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PROPOSAL: Models for Nonlinear Systems and Phase Transitions

PRINCIPAL INVESTIGATOR: Chin-Kun Hu

ADDRESS: Institute of Physics, Academia Sinica, Taipei, Taiwan 11529,
Tel: 02-27899672, Fax: 02-27834187, E-mail: huck@phys.sinica.edu.tw

I. MAIN RESEARCH RESULTS IN RECENT FIVE YEARS (1999-2003)

In recent 5 years (1999-2003), the PI of this proposal (Chin-Kun Hu) has published 49
papers in SCI journals, including 5 papers in Physical Review Letters (PRL), 20 papers
in Physical Review E, 1 paper in Protein: Structure, Function, and Genetics, 8 papers in
Physica A, 3 papers in Journal of Physics A: Math. and Gen., 3 papers in Journal of the
Physical Society of Japan, 2 papers in Computer Physics Communications, 1 paper in Jour-
nal of Computational Chemistry, 1 paper in Journal of Statistical Physics, etc. Hu’s website
can be found at “People of LSCP” of LSCP website: http://www.sinica.edu.tw/˜statphys/,
which contains a list of publications and pdf files for some research papers.

Hu’s main research results during 1999-2003 are

1. Universal amplitude ratios for spin models. Considering the Ising model on
N ×∞ square, triangle, and honeycomb lattices and a quantum spin model on a ring
of N sites, Izmailian and Hu found universal amplitude ratios for these systems.

(a) N. Sh. Izmailian and C.-K. Hu. Exact universal amplitude ratios for two-
dimensional Ising models and a quantum spin chain, Phys. Rev. Lett. 86 ,
5160-5163 (2001).

2. Exact finite-size corrections and UFSSFs for the Ising model. Hu and col-
laborators obtained exact finite-size corrections for thermodynamic quantities of the
Ising model and used such results to obtain UFSSFs for the Ising model with exact
non-universal metric factors.

(a) E. V. Ivashkevich, N.Sh. Izmailian, and C.-K. Hu. Kronecker’s double series
and exact asymptotic expansions for free models of statistical mechanics on torus
J. Phys. A: Math. and Gen. 35, 5543-5561 (2002).

(b) N. Sh. Izmailian andC.-K. Hu. Exact amplitude ratio and finite-size corrections
for the M ×N square lattice Ising model, Phys. Rev. E 65, 036103 (2002).

(c) N. Sh. Izmailian, K. B Oganesyan and C.-K. Hu. Exact finite-size corrections
for the square lattice Ising model with Brascamp-Kunz boundary conditions,
Phys. Rev. E 65, 056132 (2002).

(d) M.-C. Wu, C.-K. Hu and N.Sh. Izmailian. Universal finite-size scaling function
with exact nonuniversal metric factors, Phys. Rev. E 67, 065103 (R) (2003).
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3. Critical behavior of sandpile and avalanche models. Hu and collaborators
found universal critical behavior for toppling waves of a planar sandpile model and an
asymmetric avalanche model on a ring.

(a) C.-K. Hu. E. V. Ivashkevich, C. Y. Lin, and V. B. Priezzhev. Inversion sym-
metry and exact critical exponents of dissipating waves in the sandpile model,
Phys. Rev. Lett. 85, 4048-4051 (2000).

(b) C.-K. Hu and C.-Y. Lin. Universality in critical exponents for toppling waves
of the BTW sandpile model on two-dimensional lattices, Physica A, 318, 92-100
(2003).

(c) V.B. Priezzhev, E.V. Ivashkevich, A.M. Povolotsky, and C.-K. Hu. Exact phase
diagram for an asymmetric avalanche process, Phys. Rev. Lett. 87, 084301
(2001).

(d) A.M. Povolotsky, V.B. Priezzhev, and C.-K. Hu. The asymmetric avalanche
process, J. Stat. Phys. 111, 1149-1182 (2003).

(e) A.M. Povolotsky, V.B. Priezzhev, andC.-K. Hu. Transition from Kardar-Parizi-
Zhang to tilted interface critical behavior in a solvable aymmetric avalanche
model, Phys. Rev. Lett. 91, 255701 (2003).

4. Synchronization conditions for thermodynamic systems. Gade and Hu found
synchronization conditions for thermodynamic coupled map lattices with intermediate-
range coupling or small-world interactions

(a) P. M. Gade and C.-K. Hu. Synchronization and coherence in thermodynamic
coupled map lattices with intermediate-range coupling, Phys. Rev. E. 60, 4966-
4969 (1999).

(b) P. M. Gade and C.-K. Hu. Synchronous chaos in coupled map lattices with
small-world interactions, Phys. Rev. E 62, 6409-6413 (2000).

5. Computing package and algorithms for simulations of proteins in parallel
computers. Hu and collaborators developed computing package and algorithms for
calculating structures and properties of proteins in parallel computers.

(a) F. Eisenmenger, U. H.E. Hansmann, S. Hayryan, and C.-K. Hu. [SMMP] A
modern package for simulation of proteins, Computer Phys. Commu., 138, 192-
212 (2001).

(b) S. Hayrian, C.-K. Hu, S.-Y. Hu and R.-J. Shang. Multicanonical parallel sim-
ulation of proteins with continuous potentials, J. Comp. Chem. 22, 1287-1296
(2001).

(c) C.-Y. Lin, C.-K. Hu, and U. H.E. Hansmann. Parallel tempering simulations
of HP-36, Proteins — Structure, Function and Genetics 52, 436-445 (2003).

II. BACKGROUND AND MOTIVATION OF THE PRESENT PROPOSAL
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The purpose of the research on statistical physics is to understand the behavior and the
macroscopic properties of a many-body system from the interactions among the constituents
of this system. The calculation methods developed in statistical physics include the mean
field theory, exact solution, series expansion, Monte Carlo (MC) simulations, molecular
dynamic (MD) simulations, renormalization group (RG) theory, etc [1, 2, 3]. Such methods
have been used to understand many interesting problems in sciences, e.g. phase transitions
and critical phenomena in materials [2, 3]. Such studies also give rise to new ideas, e.g.
scaling laws and universality of critical exponents for critical phenomena, finite-size scaling,
etc [1, 2, 3, 4, 5].
Many interesting problems in statistical physics can not be solved exactly. One must use

the numerical methods, e.g. MC simulation methods, to study the problem. In recent years,
workstations, personal computers, and computer networks are developed very rapidly. We
may expect that computers will play an increasingly important role in researches. To make
efficient usage of computers, we should also develop efficient numerical algorithms to obtain
and analyze numerical data.
In recent years, the methods and ideas of statistical physics have been used to wider

and wider problems, including analysis of physiological and economic data, protein folding
problem, properties of macromolecules, etc. Reviews of these developments may be found
in proceedings of international conferences on statistical physics in recent years [6].
Under the sponsorship of the National Science Council and Academia Sinica, we have

established a Laboratory of Statistical and Computational Physics (LSCP) at the Institute
of Physics of Academia Sinica and begun to apply the methods and ideas of statistical
physics to interdisciplinary problems [7]. In the present proposal, we will study lattice phase
transition models and protein folding problem. The later is an example of interdisciplinary
problems. Other related problems will also be studied.

LATTICE PHASE TRANSITIONMODELS. One of our research interest has been in
the area of exact and rigorous analyzes of statistical mechanical models of critical phenomena
and phase transitions. Phase transitions are among the most familiar phenomena. Com-
mon as they may be, our physical understanding of them is far from complete. Extending
that knowledge is arguably the central and most fascinating problem of modern statistical
mechanics. These topics have been under intensive study by many research groups in recent
years. The theoretical methods employed a broad range of techniques from Monte Carlo
method to conformal field theory.
Numerical studies of statistical-mechanical models very often imply the extrapolation

of data concerning finite or partially finite systems of size LD to the infinite-volume (or
thermodynamical) limit. Three of the most powerful numerical approaches to the study of
critical phenomena suffer from this extrapolation problem, namely the Monte Carlo method,
the Monte Carlo renormalization-group method. The large - L limit is one of the very few
opportunities of having analytical results, and therefore a good quantitative understanding
of finite-size effects. Thus the exact asymptotic expansions could be useful to check Monte
Carlo simulations.
Also, it may in itself bring out connections to underlying physical properties. These latter

may be universal, such as relationship between critical free-energy finite-width correction
and the conformal anomaly of the corresponding universality class, or otherwise relate to
details of the system under consideration.
Conformal field theory provides a list of irrelevant operators that may appear in the two-
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dimensional Ising model. By comparing the finite-size scaling ansatze for the free energy to
the corresponding exact results we may get new insights about the operator content of the
model. For example, the exact asymptotic expansion for the free energy for the Ising model
on the square, honeycomb and triangular lattice

f = fbulk +
∞X

m=1

f2m
L2m

(1)

support the following conjecture:
Conjecture. The only irrelevant operators which appear in the two-dimensional nearest-

neighbor Ising model are those due to the lattice breaking of the rotational symmetry.
In particular, for the square-lattice Ising model the first operator that breaks rotational

invariance is the spin-four operator T 2 + T̄ 2 (where T is the energy-momentum operator)
whose renormalization-group exponent is y = −2 and this operator can give rise to all the
observed corrections in Eq. (1). In the case of triangular lattice, the coefficients f4 and f8
vanish. The absence of the term proportional to L−4 (f4 = 0) and L−8 (f8 = 0) implies
that the scaling fields of the TT̄ (y = −2) and QI

4Q̄
I
4 (y = −6) operators vanishes at the

critical point. And the first irrelevant operator (belonging to the identity family) that breaks
rotational invariance is T 3 + T̄ 3 with y = −4 give rise to the observed corrections in Eq.
(1).
In this research project we propose to investigate the exact finite-size corrections to

scaling in critical Ising model and dimer model on the three main two-dimensional lattices
(square, triangular and honeycomb) under various boundary conditions.

PROTEIN FOLDING. Another interesting research problem related to phase transitions
is protein folding. The protein folding problem is commonly understood as a problem of
finding the mechanism which drives the molecule of the protein to its biologically active 3D
structure which is unique for the given primary structure [8, 9]. It is one of the most inter-
esting and complex problems of the modern biochemistry and biophysics, and its solution
implies combining together many research methodologies of modern science.
Accurate theoretical modelling and advanced simulation techniques are two intercon-

nected important components in the global approach to these problems.

1. Monte Carlo Simulations of Proteins
It is believed that the biologically active structure of a protein corresponds to the global

minimum in free energy at room temperature. In protein studies one tries to determine
this structure and the dynamics of the folding process by which it is attained. Given a
sufficiently accurate physical description of the protein molecule, it is in principle possible
to investigate these questions by means of computer simulations. However, the complex
form of the interactions containing both repulsive and attractive terms leads to a very rough
energy landscape with a huge number of local minima separated by high energy barriers. As
a consequence, sampling of low-energy conformations of proteins is a hard computational
task, and calculation of accurate physical quantities may be not always possible for low
temperatures. Various approaches were proposed to deal with this so-called multiple minima
problem (see further in this text).

1.a. Canonical Monte Carlo Simulation. Another common situation is that the bio-
logically active structure is given, but one desires to explore the local neighborhood of that
configuration and to establish the accessibility of other conformers at a certain tempera-
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ture. Canonical Monte Carlo is one of the techniques with which one can investigate such
questions.
Canonical Monte Carlo aims to sample configurations according to a canonical ensemble

at temperature T . Configurations of energy Ei are weighted according to the Boltzmann
distribution and are sampled with probability

Pcan(E) ∼ n(E)exp{−βE} (2)

where β = 1/KBT is the inverse temperature, n(E) is the density of states with energy E
(spectral density) and wB(E) = exp(−βE) is the Boltzmann factor. Such sampling can be
easily realized through use of the well-known Metropolis algorithm [10]:

1. Choose for one of the dihedral angles φi, ψi, ωi or χi a value out of the interval [−π, π]
and calculate the energy Enew of the resulting new protein configuration.

2. Replace the current configuration (which has an energy Eold) by this new one with
probability

min(1, exp{−β(Enew − Eold)}) . (3)

3. Continue with Step 1.

By repeating this procedure many times one gets a sufficient sampling of the phase space,
and the thermodynamical quantities can be calculated to the known accuracy.

1.b. Simulated Annealing. As mentioned above, the energy landscape of proteins is
rugged and consists of many minima separated by high energy barriers. For this reason,
a canonical simulation at a low temperature commonly gets trapped in one of the local
minima. This is because in the canonical ensemble the probability to cross an energy barrier
of heights ∆E is proportional to exp{−β∆E}. Hence, only small parts of the configuration
space can be sampled in a low temperature canonical simulation, and physical quantities
cannot be calculated accurately unless the astronomically large number of Monte Carlo
moves is implemented.
A now almost classical way to alleviate this difficulty is simulated annealing[11]. The fun-

damental assumption is that for a protein molecule the conformation of the global minimum
in free energy (at room temperature) can be approximated by the conformation of global
minimum in potential energy. Then the Simulated Annealing algorithm tries to find the
global minimum in potential energy by modeling the crystal grow process in nature through
gradually decreasing temperature in the simulation. As in a regular canonical simulation
configurations are updated with a Boltzmann weight

w(E,T ) = e−E/kBT (4)

where kB is the Boltzmann constant and T is the absolute temperature. During a simulation
the temperature is lowered very slowly from a sufficiently high initial value T0 at which the
structure is changed freely with every Monte Carlo or molecular dynamics updates to a
“freezing” temperature Tf at which the system undergoes no significant changes with respect
to the Monte Carlo iteration or molecular dynamics steps. If the rate of temperature decrease
is slow enough for the system to stay in thermodynamic equilibrium, then it is ensured that
the system can avoid getting trapped in local minima and that the global minimum will

5



be found. It could be shown that convergence to the global minimum can be secured for a
logarithmic annealing schedule [12], but this is of little use in applications of the method.
Constraints in available computer time enforce the choice of faster annealing schedules where
success is no longer guaranteed. Similar to the growing of real crystals which hardly ever
can be archived by a simple cooling process, elaborated and often system specific annealing
schedules are frequently necessary to obtain the global minimum in the CPU time available.
In our simulations the temperature was lowered exponentially in NSTEP times by setting
the inverse temperature β = 1/kBT to

βn = β0γ
n−1 , (5)

for the nth temperature step. Here, β0 is the initial inverse temperature and γ is given by

γ =

Ã
βf
β0

! 1
NSTEP−1

, (6)

For the purpose of comparison, one should make a fixed number of Monte Carlo sweeps,
NT , at each temperature step so that the total number of Monte Carlo sweeps per run,
NSWEEP , is fixed: NSWEEP = NT ×NSTEP . For a fixed value of NSWEEP , these
constants (β0, βf , and NSTEP ) are free parameters and have to be tuned in such a way
that the annealing process is optimized for the specific problem.
The subroutine ANNEAL realizes the simulated annealing algorithm in SMMP [13]

package. Note, that this subroutine can easily be modified for simulations relying on Tsallis
weights [14].

1.c. Monte Carlo Simulation in Generalized Ensembles. Probably one of the most
promising attempts to overcome the multiple-minima problem in protein simulations is the
generalized-ensemble approach. Its main advantage is that from a single simulation one
can calculate accurate physical quantities over a wide range of temperatures. Hence, unlike
simulated annealing one can determine the free energy global minimum configuration at
various temperatures (and does not rely on approximating it by the global minimum in
potential energy), and can study questions which go beyond the prediction problem.
A generalized-ensemble simulation is characterized by the condition that a Monte Carlo

simulation shall lead to a uniform distribution of some physical quantity. Probably the
earliest realization of this idea is umbrella sampling [15]. This idea was lately revived and
a variety of new algorithms were developed which can be used for simulations of biolog-
ical molecules. Typical examples of these newer generalized-ensemble techniques are the
multicanonical algorithm[16], 1/k-sampling [17], and simulated tempering[18].
The underlying idea of all generalized-ensemble algorithms can be seen clearly from the

example of the multicanonical algorithm. Here, the weights w(E) are chosen such that the
distribution of energies

P (E) ∝ n(E)w(E) = const, (7)

where n(E) is the number of states with the energy E (spectral density). A free random
walk in the energy space is performed which allows the simulation to escape from any local
minimum, and even regions with small n(E) can be explored in detail. Similar, 1/k-sampling
yields a uniform distribution in (microcanonical) entropy, and simulated tempering to an
uniform distribution in temperature. From such a generalized-ensemble simulation one
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can calculate the thermodynamic average of any physical quantity A by the re-weighting
technique [19]:

< A >T =

R
dx A(x) w−1(x) e−E(x)/kBTR

dx w−1(x) e−E(x)/kBT
. (8)

Here x stands for configurations, w(x) is the generalized-ensemble weight of configuration
x and kB is the Boltzmann constant.
However, unlike in the canonical ensemble, the weights are not a priori known for simu-

lations in these ensembles. For instance, in the multicanonical algorithm wmu(E) ∝ n−1(E),
and knowledge of the exact weights is equivalent to obtaining the density of states n(E),
i.e., solving the system. Hence, one needs their estimators for a numerical simulation. The
determination of the weight wmu(E) is usually based on an iterative procedure. Alternative
methods rely on preliminary simulated annealing runs or exploit a mean field approximation
of the protein model.
Some attempts were made to construct generalized ensembles where the determination

of the estimators is simple and straightforward or where the weights are even a priori
known. One example is the weight proposed in Ref. [20] (which is similar in form to the
weights used in Tsallis generalized mechanics formalism [14]). Another promising approach
is parallel tempering which was first introduced to the protein folding problem in Ref. [21].
In this method one considers an artificial system build up of N non—interacting copies of
the molecule, each at a different temperature Ti. For a numerical simulation the following
two sets of moves are introduced:

1. Standard Monte Carlo or molecular dynamics moves which effect only one, say, the
i-th copy.

2. Exchange of conformations between two copies i and j = i+ 1 with probability:

w(Exchange) = min(1, exp(−βiE(Cj)− βjE(Ci) + βiE(Ci) + βjE(Cj))) . (9)

While the exchange of conformations has to be done by a Monte Carlo procedure, it
is not necessary to use Monte Carlo for the local updates of the conformations on each
node. Instead one can also evaluate on each node for some time τ a molecular dynamics
trajectory, using one of the common canonical molecular dynamics techniques, before an
exchange of conformations between two nodes is tried. Recently a very effective simulation
of the 36-residue villin headpiece subdomain HP-36 by using this algorithm was reported in
[22]. The main advantage of parallel tempering over other generalized-ensemble methods is
that the weight is a priori known, since it is solely the product of the Boltzmann weights
for each of the copies. We remark that it is easy to combine parallel tempering with other
generalized ensemble techniques.

1.d. Parallel Computing and Protein Simulations. Recently the parallel computing
techniques [23] are widely used to improve the efficiency of protein simulations. Many algo-
rithms for parallel Monte Carlo simulations are known ([24, 25, 26, 27, 28, 29] and references
therein) or in the process of being developed for massively parallel supercomputers (see, e.g.,
[30]). The essence of parallel computing is combining several computers within one simula-
tion task by distributing in the proper way the whole computational work among them in
such a way that they perform independently and contribute to the overall performance. The
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quality of the parallelization process is estimated in terms of the efficiency of parallelization.
The efficiency of parallel computations is usually measured as the speed of N processors
together, divided by N times the speed of the single processor [31]. Parallelization strategy
is acceptable when this quantity is greater than 0.5. This parameter and the reasonable
usage of memory are two estimators of the given parallelization method. To keep the effi-
ciency high one must try to distribute the computations between computers uniformly, to
escape their possible idleness. In one of our recent works [32] we have suggested a method
for parallel calculation of protein energy in multicanonical simulation process. The algo-
rithm was implemented using the PVM package. Testings of the method on several small
peptides as well as on the 62 residue-long Protein L have shown a very high parallelization
efficiency for up to 30 computers involved into simulation process. It should be mentioned
that we didn’t use any special parallel computers but merely a cluster of ordinary Pentiums
connected through a switch.

2. Protein-Solvent Interactions
Among other forces solvent interactions are believed to be the most important molecular

forces driving the protein molecule into its native 3D structure.
There are two basic approaches to calculate the free energy of the solvation of proteins.

In the molecular solvent models, hundreds of thousands of water molecules and salt ions
are introduced explicitly into simulation. This approach is, of course, the most realistic
and precise from the standpoint of physics. The difficult point here is that the simulation
processes often fail to converge to reasonable results in a feasible time period because of
the tremendous number of the degrees of freedom of the protein-solvent system. In the
so called continuum solvent models, the solvent is treated as a continuous medium, the
average characteristics of which are close to those of the real solvent. Though cumbersome
by themselves, the simulations with continuum solvent models require several orders of
magnitude less computational time than the simulations with molecular models.
The simplest way to include the solvent into simulation is to consider the protein-solvent

system as some medium with distance dependent electrostatic constant and calculate the
electrostatic interactions between charged atoms by the formula([33])

ε(r) = D − D − 2
2

[(sr)2 + 2sr + 2]e−sr (10)

Here empirical values for the parameters D and s are being used such that on the large
distances ε takes the value of that of bulk water (≈ 80) and the value ≈ 2 at the short
distances which correspond to the protein interior space.
By using this approach we have calculated the minimum energy conformation of the small

C peptide from the HIV2 protein. The minimum energy conformation for this peptide in
gas phase is almost totally helical, while the one obtained by using the formula (10) is rather
extended and much more closer to the native conformation from Protein Databank. This
simple result comes to prove again the importance of the solvent effect on the conformation
of proteins.
However, as was already mentioned, this approach is too simplified. One of the obvious

drawbacks is that the atoms which are close to each other in the space may not occur in
the protein interior both, and reversely, the atoms which are far from each other in space
may occur both in the protein interior.
In what follows in this section we will describe briefly more exact methods for calculation
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of the protein-water interaction free energy within the continuum solvent model.
Generally speaking, the protein-water interactions may be treated on the macroscopic

level by exploiting two kinds of interactions: electrostatic interactions for polar components
and surface tension for non-polar components[34]. So, the total free energy of protein-water
system may be written as a sum of two terms

Gtot = Gnp +Gp, (11)

where Gnp is the non-polar part of the free energy of solvation. In fact it includes two parts:
the free energy of creating a cavity of the shape and size of the molecule in the bulk solvent,
and the energy of dispersion interactions between solute molecule and the solvent.

Gp is the part of free energy which corresponds to the mono- and multiple electro-
static interactions between charged atoms of the protein and the surrounding polar solvent
molecules or solved salt ions.
The non-polar interactions are usually calculated under the assumption that the free

energy of solvation of the certain atoms or atomic groups in uncharged hydrocarbons are
proportional to the surface accessible area of the given atom or atomic group [35].

Gnp =
X

i
σiSi, (12)

where Si is the solvent accessible area [36] of the atoms i, σi are some coefficients of pro-
portionality determined by the experiments on solvation of small hydrocarbons, the sum is
extended over all atoms of the protein molecule. The values of σ are different for each type
of atoms and depend strongly on the forcefield within which they have been calculated.
The quantities Si are conformational dependent and their calculation requires a compli-
cated geometrical algorithm for evaluation of the solvent-accessible surface of the protein
molecule[36]. Two types of algorithms are now exploited for this purpose: an analytical
algorithm [37, 38] or some numerical algorithm, such as the double cubic method [39] which
is used in the module ENYSOL in the current version of our simulation package SMMP.
The second term in Eq.(11) requires exact calculation of the electrostatic polarization

energy of the solute molecules and their dielectric environment. This is usually done by
solving the Poisson-Boltzmann equation for the charged particles placed in the dielectric
medium [79].

The Poisson-Boltzmann Equation. Exact classical approach for the electrostatic inter-
actions in solution is based on the solution of Poisson-Boltzmann equation [40].

∇ · [ε(r)∇ · φ(r)]− ε(r)h(r)2sinh[φ(r)] + 4πρ(r)/kT = 0, (13)

where φ(r) is the dimensionless electrostatic potential in units of kT/q, T is the temperature,
ε(r) is the electrostatic constant, ρ(r) is the fixed charge density. The term h(r)2 = 1/λ2 =
8πq2I/ekT , where λ is the Debye damping length, I is the ionic strength of the solvent, k
is the Boltzmann constant. Quantities φ, , h and ρ are all functions of the vector r.
For small electrostatic fields Eq. (13) may be linearized

∇ · [ε(r)∇ · φ(r)]− ε(r)h(r)2φ(r) = −4πρ(r)/kT (14)

In the case of the single point charge placed in the medium with uniform dielectric
constant (r) = , and equilibrium distribution of the ions, Eq.(14) has a simple, spherically
symmetrical solution
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φ(r) = q
e−hr

r
, (15)

which, in its turn, becomes the Coulomb’s law φ(r) = q/r, when there are no solved ions in
the solvent (h(r) = 0).
However, due to its compact packing the protein molecule creates another medium (pro-

tein interior) with the electrostatic constant different from that of the bulk solvent, and
thus the electrostatic constant of the whole system is not uniform anymore. In the protein
interior space ε is assumed to be constant and having the value 1 to 6, according to different
authors. In the bulk solvent medium the value of ε is taken to be close to the electrostatic
constant of water (≈ 80). So the electrostatic constant is discontinuous along the protein-
water boundary. In this case we have a boundary problem [41] and should use the numerical
methods for solving the Poisson-Boltzmann equation. Usually a finite-difference methods
are used for this.
Another problem with solving the PB equation is a very complicated shape of the surface

along which the electrostatic constant has discontinuity.
This means that one can not set the boundary conditions analytically and it is necessary

to assign a pointer to each mesh point of the difference scheme, which shows whether given
site belongs to the protein interior or to the bulk solvent. For this, again, a solvent accessible
surface must be evaluated.
After the solution of the Poisson-Boltzmann equation is found one can calculate the

energy of the electrostatic field of distributed charges by the formula

Gp =
Z
d3rρ(r)φ(r) (16)

where ρ(r) is the fixed distribution of the charges, φ(r) is the electrostatic potential, inte-
gration is over the whole space, or, in the case of the numerical solution, over the calculating
domain, where the PB equation has been solved.
Obviously, this approach for calculating the solvation free energy is reasonable only in

the cases when one does not need to calculate the protein energy too many times within one
simulation. In such simulations as molecular dynamics or Monte Carlo, one has to sample
many hundreds of thousands conformations, and it is not realistic to solve numerically
the non-linear equation (13) for every configuration. One of the computationally cheaper
approaches is the Born approximation method which is based on the Born treatment of the
monoatomic spherical ions in the dielectric medium [42]

III. RESEARCH METHODS

In this proposal, we will strengthen the activity and computing power of LSCP to work on
some problems of academic and application importance. We will construct a new generation
of 64-bit parallel computer and intensively use computers to solve many research problems.
This research project not only promotes the research level of statistical physics in Academia
Sinica and Taiwan, but also puts forward the development of scientific computing softwares
in Taiwan.
Besides numerical methods, we will also use analytical methods to solve some research

problems, e.g. problems 1, 2, and 4, listed in the next section.

IV. RESEARCH PROBLEMS
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1. Finite-size scaling in the Ising model.

1.a The theory of finite-size effects and of finite-size scaling in general [43], has been
most successful in deriving critical and noncritical properties of infinite systems from
those of their finite or partially finite counterparts. One of the most powerful numerical
approaches to the study of critical phenomena suffer from this extrapolation problem is
the transfer-matrix method [44] - [47]. Different physical quantities of the model, such
as the free energy fN , as well as the longitudinal correlation length ξN can be expressed
by the largest and second largest eigenvalues of the transfer matrix. The dominant
scaling properties of a number of two-dimensional models have been determined in
the recent years, but questions remain about the subdominant finite-size corrections
to scaling.

In our recent paper [48] we have investigated the finite-size corrections to scaling in
critical Ising model on the three main two-dimensional lattices (square, triangular
and honeycomb) under various boundary conditions, that is, the periodic-periodic
(pp), periodic-aperiodic (pa), aperiodic-periodic (ap), and aperiodic-aperiodic (aa)
boundary conditions. We obtained the exact finite-size corrections for the specific
heat C of the critical Ising model on these lattices according to the algorithm of
Ivashkevich, Izmailian and Hu [49]. These coefficients then used to study the universal
finite-size behaviors of three lattices. Our results show that, by suitably choosing one
metric factor, three lattices have very nice universal finite-size behaviors. We further
confirmed our observations by numerical computations.

We plan to continue to investigate the exact finite-size corrections to scaling for several
thermodynamic quantities in critical Ising model on the three main two-dimensional
lattices (square, triangular and honeycomb) with Brascamp-Kunz (BK) boundary
conditions [50].

1.b According to the universality hypothesis, critical phenomena can be described
by quantities that do not depend on the microscopic details of a system, but only on
global properties such as the dimensionality and the symmetry of the order parameter.
This implies that the critical exponents are the same for all these models. However,
the hypothesis of universality has much stronger implications and it is possible to show
that models belonging to the same universality class are also characterized by the same
values of some dimensionless combination of critical amplitudes [51]. The past quarter-
century has seen enormous progress in the determination of critical exponents for a
wide variety of universality classes. As a result, attention has turned quite naturally
to universal amplitude ratios. Though much numerical work has been done, few exact
results are known.

On the basis on conformal invariance, the asymptotic finite-size scaling behavior of
the correlation length and the free energy at the critical point are found to be

lim
N→∞

Nξ−1N = 2πxH , (17)

lim
N→∞

N2(fN − fbulk) =
cπ

6
, (18)

where c is the conformal anomaly number and xH is the magnetic scaling dimension of
the Ising model. For Ising model in two-dimension we have c = 1/2 and xH = η/2 =
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1/8. Equations (17) and (18) implies immediately that their ratio is also universal,
namely

lim
N→∞

Nξ−1

N2(fN − fbulk)
= r0, (19)

where r0 = 12xH/c. For Ising model we have r0 = 3.

In our recent work [52] we have obtained analytical expressions for the finite size
correction coefficients ak and bk defined by

N(fN − fbulk) =
∞X
k=1

ak
N2k−1 , (20)

ξ−1N =
∞X
k=1

bk
N2k−1 , (21)

at the criticality for the square, honeycomb and plane-triangular lattices

We have present the new sets of the universal amplitude ratios of subdominant cor-
rection to scaling amplitudes, which as far as we known, has not been reported in
literature previously. We have found that

rk =
bk
ak
=
22k+2 − 1
22k+1 − 1 for k = 0, 1, 2, ... (22)

where rk is ratio of N
−2k subdominant finite-size corrections term in the correlation

length and the free energy expansion. We also obtain similar result for a critical
quantum spin chain and find that the universality of the amplitude ratios r0 and r1
could be understood from a perturbated conformal field theory with one perturbative
field.

Conjecture. Quite recently, Okabe and Kawashima [53] have proposed that the
relation (22) are valid for an arbitrary temperature.

In this proposal we plan to investigate the following problems:

(i) Can one calculated on the basis of perturbated conformal field theory the amplitude
ratios rk for k ≥ 2?

(ii) How do such amplitudes behave in other models, for example in the three-state
Potts model?

(iii) The finite-size properties depend on the boundary conditions and we are going
to study how do such amplitudes behave in the Ising model and a quantum spin
chain under various boundary conditions, that is, the free, twisted and antiperiodic
boundary conditions.

(iv) We are going to extend our calculation away from the critical point and check
whether the conjecture make by Okabe and Kawashima is true or not.

1.c The systems under various boundary conditions have the same per-site free energy
in the bulk limit, whereas the finite-size corrections are different. There has been a
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growing awareness in recent years of the importance of this branch of critical phe-
nomena in the interpretation of experimental data and data generated in numerical
studies of models. In two dimensions the relevance of the finite-size properties to the
conformal field theory is another source of interest.

Quite recently, Lu and Wu [54] have obtained closed-form expressions for the partition
function of the Ising model on M ×N square lattice embedded on a Möbius strip and
Klein bottle for finite M and N. In particular, at criticality (T = Tc) they compute the
finite-size corrections to the free energy to order N−1. The finite-size scaling properties
of the Ising model on the Möbius strip and Klein bottle has been investigated by
Kaneda and Okabe [55] using Monte Carlo simulations. They found interesting aspect-
ratio dependence of the value of the Binder parameter at T = Tc for various boundary
conditions.

In this proposal we plan to investigate the finite-size scaling corrections in the two-
dimensional Ising model under various boundary conditions, that is, the cylindrical,
toroidal, Möbius strip and Klein bottle. We expect to obtain the exact asymptotical
expansion for the free energy, the internal energy and the specific heat at the critical
point and investigate their aspect-ratio dependence.

We will work with Dr. Izmailian on finite-size corrections for the Ising model.

2. Finite-size scaling in the dimer model.

2.a Dimer models have a long history in classical statistical physics [56, 57, 58, 59].
The dimer models were originally introduced as models of physical adsorption of di-
atomic molecules on crystal surfaces [56]. The surface may be represented as a regular
lattice which attracts the diatomic molecules (dimers) in such a way that each dimer
fills two neighboring lattice sites and with crucial constraint that no lattice site is
covered by two dimers. The interest in dimer model was renewed with recent work
on domino tilings (which are equivalent to dimers on a square lattice) of an Aztec
diamond, demonstrating a strong effect of the boundary on a typical domino configu-
ration [60]. More recently, they have also emerged as central models in modern theories
of strongly correlated quantum matter, e.g., high-temperature cuprate superconduc-
tors and frustrated antiferromagnets [61]. The dimers then represent singlet-forming
electron pairs.

Recently, Lu and Wu [62] have obtained closed-form expressions for the partition
function of the dimer model onM×N square lattice embedded on a Möbius strip and
Klein bottle for finite M and N. In particular, at criticality (T = Tc) they compute
the finite-size corrections to the free energy to order N−1.

In our recent paper [63] we express the partition functions of the dimer model on finite
square lattices under five different boundary conditions (free, cylindrical, toroidal,
Möbius strip and Klein bottle) obtained by others (Kasteleyn, Temperley and Fisher,
McCoy and Wu, Brankov and Priezzhev, and Lu and Wu) in terms of the partition
functions with twisted boundary conditions Zα,β with (α, β) = (1/2, 0), (0, 1/2) and
(1/2, 1/2). Based on such expressions, we then extend the algorithm of Ivashkevich,
Izmailian and Hu [49] to derive the exact asymptotic expansion of the logarithm of
the partition function for all boundary conditions mentioned above. We find that the
aspect-ratio dependence of finite-size corrections is sensitive to boundary conditions
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and the parity of the number of lattice sites along the lattice axis. We have also
established several groups of new identities relating dimer partition functions for the
different boundary conditions.

In contrast to the Ising model, the critical behavior of the dimer model is strongly
influenced by the structure of the lattice space. The square lattice dimer model is
critical with algebraic decay of correlators [64, 65]. For the triangular, 4-8 and 3-
12 lattices the dimer model exhibit Ising-type transitions [66]. For the dimer model
on the anisotropic honeycomb lattice which is equivalent to five-vertex model on the
square lattice [67], the specific heat is identically zero for all temperatures below
the transition temperature (Tc) and diverges as (T − Tc)

−1/2 as T approach Tc from
above. This behavior is in marked contrast with Ising-type transitions, which has a
logarithmic divergence of the specific heat when Tc approached from either below or
above.

We have analyzed the partition function of the in dimer model on the finite triangular
lattice wrapped on torus obtained by Fendley, Moessner and Sondhi [68]. Based on
such expression, we then extend the algorithm of Ivashkevich, Izmailian and Hu [49]
to derive the exact asymptotic expansion of the first and second derivatives of the
logarithm of the partition function in the critical point. These results are included
into the paper that will be submitted soon to Phys. Rev. E [69].

We plan to continue to investigate the exact finite-size corrections to the free energy
for dimer model on the triangular and honeycomb lattices under different boundary
conditions.

2.b We study the finite-size scaling properties of the dimers on a planar ∞ × N
square lattice under three different boundary conditions: free, periodical and twisted.
We have show that the critical properties of the dimer model depends crucially on
the parity of the number of lattice sites along the lattice axis N as well as on the
boundary conditions. We have found that for odd N the central charge are c =
−1/2, c = −2 and c = 1, respectively, for the periodic, free and twisted boundary
conditions, as versus the value c = 1 when N is even. Our results imply that the
dimer model on an infinitely long strip of finite odd width N fall in q = 4 Potts model
universality class for free boundary condition, in q = 0 Potts model universality class
for twisted boundary condition and in q ≈ 0.546 Potts model universality class for
periodic boundary condition. In the case of periodic boundary conditions we get a
conformal theory with central charge c = −1/2. By our knowledge this is the first
physical realization of such conformal theory. These results are included into the paper
that will be submitted soon to Phys. Rev. Lett. [70].

In this proposal we plan to investigate the following problems:

(i)We are going to obtained analytical expressions for the finite size correction coeffi-
cients ak and bk defined by Equations (20) and (21) for the dimers on a planar∞×N
square lattice under three different boundary conditions: free, periodical and twisted.

(ii)How the amplitude ratios of subdominant correction to scaling (rk = bk/ak) behave
in other models belong to the different universality classes, for example in the dimer
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model on an infinitely long strip of finite odd width N which fall in q = 4 Potts model
universality class (with c = −2) for free boundary condition, in q = 0 Potts model
universality class (with c = 1) for twisted boundary condition and in q ≈ 0.546 Potts
model universality class (with c = −1/2) for periodic boundary condition.
We will work with Dr. Izmailian on finite-size corrections for the dimer model.

3. A novel self-feedback approach to the study of complex systems, including
spreading dynamics of immunologic infections.

We will work with Dr. Brajendra Kumar Singh on this problem. For detail, please
read the proposal prepared by Dr. Singh.

4. Application of partition function zeros theory to equilibrium and nonequi-
librium phase transitions.

One of the most important activities in the field of equilibrium and non-equilibrium
statistical physics is the study of phase transitions. A powerful concept for investiga-
tion of the phase transitions is the Yang-Lee theory based on the zeros of partition
function. The occurrence of a phase transition is associated with the manner in which
the zeros of the partition function approach the real axis. In 1952 Yang and Lee
proposed to study the distribution of zeros the grand partition function (Yang-Lee
zeros) of the Ising model in the complex activity plane. They proved the circle theo-
rem, which states that zeros of the partition function of the ferromagnetic Ising model
lies on the unit circle in the complex activity plane. Later, Fisher initiated a study
of zeros of the partition function in the complex temperature plane (Fisher zeros).
Fisher showed that complex temperature zeros of the partition function of the Ising
model in zero magnetic field on a square lattice lies on two circles corresponding to
ferromagnetic and antiferromagnetic cases.

Recently, the conception of grand canonical partition function for the asymmetric
exclusion process has been introduced based on the matrix product representation of
the stationary weights of system configuration. It is possible to elaborate a similar
conception for the asymmetric exclusion and avalanche process by finding of the matrix
product representation of the stationary measure and by using the existing results for
the generation function of the distance travelled by particles obtained from the Bethe
ansatz solution.

A class of non-equilibrium systems appeared due to the burst of activity in the theory
of self-organized criticality aimed to explanation of the frequent occurrence of power
laws in Nature. The basic achievement in the theory of self-organized criticality was
due to using a simple lattice model, the so-called sandpile. The mathematical for-
malism here is based on the free-fermion theory of spanning trees, which allows an
exact calculation of several properties of the model such as height probabilities, upper
critical dimension and critical exponents for boundary and bulk avalanches. Never-
theless, the main task of the theory, i.e. the full description of avalanche processes,
remains a challenging unsolved problem. At the same time, a range of systems where
the dynamics is governed by intermittent avalanche-like processes is extremely broad:
fluid displacement in porous disordered media, low temperature dislocations creep,
interface depinning, earthquakes, biological evolution, and epidemic processes.
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The long-standing lack of exact analytical description of avalanche dynamics has re-
cently been filled with the model of the asymmetric avalanche process proposed by V.
B. Priezzhev, C.-K. Hu and their teams [71, 72, 73, 74, 75], which combines analyti-
cal tractability of the one-dimensional processes with a nonlocality and complexity of
avalanche dynamics. Besides the importance of the exact analytical solution for highly
non-local stochastic many-particle dynamics, the asymmetric avalanche process gives
the possibility to study the transition between the phases of intermittent and continu-
ous avalanche flow, which frequently occurs in systems with avalanche dynamics. The
basic results obtained in this direction are the Bethe ansatz solution of the master
equation used for determination of the phase diagram of the system, calculation of the
average velocity, higher cumulatns of the distance travelled by particles, and its large
deviation function in the intermittent flow phase. The stationary measure obtained
for the discrete time version of the model with arbitrary toppling rules allowed the cal-
culation of the average size of avalanches in the finite system in the whole phase space
and determination of critical exponents characterizing the system near the transition
point. At the transition point, the system is shown to change the universal behavior
from the annealed Kardar-Parizi-Zhang universality class to the class of the tilted
interface characterizing the hard direction in the medium with quenched anisotropic
disorder.

Analytical properties of the partition function near the real axis define the proper-
ties of the phase transition occurring in the system. Specifically, the order of phase
transition depends on whether the density of zeros of the partition function vanishes
approaching the real axis. The description of the phase transition from the intermit-
tent to continuous flow phase can be done by studying the analytical properties of
partition function. It would be also interesting to clarify connection of the Yang-Lee
zeroes with the roots of Bethe ansatz equations corresponding to the ground state of
corresponding system as they have very similar analytical structure and in some cases
the former can be shown to be the roots of a polynomial equation.

The whole project could be an important contribution to the understanding of uni-
versal properties of the equilibrium and non-equilibrium phase transitions which allow
one to recognize unexpected similarities between them and thereby eventually can
lead to a general conceptual framework for many physical, biological and sociological
systems. At the same time, the essentially new problems posed must find their answer
in novel theoretical frameworks and research methodology. New numerical techniques,
nonequilibrium thermodynamical methods, mathematical tools aimed to complexity
are just a few of the possible products of the activity in this field.

We will work with Professor V. B. Priezzhev of the Joint Institute for Nuclear Research
at Dubna, Russia on this topic.

5. Development of new version of SMMP for simulation of proteins.

In year 2001 a fortran package for protein simulations SMMP [13] was published by
the group of authors of our research group. The past two years have shown a viability
of this package and, it is becoming popular among the investigators. Up to 14 research
papers have been published with using SMMP. Last two years a significant work was
done in our group for further functional development of the package. In particular,
the new modules are written for solving the Poisson-Boltzmann equation [79], for
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analytical calculation of the solvent accessible surface area and its gradients [38], etc.

I propose to start the modernization and enlargement of SMMP and prepare the new
version for publication. The main attention must be paid to the following problems.

Efficient Methods for Calculation of Solvent Accessible Surface Area, Excluded Volume
and Molecular Cavities

As mentioned above, accurate calculation of the solvent accessible area is a crucial
point in the estimating the hydration free energy of protein molecule. Though a large
number of different algorithms is created, the search for more accurate and efficient
algorithms is still actual because this is the most time consuming and error prone part
of the calculations. Recently a new approach for analytical calculation of the solvent
accessible area is being developed in our group [38]. Unlike other analytical methods
we don’t use the general Gauss-Bonnet theorem and use a more simple method of
stereographic projection. Also it provides a simple calculation of the gradient of
surface area against the atomic coordinates. A fortran code ACCAR was written and
tested on many protein molecules.

In this part of the project I propose to extend the stereographic projection method to
calculate the excluded volume and the intramolecular cavities. This investigation will
result with 2 research papers in appropriate journals.

Generalized Born Approximation for ECEPP Forcefield

This part of present proposal is the most time and effort consuming. It is multistage
process and requires a large amount of preparatory work. Yet I consider it as perhaps
the most important part because if implemented properly it will provide a very fast
method for calculating the electrostatic interactions between the protein molecule and
the solvent.

Calculation of the second term in the right-hand side of Eq.(12) is possible also by
using a generalized Born equation for the polarization free energy [76]

Gp = −166.0
µ
1− 1

ε

¶XX qiqj
(r2ij + a2ije

−Dij)0.5
, (23)

where αij = (αiαj)
0.5, Dij = r2ij/(2αij)

2, qi is the charge on the atom i, rij is the
pairwise distance of two atoms. This formula is an extension of the Born model
for single spherical ion to the multiple charged molecules and arbitrary shape of the
molecular surface.

Although this formula is simple itself, it contains the Born radii of the atoms and a
heavy computational work is required to calculate this quantities for all types of atoms
in proteins. Their values depend on the accepted values of structural parameters such
as Van der Waals radii of atoms and hence, depend on the forcefield used.

Eq.(23) contains the Born radii of each individual atom in the solved molecule. This
means that if we had an independent method to calculate these radii we can exploit
this relatively simple formula to calculate the solvation free energy.

It is known that the Born radius of single charged spherical atom in the dielectric
medium is related to the polarization free energy through the expression:
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Gp = −166.0
µ
1− 1

ε

¶
q2

α
, (24)

where α is the born radius of the atom.

For the medium with large electrostatic constant and the unit charge one obtains

αi =
−166.0
Gpol,i

(25)

Thus now one needs the method to calculate the quantity Gp in (24). This problem
can be solved through exact calculation of the electrostatic interactions between the
solute charges and the polar solvent and ions.

In principle, one may solve the Poisson-Boltzmann equation for each single atom,
calculate the polarization energy by (16) and use (24) for calculating its Born radius.
However this approach is not directly applicable for protein molecules. The matter
is that the Born radius of the atomic charge is related to the effective distance of its
center from the Van der Waals molecular surface. Unlike the monoatomic solute, in
protein molecule this effective distance, and hence, the Born radius of each individual
atom depends on in which part of the molecule is that atom. This fact raises very
strong mathematical complexities and besides, again, one has to calculate the Born
radius for each atom of every molecule in every conformation. The reasonable way
here is to use the solution of Poisson-Boltzmann equation for many atoms in some
reference set and try to find the effective method to average the distance from given
atom to the molecular surface and evaluate a single value for the Born radius which
may be used in further simulations for any protein.

One such approach to overcome this problem has been reported recently by several
authors [77, 78]. The essence of this approach is based on evaluating an alternative
analytical formula for the solvation free energy. The formula is based on the empirical
parameters, whose values depend on the forcefield within which the calculations are
carried out.

In this particular case the authors suggest to solve the Poisson-Boltzmann equation for
every atom of some large reference set of proteins and evaluate the Born radii. After
this the obtained energies are fitted to the empirical formula to obtain an optimal set
of the parameters which better reproduces the Born radii.

Obviously, any macroscopic model, designed for the treatment of the microscopical
phenomena has to rely on the set of empirical parameters. These parameters should
be either carefully carried out from experimental data or calculated by simulation of
some reference compounds and tuned to make up a self-consistent set.

In [77] the calculation of this quantities is reported for the AMBER forcefield using
analytical approximated formula. In [78] the similar work is done for the CHARMM
forcefield.

In the simulation package SMMP [13] which is currently exploited in our research
group, an ECEPP/3 forcefield is exploited hence the same kind of calculations are
needed carried out for this forcefield.
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The objective of this part of the present project is to extend the method Di Qiu et al
[77] and to find the proper parameterization of that model for the ECEPP/3 forcefield
for analytical calculations of the Born radii of atoms.

Calculation of the polar term Eq.(23) for free energy requires the knowledge of the
Born radii of all atoms. To evaluate these quantities the following procedure must be
implemented step-by-step.

5.a Choosing the reference set of protein molecules

The reference set of several hundreds of proteins is necessary including molecules of
different size and different folded structure. The PB equation must be solved for every
atom of the reference set to use the obtained polarization energies for fitting to the
analytical formula.

Now the work is begun to choose appropriate structures from the Brookhaven data-
bank of proteins.

5.b Minimization of PDB structures of proteins in vacuo.

All the selected protein structured are to be minimized in vacuo using the minimizers
of SMMP package.

5.c Solving the Poisson-Boltzmann Equation for Each Atom

To calculate the Born radii of given atom the following approach is suggested.

Every atom is selected in turn in the given molecule of protein. The unit charge is
assigned to that atom and the charges of all other atoms are set to 0. After then PB
equation is solved for this atom to compute the polarization energy of the solvent.
The dielectric constant for the interior space of the cavity formed by protein molecule
is assumed equal to 1, while in the bulk solvent out of the cavity ε = 80..

This part of the project is most work and time consuming because the effective PB
solving algorithm must be implemented and the equation must be solved for every
atom of every molecule in the reference set.

For realization of this part of the project recently an effective and fast code has been
created for the solution of PB equation [79]. The method is similar to the one used in
the DelPhi code [80] with using some modern approaches to improve the performance
of the algorithm. The code has been tested on several small peptides both in sequential
and in parallel modes. Now testings are being done on larger protein structures. The
development of the code and its integration into SMMP package may be completed
within one month. After that the calculations for the reference set of molecules may
start.

Solving PB equation and having the polarization energies for each atom, the Born
radii are then calculated by the formula (24).
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5.d Fitting the calculated Born radii to the target function

In [77] an analytical formula for the polarization energy of the ith atom is suggested:

Gpol,i =
−166.0

RvdW,i + φ+ P1
+

strechX P2Vj
r4ij

+
bendX P3Vj

r4ij
+

nonbondedX P4VjCCF

r4ij
(26)

where Gpol,i is the polarization energy of atom i, φ is so called dielectric offset, rij is
the distance between atoms i and j, RvdW,i is the Van der Waals radius of atom i, Vj is
the volume of atom j, P1−P5 and CCF (close contact function) are some parameters
described in detail in the original work.

The first summation is taken over the pairs of chemically bonded atoms, the second
sum is over the pairs of the atoms which are adjacent to the same valence angle, and
the third sum includes non bonded pairs of atoms.

Using this formula the Born radii may be calculated by

αi =
−166.0
Gpol,i

(27)

The Born radii obtained from the solution of PB equation are fitted to this target
function to find the best set of empirical parameters in (26).

After the best values of these parameters are found they may further be used to cal-
culate the Born radii for any protein molecule in real simulations and the polarization
energy can be calculated by using (23).

Including the Generalized Born approximation into the SMMP package is a very im-
portant step of this proposal.

Molecular Dynamics in Torsion Space

Another present-day problem to be solved is the evaluation of the corresponding codes
for implementation of the molecular dynamic simulation within SMMP. Since the
free variables in SMMP are the torsion angles, the algorithms must implement the
dynamics in the torsion space instead of the Cartesian coordinates in conventional
Molecular dynamics.

Parallelization of the Calculation of the Energy Function with Solvation Term

In [32] a method for parallel calculation of the protein energy in SMMP is described.
The algorithm includes only the gas phase (in vacuo) part of the energy function.

I propose to create a new code which calculates in parallel the whole energy function
including the solvation energy.

I am sure that during the realization of this part of the project the need for many
other improvements of the package may arise.

6. Simulation of Proteins Using Modified Potentials.

Recent investigations [81] show that the thermodynamics and kinetics of protein fold-
ing can be efficiently investigated by using the energy functions which combine the
all-atom models with coarse grain potentials. In this part of the project we carry
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out a number of simulations of 25 − 30 residue-long peptides using combination of
all-atom models (now implemented in our simulation package) with Go-like [82] as
well as with Miyazawa-Jernigan [83] type potentials. We are going to improve the
Miyazawa-Jernigan potential itself by replacing the Heaviside type cut off function for
residue contacts by some sigmoidal function with finite transition width.

7. Analytical Investigations of the Proteins.

Folding of the Proteins with Long-Range Interactions in their Aminoacid
Sequence. From the point of view of statistical physics many specific properties of
the proteins are related to the existence of sufficiently strong correlations between the
aminoacid residues of the protein sequence along the molecular chain. It was shown
recently [84, 85, 86] that in many real proteins these correlations are of power-law
type, i.e. extend on the long ranges along the chain. For example, the sequences of
the homologous proteins may be considered as different specific realizations of one
long-range correlated random process. In a number of works [87, 88, 89] a true folding
transition to the unique native state was attained by designing the specific sequences
with lowest energy in the desirable target conformation. Our basic goal in this part of
the project is to study the relation between the statistical properties of the amino acid
sequence of the protein molecule and its structural and thermodynamical behavior.
We are going to use an Hamiltonian approach.

The energy of the given spatial configuration {ri} includes the polymeric elasticity
term Eel., and the term Ep, describing the pairwise interactions between monomers.

E = Eel. + Ep, (28)

where

Eel. (r) =
3T

2a2

N−1X
i=1

(ri − ri+1)
2 , (29)

Ep (r, σ) = B
NX

i<j=2

σiσjδ (ri − rj) . (30)

Here a is the root mean-square distance between neighbor monomers, T is the tem-
perature, B > 0 is the second virial coefficient. The elasticity term Eel. reflects the
entropic nature of flexibility and Gaussian statistics of ideal polymeric chain. Note,
that more detailed investigation of the system, for example when one wants to study
also the coil-globule transition, requires to include explicitly into the Hamiltonian the
terms, which describe the spatial density of the system as well as the attractive and
repulsive interactions of monomers.

We expect that this study will end with a publication in high-ranked journals.

8. Scaling properties of real globular proteins.

One of the fascinating aspects of the protein problem is the dependence of folding
properties on the polypeptide length or on the number of amino acidsN . Theoretically
it was predicted that there three possible scenarios [90] for scaling of the folding time
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tfold ∼ exp(Np), where p = 2/3, 1/2 or 0 (p = 0 corresponds to the power law).
Here the folding time is a time which is necessary for a protein to reach the native
state from denaturated conformations. Due to poor collection of experimental data
it was believed for long time that tfold of globular proteins does not correlate with
N . Only recently it has been clearly demonstrated that the folding time does depend
on the polypeptide length [91] but available experimental data do not allow for a
clear distinction between three scenarios [92]. Based on experimental values of the
prefactors in the Kramer formula for the dependence of tfold on the free energy barrier
it was speculated that the scenario with p = 1/2 should hold [92].

Simulations for lattice [93] and off-lattice Go models [94] show that all of three men-
tioned above scenarios for scaling of folding times are possible depending on model
details. A similar study for all-atom models of proteins has not been performed. One
of our aims is to probe the scaling of the folding times using all-atom description of
globular proteins using the SMMP package [95]. Due to limitation of present computa-
tional facilities our study will be constrained to short peptides and proteins. Recently,
the determination of the collapse time of globular proteins attracts a lot of interest of
researchers [96]. As a byproduct we will calculate the collapse time of small proteins
monitoring the time dependence of gyration radius (the collapse time is a time to
reach the globular shape from denaturated conformations). This would shed light on
the interplay between folding and collapse processes.

The another issue of this project is to study the cooperativity of the thermal-driven
folding transition on N by all-atomic simulations. The dimensionless measure of co-
operativity index Ωc is defined as follow

Ωc =
T 2F
∆T

µ
dfN
dT

¶
T=TF

where fN is the probability of being in the native state, TF is a folding temperature
at which fN =

1
2
, and ∆T is a width of the folding transition. One can expect that

Ωc scales with the length as Ωc ∼ N ζ . Using scaling arguments it has been shown
that the exponent ζ is universal and ζ = 1 + γ, where the exponent γ characterizes
the divergence of the susceptibility for a self-avoiding walk [97]. The results from
simulations of lattice Go models and experimental data are consistent with this the-
oretical prediction showing that the folding transition should be weakly first order
rationalizing the marginal stability of proteins. Our goal is two fold. First, we want to
calculate Ωc for small proteins such as β-hairpin [98], α-helix [99], villin [100] etc and
compare them with experimental data. Secondly, we are going to verify if the scaling
of cooperativity is valid for real models of short peptides and proteins. We plan to
achieve this goal by simulations with the help of the SMMP code [95].

9. Construction of 64-bit new generation parallel computers.

Computer simulation technique has been an important tool for academic research
and industrial applications. It allows researchers to explore physical phenomena of
a real system without doing experiments in laboratory, and this reduces much time
consumption conventionally spent on arrangement of large amount of experiment ma-
terials. As the problems in which physicists are interested become more and more
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complicated, and analytical approaches to these problem are rarely available, this tool
has been widely use in lots of fields. In particular, studies of many body problems and
nonlinear system require such powerful computing tools.

To study lattice models, percolation problem, protein folding, and nonlinear systems,
we have developed three PC-clusters for parallel computation in recent years. Via
network connections, 12 machines in each cluster were combined to form a cluster
architecture. Such a system can then be used to compute a single program parallel
by sharing computation loading with 12 nodes, and hence reduces computation time
and improves the efficiency. The first PC-cluster of the Laboratory of Statistical
and Computational Physics (LSCP) was developed in 1998, using 10 generic personal
computers with double Pentium II 400MHz CPU and 256MB Ram. In addition, we
use GNU MPI package to perform parallel computations. We developed the second
PC-cluster in 2000, using double Pentium III 1GHz CPU and 512MB Ram. Latter,
in 2002, we further developed the third PC-cluster by 12 workstations with double
Pentium IV Xeon 2.4GHz CPU and 1GB Ram. The specifications of these PC-clusters
were characterized by that the specification of the next generalization was double of
the previous one. The performance of the next generalization was in general improved
more than 2 times. At the current status, the most powerful computational tool in
the LSCP has been the third PC-cluster. It has been used to compute lattice models,
simulate nonlinear systems and protein folding. In general, a 12 nodes PC-cluster
can reduce 8˜10 times computation time in comparison with single node. The real
situation depends on the algorithm of the program and compiler of the cluster.

As the advance of computer technique, the 64-bit workstations are now available in
the level of personal computation. For example, recently 64-bit AMD CPU have
been available in market. As the next generation parallel computer, we intend to
construct a new PC-cluster based on 64-bit CPU architecture and 1000Mb/s network
transmission speed. Possible candidates of 64-bit CPU will be Intel Itanium 2 CPU or
AMD Opteron CPU. The benefits of 64-bit computation environment include higher
precision and higher efficiency. These are what we need in the computation of many
body problems and numerical simulations of protein folding. In fact, it was reported
recently that many laboratories, such as Los Almos National Laboratory, USA, have
started to construct new supercomputers based on 64-bit CPUs. Using 64-bit CPU
for scientific computation shall be trend in academic researches.

The schedule of the our construction of 64-bit parallel computer will be follows: (a) In
the first year, we will construct 4 nodes PC-cluster using 64-bit well-tested workstation
and 2 switch hubs with 1000Mb/s network transmission speed. The architecture of
the cluster follows the current three PC-clusters, and parallel computations bases on
GNU MPI package. (b) In the second year, we add another 4 machines to construct 8
nodes PC-cluster. (c) In the third year, we finish the schedule by adding yet another
4 machines to construct 12 nodes (more precisely, 1 server and 11 nodes) PC-clusters.

We expect the 64-bit new generation parallel computer will be not only much helpful
for prompting computation efficiency, but will also be contribution to development of
our industries.

For problems listed above, some of them may be finished within one year, some of them
may be finished in two or three years. Roughly speaking, in three and half years, we will
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do following problems:

First Year: Problems 1, 2, 3, 4, 5, 6, 8, 9
Second Year: Problems 2, 3, 4, 5, 6, 7, 8, 9
Third Year: Problems 2, 3, 4, 5, 6, 7, 8, 9

V. EXPECTED RESULTS

1. Promoting cooperation between domestic and international research institutes.
2. Developing new generation of 64-bit parallel computers which could be useful for Taiwan
computer industry.
3. The visibility of researches on critical phenomena, nonlinear dynamics, protein structures
and simulations, , parallel computing, etc., from Taiwan will increase quickly.
4. Understanding disease propagation could be useful for public health.
5. Protein folding research could be useful for drug design.
6. Publishing about 10 research papers in top SCI journal every year.
7. Training new researchers to use parallel computers to solve problems.
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