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Abstract

Hypothetical scanning Monte Carlo (HSMC) is a method for calculating the absolute entropy, S and
free energy, F from a given MC trajectory developed recently and applied to liquid argon, TIP3P
water and peptides. In this paper HSMC is extended to random coil polymers by applying it to self-
avoiding walks on a square lattice — a simple but difficult model due to strong excluded volume
interactions. With HSMC the probability of a given chain is obtained as a product of transition
probabilities calculated for each bond by MC simulations and a counting formula. This probability
is exact in the sense that it is based on all the interactions of the system and the only approximation
is due to finite sampling. The method provides rigorous upper and lower bounds for F, which can be
obtained from a very small sample and even from a single chain conformation. HSMC is independent
of existing techniques and thus constitutes an independent research tool. The HSMC results are
compared to those obtained by other methods, and its application to complex lattice chain models is
discussed; we emphasize its ability to treat any type of boundary conditions for which a reference
state (with known free energy) might be difficult to define for a thermodynamic integration process.
Finally, we stress that the capability of HSMC to extract the absolute entropy from a given sample
is important for studying relaxation processes, such as protein folding.

[. Introduction

In spite of progress achieved in the last 50 years, calculation of the entropy and free energy
remains a central problem in computer simulation, which affects physics, chemistry, biology,
and engineering. 12 Recently, we have developed a new technique for calculating the entropy
- the hypothetical scanning Monte Carlo (HSMC) method and applied it to liquid argon, water,
34 and peptides in hellcal extended, and hairpin states.® The aim of the present paper (as that
of our preliminary study ) is to extend HSMC to lattice polymer models, and in particular to
examine its applicability to random coil polymers.

It should be pointed out that lattice models have been utilized for studying a wide range of
phenomena in polymer physics 78 as well as in structural biology, mainly related to protein
folding and stablllty9 (Refs. 7 and 8 present only very limited lists). Because of their simplicity,
these models have been invaluable tools for understanding global properties that do not depend
strongly on molecular details. Such models vary in complexity, ranging from self-avoiding
walks on a square lattice to chain models on enriched 3D lattices with a large effective
coordination number.

Commonly, these systems are simulated by variants of Metropolis Monte Carlo (MC) - a
method that enables one to generate samples of chain configurations i distributed accordln to
their Boltzmann probability, P;B, from which equilibrium information can be extracted.!
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many cases where the simulation moves are local, MC is referred to as a dynamical method.
[It is noted however that the technique does not need to (and often doesn’t) map the physical
dynamics of the system.] Using MC it is straightforward to calculate properties that are
measured directly from i, such as the potential energy E; (that is obtained by summing up the
atom-atom interactions) or geometrical quantities such as the radius of gyration. On the other
hand, the value of P;B cannot be obtained in a straightforward manner, which makes it difficult
to obtain the absolute entropy, S ~ —InP;B directly, i.e., as a byproduct of the simulation (like
E;). There is a strong interest in S as a measure of order and as an essential ingredient of the
free energy, F=E—TS, where T is the absolute temperature; F constitutes the criterion of
stability, which is mandatory in structure determination of proteins, for example. Furthermore,
because MC simulations constitute models for dynamical processes, one would seek to
calculate changes in F and S during a relaxation process, by assuming local equilibrium in
certain parts along the MC trajectory; a classic example is simulation of protein folding.11

S, and F are commonly calculated by thermodynamic integration (T1) and perturbation
techniquesl’2 that do not operate on a given MC sample but require conducting a separate
set of MC simulations. This is a robust approach that enables one to calculate differences,
AS,p and AF,p, between two states a and b of a system; however, if the structural variance of
such states is large (e.g., helical and hairpin states of a polypeptide) the integration from state
ato b becomes difficult and in many cases unfeasible. On the other hand, if one could calculate
the absolute F, and Fy, directly from two separate sets of simulations carried out at states a and
b, Fap = F4 — Fp and the integration can be avoided. Still, the absolute F can also be obtained
with T provided that a reference state r is available, where the free energy is known exactly
and the integration path between r and a (and b) is relatively short. A classic example is the
calculation of F of liquid argon or water by integrating the free energy change from an ideal
gas reference state. However, for non-homogeneous systems such integration might not be
trivial, and in models of peptides and proteins defining reference states that are close to the
state of interest is a standing problem. It should be noted that F and S can always be obtained
approximately from a given sample by harmonic or quasi-harmonic methods, 12 or by the local
states method (see below).13

Another type of simulation method has been developed for golymers, where a chain is
constructed step-by-step with transition probabilities (TPs). 4-17 The product of these TPs
leads to P;B, hence S is known. To this category belong the direct MC (DMC)14 procedure,
the enrichment, Rosenbluth & Rosenbluth, and the dimerization methods, 1 the scanning
method,16 and other techniques.17 However, these build-up procedures are not always the
methods of choice mainly because they lack the dynamical aspects (and simplicity) of MC,
which thus has become the commonly used method. Hence, it is important to develop methods
for calculating the entropy from MC trajectories. Nonetheless, a hybrid of one buildup
procedure, the scanning method,16 with the dynamical MC approach has led to two
approximate techniques, the local states?3 and hypothetical scanning (HS) methods.18:19
These methods enable one to calculate S and F directly from a given sample generated by
any simulation technique, they are general, and have been apzplied successfully to polymers,
peptides, proteins, magnetic systems, and lattice gas models.~ Unlike the harmonic and quasi-
harmonic methods mentioned above,12 HS and LS, in principle, can handle any chain
flexibility, i.e., local fluctuations of a stable state (e.g., around an a-helix structure of a peptide),
random coil fluctuations, as well as mixtures of these two extreme cases.

Recently, the HS method has been extended to fluids and has been further developed by
replacing the deterministic partial future scanning used to calculate the TPs with a stochastic
but complete scanning based on MC simulations; =5 this HSMC method has been applied very
successfully to liquid argon, TIP3P water, and polyglycine molecules in helical, extended and
hairpin states.32 HSMC is significantly more accurate than HS, it provides rigorous upper
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and lower bounds for F, which can be calculated from a relatively small sample and even from
a single conformation.

As stated earlier, the aim of this paper is to extend the scope of HSMC to lattice polymer
models, in particular to random coil chains. For that we study self-avoiding walks (SAWS) on
a square lattice - a difficult test case due to the strong excluded volume interactions occurring
in2D. This paper is an extension of our recent letter® inwhich part of Table 1 has been presented
and discussed. We emphasize the generality of HSMC and discuss its unique aspects for lattice
systems, which makes it a powerful research tool independent of existing techniques. The
HSMC results are compared to those obtained some time ago by the scanning method,20 to
results obtained by us using TI, to series expansion values, 1 and to results obtained by the
HS method.

1.1 Statistical mechanics of SAWs

Assume a single SAW of N steps (bonds), i.e., N+1 monomers starting from the origin on a
square lattice. All the SAWSs i are equally probable with Boltzmann probability
B
PP=1] Zgyy, (1)
where the partition function, Zsayy, is the total number of different SAWSs, and the free energy
is thus
B

o v B . B
F/kBT— S/kB—);Pj InPP= — InZg,y = In P} @)

where kg is the Boltzmann constant, and j is any SAW. The summations (in i) in Eq. (2) and
in the rest of the paper (accept in section 11.7) are over the ensemble of SAWSs. Eq. (2)
demonstrates that F (and S for this particular model) has zero fluctuation, which is a general
property of the correct free energy of any system. On the other hand, the fluctuation of a free
energy functional based on an approximate probability distribution (see below) is expected to
be finite.22 Eq. (2) also shows that if the Boltzmann probability of any single SAW (j) is known,
F (and S for this particular model) is known as well, which again is a general property satisfied
by any system in equilibrium.

1.2 The Direct Monte Carlo method

An unbiased sample of SAWs on a square lattice can be obtained by the direct Monte Carlo
(DMC) method.14 With this method a non-reversal random walk (ideal chain) is generated
step-by-step, where at step k the direction of the ki bond is chosen at random (i.e. blindly) out
of three possible directions (immediate chain reversal is not allowed). If the chosen site is
unoccupied the bond is added to the existing chain, and the process continues; in the other case,
the partial chain is discarded and a new one is started. This process is very inefficient for
generating long SAWSs due to strong (exponential) sample attrition. However, the entropy can
be obtained from the relation Zgaw/Ziq = Nsyc/Nstart Where Zjq is the known partition function
of ideal chains, Zjg = 4 x 3N ~1 and ng and ngyyar are the number of chains started and the
number of SAWSs of N steps succeeded, respectively; this leads to an estimation, Sppc for the
entropy of SAWSs,

N—1

/kB=ln(4X3 ) ®3)

SDMC T5uce / Ttart
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I1.3 The scanning simulation method

The scanning method is a step-by-step construction (growth) procedure, where unlike DMC,
the bonds are not selected blindly, but with transition probabilities (TPs) that are based on
scanning possible SAWSs in future steps;16 thus, at step k of the process, k—1 directions (bonds),
v will have already been constructed [these bond directions at each step are denoted vy,...,
vk-1, Where v =1,4]. To determine the direction vy (out of 3 possible directions, v ) one
enumerates all the possible continuations Z,(f) of the chain in a limited number of f future
steps (typically less than the remaining bonds) that start from v of step k, where Z,¥(f) is a
partial future partition function and f is the scanning parameter. Z,¥( f) enables one to define
TPs for v,

4
p(vlv(k_l), Yy f)=er(f’)/ 2121:(1"), (4)
v=

where because immediate reversal is forbidden, the summation is only over the three allowed
directions. Using these TPs, the ki1 step is determined by a random number and the process
continues. The construction probability P;%(f) of SAW i is the product of the TPs with which
the steps have been chosen,

N

0
PUr= L Pl gy vy D ®)

For f << N the scanning is incomplete and P;(f) is approximate. Due to this “incomplete”
scanning, the chain can get trapped in a dead end during construction, meaning that the number
n of completed constructions is smaller than the number ng, Of those started. In other words,
P;0(f) is normalized over a subgroup of the random walks that includes all the SAWSs and part
of the self-intersecting walks. Also, P;O(f) is biased, i.e., unlike P;B, it is larger for the compact
SAWs than for the open ones. This bias can be decreased systematically by increasing f, where
for a complete future scanning, i.e., fmax=N—k+1, the TPs [Eq. (4)] become exact and no
trapping occurs.16 In practical applications the bias is removed by an importance sampling
procedure, which leads to an unbiased estimation 5 that is exact within the statistical error

5 kB= In ! 01
Nstart =1 Pt(f)

n

(6)

The scanning method can easily be extended to a chain model with finite interactions; in this
case the interaction energy Ej(v)k(f) of the future chain j that starts from v with itself and with
the rest of the chain is calculated and the corresponding Boltzmann factor contributes to
Z,¥(f), rather than 1,

k
z]j<f)=}iv) expl — EJ(V)(f)/kBTJ. (7)

I1.4 The hypothetical scanning (HS) method

The HS method (as well as the local states method) is based on the concept that two samples
in equilibrium generated by different simulation methods are equivalent in the sense that they
both lead to the same estimates (within the statistical errors) of average properties, such as the
entropy, energy, and their fluctuations. Relying on this equivalence, one assumes that a given
sample of SAWSs constructed by any exact procedure (e.g., Metropolis MClO) has instead been
generated with the scanning method. Thus, for each of the bonds [vi (i)] of SAW i one calculates
the TP [Eq. (4)] as if i had been generated with the scanning method (we call this process the
reconstruction of i, essentially an analysis procedure for obtaining TPs). The product of these
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TPs leads to P;%(f) [Eq. (5)] and to a functional SA, which can be shown rigorously (using
Jensen’s inequality) to be an upper bound for 519
A O

o B
Ssh= kB);Pj In P(£), (8)

where i runs on the complete ensemble of SAWSs and S” is a function of f. Because the sample
is generated with an exact simulation procedure, S7 is a statistical average defined with the
Boltzmann probability, which is normalized over the ensemble of SAWs. Each SAW i is
associated with the variable In P;0(f), where P;9(f) is normalized over a larger ensemble that
also consists of self-intersecting walks. The fluctuation o of In P;O(f),

B A 0, .\2i1/2
o, =1 2 PSP+ k,ln PO(F) , (9
A SAWsi il gln Fi(1)]

is expected to be larger than zero, decreasing with increasing f (i.e., with improving the
approximation), which means that S” and o4 are positively correlated. This correlation has
been found to exist for good enough approximations.

One can define another approximate entropy functional denoted SB19

sB= kg T P(r)In PA), (10)

BsAWs i

where P;(f) = P (f)/P;0(). If P;%(f) was replaced in Eq. (10) by P;(f), according to the free
energy minimum prmuple SB would become a lower bound for S; but for SAWs it can only
be shown rlgorously that SB < SA. However, when reliably estimated for a good enough
approximation, SB has been found in most cases19:24 to underestimate S, as is also shown in
the present calculations. In practice, lower bound behavior can be verified if SB increases as
the approximation improves; one can then assume that this trend would continue for better
approximations meaning that SB would converge to S. SB can be estimated from a sample of
size n by importance sampling,

SB———[Z P(t(f’)lnP(t(f)]/):P (£, (1)

where i(t) is SAW i obtained at time t of the correct Boltzmann simulation and the bar above
SB denotes estimation. However, the statistical reliability of this estimation (unlike the
estimation of SA) decreases sharply with increasing chain length, because the overlap between
the probability distributions P;B and P;(f) decreases exponentially.

If SB is a lower bound for S and the deviations of S” and SB from S (in the absolute values) are
approximately equal, their average SM becomes a better approximation than either of them
individually,

M=[SA+SB]/2. (12)

Typically, several approximations for SA, SB, and SM are calculated as a function of f, and their
convergence enables one to determine the correct entropy with high accuracy. While
application of HS to SAWSs has been found to be quite efficient, for structured molecules such
as an a- helix of a peptide HS has failed because it is impossible to carry out the future scanning
within the limited conformational space defined by the local fluctuations of this structure, hence
to define appropriate TPs. As discussed below, this problem does not exist with HSMC.
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1.5 The HSMC method

While the TPs defined by HS are deterministic (based on the entire conformational space
defined by f at step k of the reconstruction process), for a large chain they are always
approximate, i.e., f << N due to the exponential growth (with f) of the number of future SAWs.
The HSMC method overcomes this limitation by seeking to estimate the exact TP defined by
Eq. (4) with fa=N—k+1, i.e. the whole future is scanned at step k. This is achieved by replacing
the exact enumeration of f future steps at k by an MC simulation of the entire future segment
of the chain (i.e., steps k,k+1, ...N) in the presence of the “frozen past” [vy ..., vk—1 ]. The TP,
denoted pMC of the actual direction, v(i) in the reconstructed SAW i is calculated from the
number of MC steps, ni"() for which vy (i) was visited during the simulation of total nyc steps
at step k

pMC(Vk(i) | Vk—1) = vl) = n]:)(j)/ e (13)
and the reconstruction probability of chain i is

PMC kﬁl PMC ) [ vy v (14)
where, for simplicity, i has been omitted in the TPs. In Egs. (13) and (14) and in the rest of this
paper, for brevity, we denote by MC physical quantities calculated by HSMC; notice, however,
that in previous publications these properties were denoted by HS, which in this paper is
reserved to denote results obtained with the HS method. Unlike the deterministic P;2(f) [Eq.
(5)], P;MC is defined stochasticly. The fact that the entire future is considered is important for
systems with strong long-range interactions such as SAWSs, proteins, etc; also, unlike P;9(f)
that is defined over the ensemble of SAWSs and part of the ensemble of self-intersecting walks,
P;MC is defined only over the ensemble of SAWs. As discussed below, this property of P;MC
distinguishes HSMC from HS in many respects. Still, pMC hence P;MC are approximate (due
to finite simulation lengths), but one can show that as the MC simulation is increased, pM© —
peXact and P;MC — P;B, meaning that S can be estimated by reconstructing a single SAW. In
practice, however, P;MC is approximate leading to an upper bound for S, [compare with Eq.

@]

) pBin PMC_Y pBgMC
i1 1 i

1 1 (15)

where S;MC = —kg In P;MC, It can be shown (see Appendix of Ref. 4) that like SA [Eq. (8)],
SA [Eq. (15)] defined with stochastic probabilities, P;MC, is a rigorous upper bound, which is
expected to have non-zero fluctuation o [Eq. (9)].

One can define the entropy functional, SB [Eq. (10)] and thus SM [Eq. (12)] also for HSMC,
where SB becomes a rigorous lower bound of S due to the fact that P;MC is defined only over
the ensemble of SAWSs. We express SB as

B, ,MC, ,MC B _MC MC
ng[Pj in PMCT );Pj exp[ = SMC[ kglsMC

; ; = (16)
‘ 2 pBpMC )2 PBexpl - sMC/ Kyl
where it is estimated by Eq. (11). Eq. (16) emphasizes an explicit dependence of SB on the
variable Sjyc = —kg In P{MC, that is directly related to the average, SA [Eq. (15)], and its
fluctuation, o [defined in the same manner as in Eq. (9)]. Because of the stochastic A nature
of S;MC it is plausible to assume that when configurations (i) are sampled from the Boltzmann
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distribution (i.e. with P;B ), their corresponding S;MC values occur with a Gaussian probability
centered around S” with standard deviation c. Indeed, such Gaussian behavior has been
observed in models for liquid argon and TIP3P water, which has led (see details in Ref. 4) to
a Gaussian approximation, SgB for SB,

(0,)2
B__ 9 A
SG— kB +S5, 17)

and to the corresponding SgM (see Eq. 12),

M_, A, B A i (op)?
s =(s +5G) 2=5 —Ek—B. (18)

The fact that SgB depends only on S” and o is an advantage because these quantities are
typically easier to estimate than SB (directly) from Eqs. (10), (11) or (17), meaning that SgB
is expected to be statistically more reliable than SB. Previous results have shown that this
Gaussian distribution is a very good approximation as there is excellent agreement of FgB with
FB for cases where FB is well converged (when finite interactions are defined F G replaces
S). Again, several approximations for S, A, SgB: and SgM can be calculated, and their
convergence leads to highly accurate free energy determination. It should be pointed out that
formally one can calculate SgB also for S;HS defined by P;0( f ) of the HS method. However
S;HS (unlike $;MC ) is not stochastic and thus deviates from a Gaussian distribution, where this
deviation increases as the approximation worsens, i.e., with increasing chain length N.

The entropy can be expressed exactly by SP (see Ref. 4), which can also be estimated from a
sample generated with P;B- One obtains

D_ B,MC_ B _ MC
sP- kBln);Pin =~ kgln ;Pj[exp( s] /kB)]] (19)

In practice, the efficiency of estimating S by SP depends on the fluctuation of this statistical
average, which is determined by the fluctuation of S;'C exponentiated. That is, if the
fluctuations in S;MC are small, then the values for exp(~S;MC/kg ) do not vary drastically, and
the averages for SP (and SB) can be estimated reliably from a relatively small sample. Still (as
for SB), the direct calculation of S through SP will not be as statistically reliable as estimating
SA. Obviously, as ${MC— S (i.e., P;MC — P;B) all fluctuations become zero and S can be
obtained from a single configuration. We note additionally that to improve convergence, SP
(like SB) can be approximated by the Gaussian distribution (for the S;MC values in Eq. (19));
applying this approximation leads to SgM defined in Eq. (18).

As for SgB, one can formally calculate SP also for P;%(f) defined by HS. However, because
P;0(f) is not defined only on the ensemble of SAWs, SP(HS) (unlike SP(MC) will not converge
to the correct S even for a very large sample. Convergence could occur for Pi( f) = P;O(f)/

> P;9(f) which is normalized over the SAWs alone (i.e., ¥ P;%(f) < 1); however, calculation of
Y P;0(f) by HS is impossible. This suggests that SP calculated by HS for a large chain will
always be an upper bound for S.

While the theory above has been introduced for the entire ensemble of SAWS, it also applies
to a set of reconstructions of a single chain conformation (see Appendix, Ref. 4). That is, the
required averages can be obtained from a set of n independent reconstructions of the same
chain, where each reconstruction contributes an estimation for $;MC- For SA, for example, these
estimations are arithmetically averaged; for SP the arithmetic average of exp(—S;MC/kg ) is
used, etc.
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I1.6 Calculation of the entropy by series expansion

For comparison we also present results obtained with a formula based on series expansion
(exact enumeration) data.2L The entropy, Seeries, IS Obtained from the total number of SAWS,

CN;»

/ %‘1\1[611\,11/32+‘,’21\[—21/32+b“v—37/32+
. =lnecy = In
series| "B

+(

(20)
- oNa n3/24 (- Vg, n?

wherea;=1.1771(2), ap=0.554(2), b;=-0.19(2), d;=—0.19(2), d»=0.034(2), and 1 =2.6381585
(10) (the error of the last digit appears in parenthesis).

I1.7 Calculation of the entropy by thermodynamic integration

In order to calculate the partition function of a SAW via thermodynamic integration (TI)25 the
system must be linked with a calculable reference state, which in this case is the ideal chain.
Samples of chains are generated where monomers are allowed to overlap each other. To effect
this, a unitless energy function, E, is defined where

E=)¢. (21)
7/

¢; is the “overlap value” at lattice site j, and the summation is carried out over all sites. The
overlap value is defined as follows. A lattice site that is occupied by only a single monomer
(or is unoccupied) contributes nothing to the energy (¢; = 0). A doubly occupied site (i.e. a
single overlap) contributes ¢; = 1; a triply occupied site (a double overlap) contributes ¢; = 2,
and so on. The value of E is thus always an integer. For a SAW, E must be zero.

The above defined energy function is used to describe a general chain which can exist at any
arbitrary finite temperature. The partition function for the general chain ensemble is given by

Z=i);1 expl—E[ T (22)

where the sum is carried out over all ideal chain configurations i (the total configuration space),
and where we have introduced a unitless temperature, T. We note that at high (infinite) T, the
Boltzmann factor, exp[—E;/T], is unity and the partition function approaches that of the ideal
chain reference state (i.e. Zjq = 4 x3N"1 where immediate reversal is forbidden). At low T (T
=0), only zero energy configurations will contribute to the summation and the partition function
becomes that of the SAW, Zgaw.

The difference, InZgaw — InZjq, can be evaluated by integration over T, or over 1/T, using the
derivative relations,

E,
dilnZ 1 i E
dT =(7)% 2 eXp[’Ej/TJ=<T2> @3
and
dinz (1
d(l/T)=(?)i)(:i*Ejexp[*Ej/T]=*(E). (24)

The corresponding integrals are respectively
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0 z [e's)
SAW In Z SAW dlnZ /
f In Zg d(l/T) d [ . @5)
fo'e) 1

We have chosen to use both of these relations where we conduct the integration in two stages
as

SAW

1/ T* 0

an dlnZ
f at/n? / N+ | —ar 9T (26)
0 T*

where T* is an intermediate temperature. The left-hand term thus quantifies the change in
InZ for going from an ideal chain to the general chain at T*, and the right-hand term is the
change from this point to the SAW.

In our implementation, the generalized chain was simulated at a total of 199 temperatures. The
relevant result in these simulations is the average energy, (E) ; these values are used for
derivative points [Egs. (23) and (24)] in the numerical evaluation of Eq. (26). In the first stage/
series (corresponding to the left-hand term in Eq. (26), 100 simulation temperatures were
spaced evenly in 1/T, ranging from 1/T = 0 (the ideal chain) to 1/T* where T* = 0.75757575
(1/T* = 1.32). In the second stage (for the right-hand term in Eq. (27), 100 simulation
temperatures were spaced evenly in T, ranging from T* to T = 0 (the SAW). With the finite
limits in Eq. (26), a simple trapezium integration was adequate. It should also be noted that the
number of simulation points employed in this work was actually well more than was necessary.
We note further that the results are insensitive to the choice of T* as long as there are enough
points. One could drastically reduce the number of simulation points (thereby increasing the
efficiency) by careful (optimized) choice of T* and/or by implementing less simple-minded
quadrature techniques; however the present performance is sufficient for our purposes. Details
about the MC simulations appear below in 111.1.

[1l. Results and discussion

We have calculated the entropy of SAWSs consisting of N= 29, 49, 99, 149, 249, 399 and 599
bonds. The results of Table 1 were obtained by reconstructing a single chain conformation (see
Appendix, Ref. 4), i.e., by n replicate reconstructions (based on different sets of random
numbers) of a straight SAW of N bonds, while the results in Table 2 were obtained by
reconstructing a sample of SAWs.

[11.1 MC simulations and the HSMC reconstruction procedure

The efficiency of HSMC is affected considerably by the MC procedure employed in the
reconstruction process. On a square lattice, “crankshaft” moves are in most cases rejected due
to the strong excluded volume interactions while corner moves have somewhat higher
acceptance rate.8 Therefore, for the reconstruction process we have used an MC procedure
based on 50% corner moves (that provide local conformational changes) and 50% “pivot”
moves that have been shown to effectively induce global changes.26 This procedure has been
employed not only in the reconstruction process, but also for generating samples of SAWs (to
be reconstructed by HSMC and HS), and for the T1 simulations.

The HSMC calculations are based on the sample size n - the number of reconstructed SAWs
and Nngyture, Which is related to the number of future MC steps per bond applied during the
reconstruction process as defined below. First we note that the first bond of the chain is not
reconstructed,; its probability is always ¥2. The number of MC steps, nyc, for bond k is scaled
as Npc=(N—k+1)nf,yre, Meaning that the maximal number of future MC steps is applied for
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the reconstruction of the second bond (to which corresponds the largest future segment of N
—1 bonds), while the last bond (N) is allotted the minimal number of MC steps. Because each
simulation at step k always starts from the structure of the reconstructed chain it is important
to let the future SAW equilibrate, otherwise pMC [Eq. (13)] would (on average) be too high;
therefore, 300 MC steps per future bond are used for equilibration. As discussed earlier, the
larger is Nfygyre the better (i.e., smaller) is SA [Eq. (15)], the larger is SB [Eq. (16)] [and SgB
Eqg. (17)] and the smaller is the fluctuation, o [EQ. (9)]. To demonstrate this effect, the results
for each chain length are presented in the Tables for ngre = 500, 5000, and 50000, where the
corresponding sample size, n, is decreased, which results in approximately the same computer
time for each calculation. Notice that for a single chain (Table 1), n is the number of
reconstructions applied to the same straight chain, while for a sample of chains (Table 2), n is
the number of different configurations reconstructed — one reconstruction is performed for each
configuration.

For the TI process the chains were simulated as described above, by the 50/50 ratio of pivot
and corner moves, where in this case the entire chain is moveable (except of the first bond).
The total simulation length was the same at each temperature, however it varied depending on
chain size. 6 x 107 MC moves were carried out at each temperature for N = 29, where run
lengths of 108, 108, 6 x 107, 5 x 107, 3.2 x 107 and 2.4 x 107 steps were used for N = 49, 99,
149, 249, 399, and 599, respectively. All of these runs were replicated 9 times (i.e. 9
independent simulations were performed), thus yielding 9 independent integration results
(trials) for each chain size. Our final reported result is the average of these trials, with the
standard deviation of the mean being used as the uncertainty estimate.

[11.2 Results by TI, series expansion, and the scanning method

Toalarge extent, we judge the performance of HSMC by comparing its results to those obtained
by other techniques, such as the scanning method [Eq. (6), Ref. 20), series expansion (Eq. 20),
thermodynamic integration (T1) [Eq. (26)] and HS (using f=8); therefore, we start by discussing
the results of these methods which appear in both tables.

We first would like to point out the surprising accuracy for large N obtained by the series
expansion formula [Eq. (20)] that is based on extrapolating exact enumeration data for
relatively short chains. Thus, the results for Stj and Serjes are equal within the error bars for
all N, with comparable errors for N=49, 99, and 149. However, for N=29 the error in Sggrjes IS
significantly larger than that of St and for N >149 error(St;)—error(Sseries) increases constantly
with N. For N=29 the DMC and TI values are equal within comparable errors.

The results obtained with the scanning method long ago20 (based on arelatively small scanning
parameter, f=6) are also very good. They are equal to the TI and series results for all N accept
for N=599, where Sq.,n is smaller due to a bias (for generating compact chains) that was not
removed completely by the importance sampling procedure [Eq. (6)]. For N > 249 the statistical
errors of Sqcqn are significantly larger than those of Sty. In what follows, for comparison we
shall consider the TI and series results to be exact.

[11.3 Entropy by reconstructing straight chains

Results obtained by n replicate reconstructions of a straight chain appear in Table 1. Part of
the data have already been provided in Ref. 6; however, the HS results and those for SgB,
SgM, and for the chain length N=29 are new.

The table supports the expectations of the HSMC theory presented in section Il. Thus, for all
chain lengths, as nfytyre is increased from 500 to 50,000, the fluctuation decreases, S” decreases
and remains an upper bound, and SB and SgB increase remaining lower bounds. For ngygre =
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500 the SgB results are slightly inferior (i.e., lower) than those of SB. However, for ng,gre =5000
and 50000 SB and SB are equal within error bars that are, however, 2-3 times smaller for
SgB than for SB; therefore, the corresponding results for SgM are equal to those of SM but with
slightly smaller errors.

In all cases SM and SgM are equal (within the error bars) to SP, to the TI and series results, and
for N<599 also to the scanning results. However, the error bars of T are the smallest. The fact
that for each N the SM (and SgM ) results for ng,,,e=5000 and 50000 (and in some cases for
Nsuture=500) are equal (and they are also equal to the T1 values) demonstrates that the absolute
values of S and SB (SB) deviate equally from the correct results. Overall the HSMC statistical
errors are small (0.002-0.005%); however, much more computer time has been invested in the
simulations of the longer chains.

We also obtained results with HS where the entropy was calculated from a generated sample
of chains (see next section) with a limited but systematic scanning of f=8. Our main interest
has been only to check how much are these results larger than those obtained by HSMC (based
on the stochastic MC scanning of the entire future); therefore, the HS results were calculated
only for several chain lengths of N=49, 99, 249, and 399. Indeed, the SA(HS) values [Eq. (8)]
are always larger than the exact ones, where the deviation increases with N; thus, for N=49 the
HS value is relatively accurate, comparable to that of HSMC(ngyt,re=5000), while for N=399
SA(HS) worsens becoming close to SAHSMC) for ng,g,e=500. Correspondingly, ca (HS) is
always larger than o5 (HSMC) obtained for nfyt,e=5000 (accept for N=49). A similar trend is
observed for SB(HS) which is always a lower bound but smaller than SB(HSMC) obtained for
Nfuture =5000.

The results for SM(HS) are very close to the correct ones for N=49 and 99, but overestimate
the correct values as chain length increases, where for N=399 the error is of ~0.2%. As discussed
earlier, SgB (HS) is not well defined and indeed it constitutes a lower bound only for N=49
and 99 (where its values are larger than the corresponding SB(HSMC) values), becoming larger
than the exact value for larger N. The related average, SgM is always larger than the exact value
with the largest deviation of 0.36% occurring for N=399. As expected (see last paragraph of
11.5) SP(HS) is always an upper bound, which is slightly smaller than the corresponding
SgM. These results demonstrate that the performance of HS is inferior to that of HSMC.

l1l.4 Entropy by reconstructing a sample of chains

In practice, however, one would apply HSMC to samples of chains of different conformations,
therefore a second set of results has been obtained from thermodynamic samples of SAWSs. To
generate such samples we have carried out long MC runs (based on the pivot and corner moves
described previously) starting from a straight chain, equilibrating for 300 MC steps per bond,
where every 2300 MC steps per bond the current conformation (i) was selected for
reconstruction as described earlier. (This same prescription was also used to generate samples
for the HS method.)

Calculation of the entropy from a sample of chains is more difficult than for a straight chain.
Because the frozen past of the chain is not straight, part of conformational space of the future
SAWSs might become unreachable with our dynamic pivot/corner MC procedure; this might
affect in particular the movement of the treated bond k hence the corresponding transition
probability. Because the reconstruction starts from configuration i, in an extreme case bond k
(i) will be unable to move to another direction leading to pMC =1: in another case it will change
direction but may never return to its original direction in chain i leading to pM©=0. Such TPs
will affect significantly the probability P;MC [Egs. (13) and (14)] of the chain. Notice, however,
that these cases do not demonstrate a drawback of the HSMC method but reflect the strong
excluded volume interaction of SAWSs on a square lattice and the inability inherent in our MC
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procedure to search the entire conformational space (i.e., the procedure is non-ergodic). As
discussed below, these problems can be alleviated by generating the future SAWSs with more
efficient MC techniques. Such problems have not been encountered in application of HSMC
to fluid systems (argon and water) and peptides. Obviously, this problem will be weakened
significantly for SAWSs on a simple cubic lattice, for example, where the excluded volume
interactions are less severe than on a square lattice.

To alleviate these problems we have taken several measures. First, before carrying out the
future sampling at step k the program checks the nearest neighbor sites of monomer k (located
at the end of bond k—1); if all four of them are already occupied by chain monomers (i.e., step
k has only one choice) the future sampling is avoided, the TP(k) is defined as 1, and the next
step (k+1) is treated. When pMC=0 or 1 occur, pMC is calculated by the (systematic) HS method,
i.e., by an exact enumeration of the future SAWSs of f=8 bonds and this value is considered in
the calculation of P;MC. Still, the reconstruction probability of some chains might be affected
significantly by similar problems (i.e., pMC values that are incorrectly very small or close to
1). Because the Boltzmann probability of all chains is the same, one can ignore the contribution
of such chains to the average entropy. In practice, a SAW i with —kg In P;MC beyond four
standard deviations of the average is not considered in the averaging of the entropy.

Comparing the results in Tables 1 and 2 demonstrates the increase in sampling difficulty and
decrease in accuracy involved in reconstructing a sample of chains. Thus, while SA(sample)
in Table 2 (as expected) is an upper bound that decreases as ngre iNCreases, it is always larger
(i.e., worse) than the corresponding S”(straight) in Table 1; for nsygre =50000 the deviations
are small for N < 149 but increase for larger N. A similar trend is observed for o (sample)
that always decreases (as expected) with increasing nyre BUt it is larger than the corresponding
o (straight). Notice that for ng,,re =50000 SA(sample) and o5 (sample) are always better (i.e.,
smaller) than SA(HS) and 64 (HS), which again reflects the superior accuracy of HSMC. SB
and SgB always increase with ngygyre and for ngyure =5000 and 50000 they are in most cases
equal with slightly lower errors for SgB- Again, these values are always smaller (i.e., worse)
than those in Table 1, where the deviations are small for N <149 and increase for larger N. For
N < 99 the (6) results for SM, SgM, and SP for ng,iyre = 5000 and 50000 are all equal (within
the error bars), whereas for larger N these functionals have slightly better values at 50000 than
at 5000. For N < 249 the best results for SM, SgM and SP (i.e. for ng,,re= 50000) are equal to
those of Table 1, while for N=399 and 599 the results for the straight chains are more accurate
with errors that are ~6 times smaller.

The conclusion from the above comparison is that for any model studied it is more efficient to
carry out a relatively large number of reconstructions (replicates) of a small number of “good”
chain configurations than to reconstruct a thermodynamic sample of chains.

I11.5 Discussion

The results of the two tables show that for a given amount of computer time it is preferable to
increase ngyure USing relatively small values of sample size n; this leads to improved (smaller)
SA, larger SB, hence better estimates SM and SP (in particular for large N). This effect is
significant in particular for a sample of chains, where, for N=49, for example,
SA(Nuture=50000) is equal in both tables, while for ngy,e=5000 and 500 the results in Table
2 are always worse (larger) than the corresponding results of Table 1. Thus, the best (lowest)
SA will be obtained in the extreme case, where only a single (good) chain is reconstructed with
the maximal nfygre for a given amount of computer time. However, this would come with a

price that the information provided by the other functionals would be lost because
$A=5B=gM=gD
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An inherent inefficiency of HSMC lies in the need to carry out N—1 simulations for an N-bond
SAW. Still, performance of HSMC for a sample of SAWSs can be improved by changing the
scaling function discussed in section 11.3, which controls the extent of simulation applied to
each bond in the reconstruction process. However, the most significant factor affecting
efficiency is the simulation method used for the chain reconstruction. Thus, our preliminary
simulations based on corner moves alone have converged extremely slowly, and adding the
pivot moves improved performance dramatically. In three dimensions, where the excluded
volume effect is weaker, one can add crankshaft moves (and other moves, see Ref. 8) that are
expected to increase efficiency further. To improve accuracy one can increase the scanning
parameter used in the HS parts of the processes from f=8 to12 (and even to 14).

The pivot moves are very important for an open chain, but they become unsuitable for a SAW
enclosed in a small volume, or for a highly compact SAW with attractive interactions at low
temperature, where only local MC moves are applicable. Notice, however, that simulating these
restricted models (on a square or a simple cubic lattice) with dynamic MC procedures based
on local moves is generally non-ergodic and extremely inefficient, meaning that the
corresponding HSMC reconstructions will be inefficient as well. On the other hand, restricted
SAW models are better handled by step-by-step construction procedures.14‘17 The scanning
method, for example, is ergodic and due to its “feelers” one can generate chains in restricted
environments quite efficiently. Thus, the idea would be to implement within the framework of
HSMC a suitable growth procedure, which will lead to exact results, unlike HS. Notice that
growth procedures provide the entropy by themselves from their generated sample of chains;
however, a suitable HSMC/growth procedure would enable estimating the entropy from a given
trajectory.

An interesting test case is a model of multiple SAWSs enclosed in a “box”, studied previously
by the scanning and HS methods,24 where chains are added successively to an initially empty
box. However, with HS only the partial future of a reconstructed chain is considered, whereas
HSMC can take into account the entire future, including that of the reconstructed chain and
the positions and conformations of the as yet unreconstructed chains. If the system is not
extremely dense local dynamic MC moves would suffice. In the extreme case where all sites
are populated (density=1) one can apply simulation methods as those implemented by Pakula
and Reiter.27 1t should be emphasized that HSMC can handle volumes with any shape and
boundary conditions, where defining a suitable reference state for Tl is not trivial.

Chain models with finite interactions have been defined on enriched lattices (i.e., with a large
coordination number, such as the bond fluctuating model) and have been simulated by dynamic
MC procedures. All of these models can be treated by HSMC. Such models have been used to
study protein folding trajectories, for example, where transitions between different
conformational regions (microstates) occur, but their relative populations can be obtained only
crudely from the trajectory. However, these populations can be calculated with high accuracy
by applying HSMC locally to these microstates, in the same way it has been applied to the
helical, extended, and hairpin microstates of polyglycine molecules.” It should be noticed that
the entropy of microstates (i.e. local fluctuations) can also be obtained agproximately by the
harmonic and quasi-harmonic techniques12 or the local states method, 13 while a similar
calculation by TI is a standing problem. Returning to the present model of SAWSs, it appears
that the most efficient is the scanning method (where a run for generating SAWs of N=599
provides results for all intermediate N), followed by TI, where HSMC is the least efficient. For
example, the tabulated T1 value for a 399-bond SAW required ~100 h CPU, while for HSMC
(Nfuture=50000), generating the 225 chains in Table 1 took 945 h CPU. It is stressed however
that these levels of precision will often not be necessary in novel investigations on related
polymer systems. A single reconstruction of a 399-bond SAW for ng,e=50000 requires far
less computational investment (~4.2 h CPU), and already gives a result of S=0.9757 (6).
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In summary, calculation of S is a central problem in computer simulation, and HSMC with its
unique features constitutes a new tool for obtaining S independent of other methods. With
HSMC all interactions are considered, and its accuracy depends only on the amount of MC
sampling. Furthermore, a “self checking” accuracy analysis is inherent in the method, based
on verifying the increase and decrease of the rigorous upper and lower bounds, SB, SgB, and
SA, and the decrease of o, as the approximation improves. Finally, unlike other methods,
HSMC is of general applicability, covering liquids (argon and water), microstates of
polypeptide molecules, and in this work also random coil polymers. HSMC can be applied to
any type boundary conditions, which is very difficult to handle by TI, and unlike most methods,
enables one to extract the absolute entropy from a given sample, where only a small number
of SAWSs (and even a single chain) need to be reconstructed; this is important for studying
relaxation processes, such as protein folding.
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Table 1
HSMC results for the entropy per bond of N-bond SAWSs?2

Nuture SMkg o SBikg ScB/kg SMikg ScMikg SPkg

N = 29 Spyc = 1.016147 (5)

500 1.02084 (2) 0.01807 (2) 1.01148 (5) 1.01137 (3) 1.01616 (3) 1.01610 (2) 1.01614 (3)
5000 1.01662 (2) 0.00568 (2) 1.01568 (3) 1.01568 (2) 1.01615 (2) 1.01615 (2) 1.01615 (2)
50000 1.01618 (2) 0.00181 (2) 1.01609 (3) 1.01609 (2) 1.01614 (2) 1.01614 (2) 1.01614 (2)

St 1.016145 (3) 1.016145 (3) 1.016145 (3) 1.016145 (3) 1.016145 (3) 1.016145 (3)
Sceries 1.01615 (1) 1.01615 (1) 1.01615 (1) 1.01615 (1) 1.01615 (1) 1.01615 (1)

N =49 Sgcan = 1.000904 (4)

500 1.00583 (1) 0.01424 (2) 0.99602 (5) 0.99590 (3) 1.00093 (3) 1.00086 (2) 1.00091 (3)
5000 1.00140 (1) 0.00448 (2) 1.00042 (3) 1.00042 (1) 1.00091 (2) 1.00091 (1) 1.00091 (2)
50000 1.00095 (1) 0.00142 (2) 1.00085 (3) 1.00085 (1) 1.00090 (2) 1.00090 (1) 1.00090 (2)

Shs 1.00149 (1) 0.00434 (1) 1.00026 (2) 1.00057 (1) 1.00088 (2) 1.00103 (1) 1.00094 (1)

S 1.000897 (3) 1.000897 (3) 1.000897 (3) 1.000897 (3) 1.000897 (3) 1.000897 (3)
Seeries 1.000899 (5) 1.000899 (4) 1.000899 (4) 1.000899 (4) 1.000899 (4) 1.000899 (4)

N = 99 Sgey = 0.987726 (5)

500 0.99294 (2) 0.01030 (3) 0.9826 (1) 0.98243 (6) 0.98775 (5) 0.98769 (4) 0.98773 (5)
5000 0.98826 (2) 0.00324 (3) 0.98722 (5) 0.98722 (3) 0.98774 (3) 0.98774 (2) 0.98774 (3)
50000 0.98777 (2) 0.00101 (3) 0.98767 (4) 0.98767 (2) 0.98772 (2) 0.98772 (2) 0.98772 (3)

Shs 0.98994 (1) 0.00507 (1) 0.9856 (2) 0.9874 (1) 0.9878 (1) 0.9887 (1) 0.98817 (5)

Sn 0.987727 (3) 0.987727 (3) 0.987727 (3) 0.987727 (3) 0.987727 (3) 0.987727 (3)
Seeries 0.987730 (3) 0.987730 (3) 0.987730 (3) 0.987730 (3) 0.987730 (3) 0.987730 (3)

N = 149 Sgcay = 0.982740 (3)

500 0.98806 (2) 0.00852 (3) 0.9774 (2) 0.97725 (8) 0.9827 (1) 0.98265 (4) 0.9827 (1)
5000 0.98329 (2) 0.00267 (3) 0.98222 (5) 0.98223 (3) 0.98276 (3) 0.98276 (2) 0.98276 (3)
50000 0.98281 (2) 0.00085 (3) 0.98270 (4) 0.98270 (2) 0.98275 (2) 0.98275 (2) 0.98275 (3)

Sn 0.982742 (3) 0.982742 (3) 0.982742 (3) 0.982742 (3) 0.982742 (3) 0.982742 (3)
Seeries 0.982740 (2) 0.982740 (2) 0.982740 (2) 0.982740 (2) 0.982740 (2) 0.982740 (2)

N = 249 S = 0.97836 (2)

500 0.98391 (3) 0.00669 (4) 0.9727 (3) 0.9728 (1) 0.9783 (2) 0.97833 (7) 0.9783 (2)
5000 0.97889 (2) 0.00208 (4) 0.97782 (8) 0.97782 (5) 0.97836 (4) 0.97836 (3) 0.97836 (5)
50000 0.97840 (2) 0.00066 (4) 0.97829 (5) 0.97829 (2) 0.97835 (3) 0.97835 (2) 0.97835 (3)

Shs 0.98306 (1) 0.00401 (1) 0.9745 (5) 0.9791 (3)* 0.9788 (3) 0.9811 (2) 0.9799 (1)

Sn 0.978358 (4) 0.978358 (4) 0.978358 (4) 0.978358 (4) 0.978358 (4) 0.978358 (4)
Seeries 0.978360 (1) 0.978360 (1) 0.978360 (1) 0.978360 (1) 0.978360 (1) 0.978360 (1)

N =399 Sgcay = 0.97567 (4)

500 0.98138 (6) 0.00540 (5) 0.9710 (5) 0.9697 (2) 0.9762 (3) 0.9756 (1) 0.9759 (3)
5000 0.97625 (4) 0.00170 (5) 0.9751 (1) 0.97509 (8) 0.97567 (5) 0.97567 (5) 0.97567 (5)
50000 0.97568 (4) 0.00053 (5) 0.97557 (7) 0.97557 (5) 0.97563 (4) 0.97563 (4) 0.97563 (5)

Shs 0.98141 (5) 0.00335 (5) 0.9743 (5) 0.9769 (3) 0.9779 (3) 0.9792 (2) 0.9782 (2)

Sn 0.975655 (8) 0.975655 (8) 0.975655 (8) 0.975655 (8) 0.975655 (8) 0.975655 (8)
Seeries 0.975652(1) 0.975652 (1) 0.975652 (1) 0.975652 (1) 0.975652 (1) 0.975652 (1)

N =599 S = 0.97395 (5)

500 0.98003 (8) 0.00445 (7) 0.9706 (8) 0.9682 (4) 0.9753 (4) 0.9741 (2) 0.9748 (5)
5000 0.97466 (7) 0.00139 (7) 0.9736 (2) 0.9735 (1) 0.9741 (1) 0.97408 (9) 0.9741 (1)
50000 0.97413 (5) 0.00036 (7) 0.9741 (1) 0.97405 (6) 0.97409 (6) 0.97409 (5) 0.97409 (5)

Sn 0.97404 (1) 0.97404 (1) 0.97404 (1) 0.97404 (1) 0.97404 (1) 0.97404 (1)
Series 0.974025(1) 0.974025(1) 0.974025(1) 0.974025(1) 0.974025(1) 0.974025(1)

1250000
125000
12500

1250000
125000
12500
250000

250000
25000
2500
250000

250000
25000
2500

63000
9100
930
176000

9500

2000
225

5500

3000
450
45

aThe results were obtained from n reconstructions of a straight chain. sA [Egs. (8) and (15)] is an upper bound, and o is its fluctuation [Eq. (9)]. sB
[Egs (10), (11), and (16)] and its Gaussian approximation, SGB [Eq. (17)] are lower bounds, and their averages with A are denoted SM [Eq. (12)] and

SGM [Eq. (18)], respectively. sD [Eq. (19)] is an exact entropy functional. nfytyre is related to the number of MC steps per bond (see text). ST, Sscan.
Sseries, and SHS were obtained by thermodynamic integration [Eq. (26)], the scanning method [Eq. (6), Ref. 20], a series expansion formula [Eq. (20)],
and the HS method, respectively. The statistical error is defined by parentheses: 1.00(3) = 1.00 + 0.03.
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HSMC results for the entropy per bond obtained from a sample of chain configurations. For details, see the -

caption of Table 1.

Nuture SMkg o SBikg ScB/kg SMikg ScMikg SPkg n
N = 29 Spyc = 1.016147 (5)

500 1.02366 (2) 0.02319 (2) 1.00866 (5) 1.00807 (3) 1.01616 (3) 1.01587 (2) 1.01609 (3) 1250000
5000 1.01689 (2) 0.00724 (2) 1.01537 (3) 1.01537 (2) 1.01613 (2) 1.01613 (2) 1.01613 (2) 125000
50000 1.01621 (2) 0.00237 (2) 1.01604 (3) 1.01605 (2) 1.01613 (2) 1.01613 (2) 1.01613 (2) 12500

St 1.016145 (3) 1.016145 (3) 1.016145 (3) 1.016145 (3) 1.016145 (3) 1.016145 (3)

Seeries 1.01615 (1) 1.01615 (1) 1.01615 (1) 1.01615 (1) 1.01615 (1) 1.01615 (1)
N = 49 Sgcpy = 1.000904 (4)

500 1.00959 (2) 0.01923 (2) 0.99215 (7) 0.99146 (4) 1.00087 (4) 1.00053 (3) 1.00078 (4) 1248547
5000 1.00172 (2) 0.00600 (2) 0.99996 (5) 0.99995 (2) 1.00084 (3) 1.00084 (2) 1.00084 (3) 124763
50000 1.00094 (2) 0.00189 (2) 1.00077 (4) 1.00077 (2) 1.00086 (2) 1.00086 (2) 1.00086 (3) 12467

Shs 1.00149 (1) 0.00434 (1) 1.00026 (2) 1.00057 (1) 1.00088 (2) 1.00103 (1) 1.00094 (1) 250000

St 1.000897 (3) 1.000897 (3) 1.000897 (3) 1.000897 (3) 1.000897 (3) 1.000897 (3)

Seerics 1.000899 (5) 1.000899 (4) 1.000899 (4) 1.000899 (4) 1.000899 (4) 1.000899 (4)
N = 99 Sgcay = 0.987726 (5)

500 0.99840 (3) 0.01539 (3) 0.9762 (2) 0.9750 (1) 0.9873 (1) 0.98668 (5) 0.9873 (1) 249621
5000 0.98883 (3) 0.00478 (3) 0.9866 (1) 0.98657 (4) 0.98770 (5) 0.98770 (3) 0.98770 (5) 24907
50000 0.98786 (3) 0.00153 (3) 0.98763 (5) 0.98763 (3) 0.98775 (3) 0.98775 (3) 0.98775 (3) 2476

Sks 0.98994 (1) 0.00507 (1) 0.9856 (2) 0.9874 (1) 0.9878 (1) 0.9887 (1) 0.98817 (5) 250000

St 0.987727 (3) 0.987727 (3) 0.987727 (3) 0.987727 (3) 0.987727 (3) 0.987727 (3)

Sqeries 0.987730 (3) 0.987730 (3) 0.987730 (3) 0.987730 (3) 0.987730 (3) 0.987730 (3)
N = 149 Sgcpy = 0.982740 (3)

500 0.99460 (3) 0.01347 (5) 0.9688 (5) 0.9676 (2) 0.9817 (3) 0.9811 (1) 0.9818 (3) 249628
5000 0.98398 (3) 0.00428 (5) 0.9813 (1) 0.98126 (7) 0.98263 (5) 0.98262 (4) 0.98264 (5) 24860
50000 0.98293 (3) 0.00143 (5) 0.98262 (5) 0.98262 (4) 0.98277 (3) 0.98277 (3) 0.98277 (4) 2470

Sty 0.982742 (3) 0.982742 (3) 0.982742 (3) 0.982742 (3) 0.982742 (3) 0.982742 (3)

Seerics 0.982740 (2) 0.982740 (2) 0.982740 (2) 0.982740 (2) 0.982740 (2) 0.982740 (2)
N = 249 Sgepy = 0.97836 (2)

500 0.99188 (5) 0.01149 (7) 0.961 (2) 0.9590 (4) 0.976 (1) 0.9755 (2) 0.976 (1) 50451
5000 0.97977 (4) 0.00374 (7) 0.9760 (2) 0.9763 (1) 0.9779 (1) 0.97803 (8) 0.9780 (1) 7261
50000 0.97851 (4) 0.00129 (7 0.9781 (1) 0.97809 (6) 0.97830 (5) 0.97830 (5) 0.97830 (5) 938

Shs 0.98306 (1) 0.00401 (1) 0.9745 (5) 0.9791 (3)* 0.9788 (3) 0.9811 (2) 0.9799 (1) 176000

St 0.978358 (4) 0.978358 (4) 0.978358 (4) 0.978358 (4) 0.978358 (4) 0.978358 (4)

Seeries 0.978360 (1) 0.978360 (1) 0.978360 (1) 0.978360 (1) 0.978360 (1) 0.978360 (1)
N =399 Sgcay = 0.97567 (4)

500 0.9908 (1) 0.0099 (1) 0.955 (3) 0.9517 (8) 0.973 (2) 0.9712 (4) 0.971 (2) 6670
5000 0.97729 (8) 0.0032 (1) 0.9727 (5) 0.9733 (3) 0.9750 (3) 0.9753 (2) 0.9752 (3) 1577
50000 0.9759 (1) 0.0012 (1) 0.9754 (2) 0.9754 (1) 0.9757 (1) 0.9757 (1) 0.9757 (1) 115

Shs 0.98141 (5) 0.00335 (5) 0.9743 (5) 0.9769 (3) 0.9779 (3) 0.9792 (2) 0.9782 (2) 5500

St 0.975655 (8) 0.975655 (8) 0.975655 (8) 0.975655 (8) 0.975655 (8) 0.975655 (8)

Seeries 0.975652(1) 0.975652 (1) 0.975652 (1) 0.975652 (1) 0.975652 (1) 0.975652 (1)

N =599 Sgeay = 0.97395 (5)

500 0.9904 (2) 0.0087 (2) 0.957 (5) 0.945 (2) 0.974 (3) 0.968 (1) 0.969 (3) 2540
5000 0.9760 (2) 0.0030 (2) 0.970 (2) 0.971 (1) 0.973 (1) 0.9733 (4) 0.973 (1) 316
50000 0.9743 (1) 0.0010 (2) 0.9738 (5) 0.9737 (3) 0.9741 (3) 0.9740 (2) 0.9741 (3) 60

St 0.97404 (1) 0.97404 (1) 0.97404 (1) 0.97404 (1) 0.97404 (1) 0.97404 (1)

Seerics 0.974025(1) 0.974025(1) 0.974025(1) 0.974025(1) 0.974025(1) 0.974025(1)
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