X)M P+<122a> By (X)"' M Ex(X))-
(34)

3.1. Calculation of modified Hamiltonians. We begin with the E form.
First note that

F" = —E,(X™) + aA By (X")M VEL(X™) + O(AtY).

Expanding (14) and (12) in a Taylor series about ¢ = t,, + 3 At, we get

dX AP dPX At? P At dM~'E.(X)]
At 4 - T AP+ T e T ] At
tdt + 24 dt3 t + 8 dt? 4 dt +O(A),
dP AL BP At® d?
At + = 7 = _AtE (X)) — = T [E (X
tdt + 24 dt3 =(X) 8 dt2[ =(X)]

+aAtP B (X)M ' EL(X) + O(AtY),

where X = X(t,, + §), P = P(t, + 5'). Hence

dx 1 2P 1 dX 13X
— =MT'PH AP (M e 4+ M T B (X)) — At
dt N <8 a2 1 X 21 ap ) TOBL):
P 1 dX dx\ 1 X
— = —E,(X)+ A [ —ZEpa(X) [ =, = | = = Ep(X)——
di (X)+ (8 ()<dt dt) s B (X) 50
1 d®P
OB (X)M T B(X) ~ dt3)+0(m )

The double summation involved in E,,,(X) is indicated with multilinear notation.
By successive substitution we get

dd‘t( _ M*1P+At2 <éM1Err(X )M1P> + O(At4),
dpP 1

. BE(X)V+ A ——E, (X)) M 'PM'P

b (X)) + At ( B vz (X)

1
+ (15 + ) BuOMTE(D) + 0ar)
hence (33) follows.

We obtain the result for the M form as a consequence of the result for the E form.
We begin by getting the transformation that links the two forms. For this we need to
relate values X™, P™ to values X"~1/2 P"—1/2. making use of the various definitions,
we get

X" — Xn—1/2 + %M—lpn—1/27

pr=pr124 %F (X"W + (; — 2a> AtM P12 4 2aAtM1P") ,
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which is implicit in P™. If we let hat superscripts denote values for the 1M form, we
have

. A .
X=X+ gM_lP,

P=P+ %F (X + (; — 2a> AtM P+ zaAtM—lp) :
To make the transformation explicit, we expand it in powers of At:
P=P- %AtEI(X) - %AtQEM(X)M*P
AP B ()M B (X) - 1—16At3Emw(X)(M_1]3, M~ P) + O(A).

Finally, we substitute this into (33), obtaining

A(X(X,P), P(X, P)) = %PTM‘llf’ +E(X) + AP (—214(M_1]3)TEM(X)M_1]3

1 1 A N
(35) + = —za|E(X)TME(X)).
12 2
4. Stability. Stability analysis performed for the harmonic oscillator case, as
in [6], gives insight into the dynamic behavior of simple systems. That is, we examine
solution behavior for the linear-force case
d?z
36 — = W,
where w is the natural angular velocity of the oscillator. However, nonlinearities
also play an important role; for example, investigations [28] show that the implicit
midpoint rule has to obey timestep restrictions not present for linear problems. The
long-time behavior is an entirely different problem [29].
For our stability analysis, it is more convenient to switch to the midpoint form.
We separate this form into half steps to obtain

At

Xn+1/2 - X" + “yn
2 b
VTL+1/2 — Vn + HM—lF"'H/?
(37) V’I’L+1 — Vn+1/2 + %Mle’anl/Q’
Xn—i—l _ Xn+1/2 =+ gvn-&-l
2 b
where
(38) Frtl/2 — (X2 4 a AP MR,

Denoting the force F(X) = —w?X, we have
(39) Fn+1/2 — —¢w2Xn+1/27
where

(40) ¢ = (1 +a(wAt)>)~h
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Using matrix multiplication to represent each of the four stages, we obtain
wXntl wX"

where

S_'1 lwAt 1 0 1 071 JwAt
o1 —lowAt 1 || “lewAt 1|0 1

1— 1o(wAt)? JwAt
—%gbwAt 1

1 TwAt
—SowAt 11— 1p(wAt)?

[ 1= 50A? WAl — [o(wAl)?)

(42) —pwAt 1— o(wAt)?

We obtain nearly the same result for the endpoint form if we use X instead of X.

It can be shown that the matrix S is power bounded if and only if p(wAt)? < 4.
If a > ;11, this is satisfied for all wAt, and the method is unconditionally stable. If
a < 1, this boundedness is satisfied for wAt < 2(1 — 4a)~'/2. Thus, we know that
the leapfrog—Stormer—Verlet method (a = 0) is stable if and only if wA¢ < 2.

If we assume that

(43) P(wAt)? < 4,

the matrix S has eigenvalues e** where

At
(44) 6 = 2arcsin (ﬁs ”2)
1 @ 3 5
=wAt+ | — — = | (wA)® + O((wA¥?)°).
24 2
Thus, € is method and timestep dependent. For a = 711, this angular expression

simplifies to 0 = 2arctan“’7m. The matrix S can be written as

(45) S =DQD™ !
where

cosf sinf
(46) Q= [ —sinf cosf }

and
1 —1/2 9
(47) D =diag |1, <1 + (a - 4> (wAt)2> = diag {1, 1+ (1 — 4a) tan® 3

The matrix @) represents a rotation of —f radians in phase space. Note that Das > 0.
To study the propagation behavior in time, we examine

(48) S" = DQR"D!
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where

Q" — cosnf sinnf
—sinnd cosnf |’

We can find a closed form expression for the modified Hamiltonian in this case. Ex-

pressing our closed form numerical solution in terms of the variable t, we get the

evolution formula for positions and velocities:

o[ ]

To get the differential equation satisfied by this general solution of an initial value
problem, we differentiate with respect to t,

d | wX(t) 0 0 1 /At -1 | wX(0)
- _ Di / tD 1
dt { V() ] Al -1 0@ V(0)
and eliminate the initial values from these two last equations:

dlwXt)] 0 0 1 [ wX(®)
@l v }AtD[—l o}Dl VD)

This simplifies to

il v J=ore| e 5[

which with P =V is a Hamiltonian system with Hamiltonian

&DQQ (;w2X2 + ;D222P2> .
Energy is conserved exactly if we use D;zl V™ for the velocity.?

The numerical integrator is using 6 given in (44) as an approximation to the
rotation angle wAt. In Figure 1, we show the effective rotation versus the desired
rotation for a = 0, %,% — ﬂ—lz, 711, % The straight line § = wAt that represents the
desired rotation is shown for reference. The errors in the phase angle are also displayed
in Figure 1, 6 — wAt. Note that the explicit method (o = 0) displays rapid divergence
from the target value as At is increased. The value o = 1—12 (Cowell method) gives the

i

best fit for smaller values of wAt. The value o = 1 — % (curve c) gives the best fit

over the longest achievable range, namely [0, 7] (see next paragraph).

If a < }1 (e.g., Verlet, Numerov—Cowell), then as wAt ranges from 0 to 2(1 —
4a)_1/2, the effective rotation angle varies from 0 to w. If o > 711 (e.g., midpoint,
LIM2), then, as wAt ranges from 0 to 400, the effective rotation angle ranges from
0 to 2arcsin(1/(2y/a)). This upper bound on the rotation angle equals 7 for o = 1
(e.g., midpoint) but decreases for larger values of ; e.g., it is § for a = % (e.g., LIM2).
Since 6 = 7 is the largest attainable rotation angle, we might ask for the best uniform

approximation of the desired rotation angle wAt by the effective rotation angle 6 for

2For o = 0, the associated value Dg; =(1- i(wAt)Q)l/2 can be compared with the value

(1- %(wAt)Q)_l/Q obtained in [14, eqn. (14)] for the velocity scale factor in the E form of the Verlet
method.
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(A) Effective Rotation 8 (a, w At) (B) Absolute Error, 6 — wAt
N LB BB T T LI N I T T T
(@) a=0 b B
| ®) a=1/12 a ) B 7]
| © a=1/4-1/2° 1 L= 7
@ a=1/4 B a 7
- c g L i
o @a=12 i b i
i L - i T
&Y r T ‘3 [}
- o L \/[
- e g L ¢ 4
1+ — L i
- 4 | d n
L i gk |
I ] I e ]
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whAt wht

Fi1G. 1. The effective phase space rotation and associated error of various integrators for the dy-
namics of a harmonic oscillator. In (a), the effective rotation 8 = 2sin™ ' {wAt/(2(1 + aw? At?)1/2))
(in radians) is plotted against wAt, and in (b) 0 — wAt is also shown for various values of o that
define the integration scheme. The thick solid line corresponds to 0 = wAt.

0 < wAt < m. It is reasonable to require 6 to be well defined on this interval and
thus 2(1 — 4a)'/? > 7 or, equivalently, o > 1 — ;. This gives an approximation for
0 ~ wAt whose graph is strictly below the true value; greater values of a cause the
graph to drop still further. Hence the best approximation is given by

1 1
(50) a=7-
which is displayed in curve c.
It should be mentioned that one could also seek the best approximation over
a shorter interval and/or the best relative rather than absolute error (since higher
frequencies have smaller amplitudes). Alternatively, an « may be sought on the
basis of energy conservation. In this case, a can be obtained in tandem with the
unknown 3/N-component collective force vector by solving a slightly augmented system
of nonlinear equations

/2 F(qn+1/2 + aM_lAtQFn+1/2),

where « is chosen to yield the same energy for step n and n+1. In solving this system
it might be helpful to know that a = 411 is the solution in the linear case. However, this
method entails the cost of evaluating an additional force at the midpoint of the inter-
val, as well as an energy evaluation at the endpoint. Furthermore, this method is not
symplectic. We can compare this method with Simo’s energy-momentum method [30],
which uses

Fn+1/2 —oF (qn+1/2 + iAt2Fn+1/2> ,

where o is chosen to exactly conserve energy. The advantage of the new method is
that it is much more specific to the high frequency modes for a linear problem via a
factor 1/(1 + a(wAt)?) rather than o.
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5. Symplecticness. A simple algebraic test can be formulated to determine
whether a numerical integrator is symplectic. A thorough treatment of this concept
can be obtained from [1]. Specifically, a transformation between phase spaces (z,p) —
(X, P) is symplectic if and only if its Jacobian matrix satisfies the following condition:

T
(51) [aaf %if][o IH%?? %if]:[o 1]‘
or  op -1 0 op 9P -1 0
ox op ox Jp

It is straightforward to show that the composition of symplectic transformations is
symplectic. To see that our methods are symplectic, we break the propagation scheme
into four stages as given at the beginning of section 4 and show that each stage is
symplectic. For a stage that advances velocity it must be shown that the Jacobian
matrix of F™ with respect to X™ is symmetric.

The E form of our method can be made symplectic by defining a velocity or, equiv-
alently, a momentum P, appropriately. We set up a symplectic transformation from
(X, P) to (X, P) and then obtain automatically symplecticness for the transformation
from (X", P") to (X"*1 Pntl). Half the transformation is, by definition,

(52) X = X + aAt?E,(X);

the other half is obtained by using the generalized momenta [31, p. 60] as a conjugate
to the changed position coordinates, where

(53) P =P+ aAt’E,(X)M~P.

As noted, there appears to be a widespread preference for the 2E form. One
reason, given by [14], is the feeling that “The discrete propagator in the g-space has
no prescription for the velocity.” (Here q is the same as our z.) However, we can
insist that for arbitrary Hamiltonian systems the following conditions hold:

1. the method is symplectic when rewritten in terms of position and velocity
(with momentum defined as mass times velocity), and
2. the prescription is second-order accurate.
Then there seems to be a unique formula for the velocity. We omit the argument
here except to note that it is sufficient to restrict the prescription for velocity to be in
terms of X™ ! and X", since this suffices for generating all other trajectory values.

6. Pre- and postprocessing. Recall that the o = 1—12 method (Cowell’s) is
not technically fourth-order accurate unless it is expressed in form 2E; even then,
the fourth-order accuracy applies only to the position values, not the velocity values.
This sensitivity to form suggests that the other forms of the numerical scheme actually
use values obtained by some transformation of a more accurate solution. Further, it
suggests that the position and velocity values used by the scheme can be reinterpreted.
Hence, if we suitably “encode” the initial values and reverse this process for the actual
computed values, we might get a more accurate solution. This is, in fact, true not
only for the choice a = 1—12 but also for other values of «, though less dramatically.

A reinterpretation of the numerical solution is also suggested by the fact that
the M and E forms of a method are intrinsically equally good for long-time solution
propagators. Note that this reinterpretation of the numerical values is a theoretical
tool for the purposes of comparing methods; it is not necessarily suggested for an
actual long-time MD simulation. The minor local improvements in accuracy are of
little consequence for long-time integrations. However, they are useful for monitoring
energy conservation and might be useful for some other computations.
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Below we formulate a transformation for pre- and postprocessing the trajectories
that will result in a more accurate solution. The transformation is symplectic, guaran-
teeing that the transformed system of differential equations is also Hamiltonian. Let
(X, P) denote the values used by the numerical method and let (z,p) denote trans-
formed values that represent better approximations to the true values. The easiest
way to ensure that a transformation is symplectic is to obtain it from a generating
function. Here we use a generating function of the second kind [31, p. 266]

(54) S(X,p) =p"X + BACPT M T E,(X),

where (3 is a parameter. (This particular transformation was obtained on the basis of
experience and trial and error.) The transformation becomes by definition

x:SP(va)a P:Sa:(va)a
or
(55) =X+ AP M YE(X), P=p+ BAE(X)M p.

The preprocessing, which involves transforming given initial (z,p) values into (X, P)
values for the numerical method, requires the solution of a nonlinear system of equa-
tions for X. The postprocessing (to get output values (x,p)) requires only that a
linear system be solved for p. If we make this change of variables in the Hamiltonians
(33) and (34), we get for the E form

.1
H= _-pTM'p+ E(x)

2
+ AL ((112 + ﬁ) p'M T Ep, M p — (214 + %a + ﬂ) (Em)TM‘lEm> +0(AtY)
and for the M form
H= %pTM_lp + E(x)
LA ((—214 4 ﬁ) PTM T, M (—112 et ﬁ) (EI>TM‘1EI) +0(ALt).

Note that in both cases the effect of nonzero 3 is to transfer weight from one error
term to the other. Thus, we can choose to eliminate the first or second error term [32]
or to make their coefficients equal. Making the coefficients equal implies

(56) ﬁ:—i(“i) (E form),
(57) 5:-}1(@—}1) (M form).

In either case, we then have

~ 1
H= épTM_lp + E(x)

+ %L (1 - a> A (M™'p) T Epe M~ p + (B,)TM ™' E,) + O(AtY)

(58)
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and

d 1/1 _ _ _
(59) TH= <12 - a) A (M7'p)T By M~ pM ~1p) + O(AY).
When the potential is quadratic, the above quantity is O(At4). Thus with the appro-
priate interpretation of the computed values, all methods very nearly conserve energy
in the harmonic case. By comparison, without the processing we have for the M form

d

= —2—14At2 (M'p)T Eppu (M~ 'p, M~ 'p)) + (i — a) A (M~ 'p)TEpe M E,)

+O(AtY).

If we want to apply this transformation in practice, the preprocessing can be
approximated by

(60) X ~a— BAPM T Ey(z), P =p+ BALE(X)Mp,
and the postprocessing by
(61) t=X+PAPM'E(X), p~P —BAE(X)M'P.

This transformation can also be approximated by formulas based on the following
equations, whose detailed derivation is given in [33]:

(62) X" =™ + AL (2" — 22" + 271 + O(AtY),
Pr=p" — BAC (pT = 2p™ 4" h) + O(ALY),

with associated postprocessing formulas

" = X" — AP (X" —2X™ + X1 4 O(AtY),

63
(63) Pt = P+ BAE (P —2P" + Pl + O(AtY).

These approximations are not symplectic, but that is not necessary for our purpose.
Symplecticness helps only if we iterate a map many times, such as we do when we
propagate the (encoded) numerical solution.

7. Numerical experiments. The orders of accuracy claimed in this paper have
been confirmed for all schemes by numerical experiments (data not shown). To test
these ideas of pre- and postprocessing, energetic fluctuations, stability, and accuracy,
we performed numerical experiments on a butane molecule with the united-atom
representation.?> The potential energy is composed of bond-length stretching, bond-
angle bending, and dihedral angle rotation terms. Model and potential details are
given in [6].

In the united-atom representation, the fastest period of the motion is much longer
than that of the atomic-level model because hydrogen atoms are not explicitly mod-
eled (instead, groups of CHy and CHj are considered). An estimate for the highest-
frequency timescale for each model can be obtained by the square root of the ratio
of characteristic units for mass (m) and the force constant (K) for bond stretching,

3Butane has the chemical formula C4Hjg, and is described by the linkage CHz — CHo
—CHs2 — CHs.
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F1a. 2. Total energy of a butane molecule from velocity Verlet (a = 0) dynamics, as obtained by
both unprocessed and processed 1E form. Open circles represent the energy evolution from 1E-form
dynamics, and filled squares represent the processed 1E-form values with 3 = 71—16. The timestep
used is 10 fs. The exact value of the energy is its initial value, approrimately 6.61.

ie, 7 = 2my/m/K. For an all-atom model, M = 1 amu (for hydrogen) and K =~ 400
kcal/mol/A? and thus 7 ~ 15 fs. For a united-atom model, M = 12 amu (for CHy)
and K ~ 80 kcal/mol/A?, so the period 7 is about 120 fs. Thus in the latter model,
T is about eight times greater.

Below we use At = 10 fs unless stated otherwise (in all-atom models, typically
At = 1 fs is used). All reported results are obtained from simulations of a single
molecule started from a local minimum and zero initial velocity. To heat the system
to room temperature (300 K), a 20-ps Langevin dynamics simulation is performed [6].
At this point, we switch to Newtonian dynamics.

For a« = 0 (Verlet method), we plot in Figure 2 the total energy of the butane
molecule during the dynamics. The curve with filled squares corresponds to the
processed 1E form and that of open circles to the unprocessed 1E form (the velocity
Verlet). As predicted, the energy fluctuation in the processed trajectory is much
smaller than that of the unprocessed one. Specifically, the rms (root-mean-square)
deviation from the mean energy of the processed is about %0 of that of the unprocessed
method.

Next, we compare in Figure 3 the evolution of the dihedral angle of butane? as a
function of time for both the processed and unprocessed versions of the E and M meth-
ods for « = 0 (Verlet), and a = % (LIM2). In each case, forms 1E, 1M, 1E* and 1M*
are given; superscript * denotes processed. It is evident that the processed trajectories
are closer to one another for a specific . This is expected because the processing can
make the effective Hamiltonians of forms 1E and 1M the same (up to fourth order in
At). Tt ensures that o can be our sole classification parameter for different methods.

Figure 4 shows dihedral angle trajectories for various processed methods in the E
form with At = 5, 10, 20, 30 fs, with several choices of a: 0 (Verlet), {5 (Numerov—
Cowell), 711 — %,}1 (midpoint), % (LIM2). The value from the trajectory integrated
with At = 1 fs is shown as a thick solid line for reference. The methods with a=0

4A dihedral angle defines the rotation of two atom groups about the bond connecting them.
Thus, for butane, 7 defines the rotation about the central C-C bond.
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(b) a=1/2
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F1G. 3. The evolution of butane’s dihedral angle T for Verlet and LIM2 integrators. Parts (a)
and (b) show T trajectories obtained for o = 0 (Verlet) and o = % (LIM2), respectively, for form
1E (open circles), processed 1E (filled circles), form 1M (open squares), and processed 1M (filled
square). Parts (¢) and (d) are essentially the same as (a) and (b) except that the ordinates in (c)
and (d) show the angular difference between the (a) or (b) values and corresponding 1M values. The
angular difference are plotted here to make the differences among different forms clear. A timestep
of 10 fs is used. The solid line in plots (a) and (b) represents the angle evolution obtained at a
timestep of 1 fs.

and 1—12 are unstable at At = 30 fs, so only curves with At = 5, 10, and 20 fs are
shown. Among these methods, Numerov—Cowell has the highest accuracy; in theory,
it is fourth-order accurate with the pre- and postprocessing. It is also notable that
the trajectories with different timesteps are close to the reference solution within the
1.5 ps simulation length. Other methods produce close trajectories to the solid curve
only when At < 5 fs, except for the case a = %1 — % which is nearly as accurate for

10 fs also. Beyond 10 fs, it is difficult to pinpoint “better” or “worse” performance.

8. Conclusion. We have unified and defined a group of implicit integrators,
differentiated by a single parameter a. One explicit method is also included in the
group as a reference and as a special case of the defining parameter (o = 0). The
basic framework of our integrators is given by the force expression in (10). We showed
that a = 0 corresponds to the Stérmer—Verlet method, o = 1—12 to Numerov—Cowell,
a = ;11 to implicit-midpoint (and trapezoid rule), and o = % to LIM2 of Zhang and
Schlick. It was also shown that these methods are symplectic. Some of the methods
have more than one common form, and six forms are presented in section 2.

From analysis of the harmonic oscillator case (linear forces), we showed that
schemes with a < % impose a condition on the timestep for stability. By deriving ex-

plicit propagation formulas for positions and velocities, we showed that the frequency
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F1G. 4. Time evolution of the dihedral angle of butane molecule from processed 1E-form dy-
namics. For each method (or a value), trajectories are shown for timesteps in the 1 fs (solid line)
to 30 fs range. For o = 0 (Verlet) and o = 1—12 (Cowell-Numerov), trajectories at 30 fs timesteps
are unstable and not shown.

of the oscillator is distorted due to the discretization and that the effective frequency
( %) is timestep, frequency, and method dependent. We illustrated this by showing
the dependence of the rotation () on the timestep, frequency, and method. A special
value of a = ;i — % was suggested to make this rotation as close as possible to the
target value (see Figure 1).

Also, the E and M forms are essentially equivalent in the sense that there exists
a canonical transformation that transfers the effective Hamiltonian of either form to
a common form (accurate up to fourth order in timestep). This property of different
forms allows us to apply special pre- and postprocesses to make the processed E and
M forms have close trajectories (see Figure 3).

In our analysis, an a-dependent expression for g is used (see (56), (57)). This
choice yields a fourth-order accurate (in At) scheme for o = 1—12 where the second-order
term in (58) vanishes and reveals the intrinsic fourth-order accuracy of the Numerov—
Cowell method. Furthermore, from (59), better energy conservation can be obtained
for the harmonic case. This improves energy conservation even for nonlinear systems
since the error from the harmonic part can be reduced significantly.

What might be the practical implications of this work for biomolecular dynam-
ics? The interpretation of discretization errors as a modification to the Hamiltonian
method implies that observed energy fluctuations represent a sampling of the pertur-
bation term of the Hamiltonian. Thus for symplectic integrators significance can be
attached to the size of the fluctuations. And this remains true if a more favorable
and “truer” interpretation of the numerical solution is obtained by means of process-
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ing based on a symplectic transformation. Our analyses and experiments have not
resolved the question of whether it is worthwhile to use conventional integration for-
mulas other than leapfrog—Verlet. Further investigation is needed into questions of
efficient implementation and resonances before conclusions can be reached.
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