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Energy Minimization



Steepest descent

» Calculate U(7), g(r¥) = VU(¥) at starting point pg
- g(7) is a vector: the search direction

» Find the lowest value of U () along this line (one

dimensional minimization).

» Repeat with new point pi, etc.‘v

« How to do the
line minimization? T START

N




Line minimization

» It is possible to calculate the one-
dimensional minimum

» However, our problem is special:

- It is expensive to calculate U(7)

« We're not that interested in the best

possible minimum. If we're close to it,

It's better to choose a new search
direction.



Line minimization

» Take a step along g(7)

* Is the value of U(7) lower? Accept it, and take a
longer step next time.

» Is the value of U(7) higher? There must be a local
minimum between this and the starting point, so
take the next step halfway between them.

» Repeat until g(7), or step size is sufficiently small.



Steepest descent

- Stable and very fast initially (large gradient)
» Good to get rid of bad contacts
» Quite slow at the final stage

» Bad for finding exact minimum point

» Very slow convergence
for some types of
functions (narrow valleys)




Conjugate gradient

» Try to fix the slow convergence problem
- Start with a first step of steepest descent

» Instead of using the gradient, select the
next search direction vg as

—Memory from previous step

Ve = —9k T VEVE—1
Ve = Ik "Ik The larger the previous
Yk—1 " Yk—1 gradient was,

the smaller memory term



Conjugate gradient

Steepest ,
descent Conjggate
gradient
Minimum
reached much
faster!




Limitations of energy minimization

 Most energy landscapes of
interest (polymers, proteins)
are very complex and have
very many local minima

» Energy minimization only
brings you to a local
minimum

Random Heteropolymer
Configurational Entropy

- Energy minimization 4

is good for fixing - -
“bad” initial ;

conformations, b

but not for much more! g__ IRouvhness



Constraints

and other tricks



Modeling chemical bonds

» The potential of a chemical bonds is close to
a Morse potential

’ Usua”y apprOXimated “____'L_,________l_,"___’_.____i’)_"-f-"_”_‘"L".“L“f’-‘i’i".’?-l‘__
by a harmonic potential | Rorse
- But: |

Energy

- for constant is large

* masses are small (H)

’.C
Internuclear Separation (r)

» quantum oscillator

» mainly in the ground state

» Fixing the bond length is a better description



Constraints

» Fixing bond length leads to constraints

» holonomic constraints depend only on x,
not on velocities or time

» Constraints remove degrees of freedom:
» the equations of motions are modified

» Constraining bonds removes the fastest
motions in the system -> larger time steps!



Constraint equations

Constraint equations:

e.g. (ri—ry)?—0b°=0
The constraint equations can be added to the
potential (or better: Hamiltonian) multiplied by
a Lagrange multiplier giving the force:

dZI'Z' o, "




Set of non-linear equations

» Constrained bonds couple to create
a set of coupled non-linear equations

» Solving these can be difficult
» Simple solution: SHAKE

» loop over all bonds and reset the
bond lengths to their target length
by displacing atoms in the old
bond direction

» continue until converged

« determine constraint F from dX



SETTLE for water

» The most used water
models have rigid bonds
and angle -

» The non-linear equations
can be solved analytically
for 3 atoms coupled by 3
distance constraints

» This algorithm is called
SETTLE

e exact
e faster than SHAKE



Constraints and parallel simulations

« SHAKE needs 10 - 50 iterations

» in parallel simulations this means adding
10 - 50 communication events

» In parallel a method with less
communication is required

« one such method: LINCS (LINear
Constraint Solver)



LINCS

» Non-linear constraint equations can be written
as an iterative set of linear matrix equations

» solve using conjugate gradient (MSHAKE)

» solve using a series expansion (LINCS)

» Only 1 or 2 iterations are required

projecting out correction for
— forces working — rotational
along the bonds lengthening

unconstrained
update



LINCS parallelization

» The order of matrix
expansion corresponds IS A
to a bond connectivity N
count

» We only need to 2 A e e

communicate atoms
connected up to this \H\(

count

example of parallelization
over 3 processors/domains




Virtual interaction sites

Mathematical trick:
define a new potential U” with is a function of s:

U(r) =U'(r,s(r))

The force now has a contribution from the direct
derivative and indirectly though s:

oU (r) oU’(r,s(r))

Filr) = or; or;
~ 9U'(r,s) 0OU'(r,s) Os
o 8:['2' 88 61'7;

Why do this?



Constraints on bonds with H only

» Most force fields have been parametrised with
only bonds involving hydrogens constrained

» No performance gain of constraining all bonds
when using a 2 fs time step

» Better to constrain only bonds with hydrogens



Virtual interaction sites in water

» Charge centers
often don’t
coincide with

* many water

models use
virtual sites
+ TIP4P (c)
» TIP5P (d)



Virtual sites can speed up MD

» After constraining all bonds the fastest
motions are the angle vibrations involving H

» Replace H masses by virtual interaction sites:

» time-step can be increased from 2 to 5 fs

» you loose a few degrees of angular spread
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Multiple time stepping

» The force can be split into:

» a fast varying and a slow varying part
» or a short-range and long-range part:

F =Fsg +Frr
» Integrate using a reversible Trotter scheme
using time steps At and nAt:

( At 1
At V(t 5 ) | - [FSR(t) + nFLR(t)] At , step % n=0

v(t + 7) = < At |
v(t )+ —Fgsgr(t) At , step %on#0

\ 2 m

» Often used for the mesh part of PME



Shell MD

Mathematical trick:
define a new potential U” with is a function of s:

U(r) =U'(r,s(r)) = min U’ (x, s)

S

The force now has a contribution from the direct
derivative and not indirectly though s:

oU (r) oU’(r,s(r))

Fi(r) = or; or;
~ oU'(r,s) O S) -GS
- 81'7; S )

Why do this?



Polarizable models

» Putting a charge on a
shell “particle” lets the
charge distribution
adapt to the
environment, this
results in polarizable
models:

» polarizable water
» polarizable ions

» polarizable ...

q=0.62

q=0.62

example of a “simple”
polarizable water moc

the polariza
tuned by the-

el

pility can

I

of the red spring

0€

‘orce constant



Cost of polarization

» Using shell particles requires minimization

» 5-20 iterations required:

e simulations 5-20 times slower!
« One solution: use Drude oscillators

» give the additional charge a small mass
» do MD with low temperature for these
» advantage: cheap

» disadvantage: no proper Hamiltonian

» no proper ensemble, depends on mg, T,



Water models

e There are about 100

ew,
e

simple 3 and 4 site water A NN
N N

J 5\ / J
models ok N
l,. | .‘) ,,A‘a’} > |

* most popular. DA

TIP3PSPC,SPC/E, TIP4P, —

. . /¢ 7\{1 N /d 7\6: N
used with force-fields /  jj, :\(, \ el N

» There are dozens of more <~ & @/

complex, polarizableand

charge density models,
area of active research

Short list: http://www.Isbu.ac.uk/water/models.html



Some water models

T WA VI T S Sl oF TWT WIS TT R T I WIS VI 1TV i

Model ype| oA® | ekdmor’® | hA I2 A qi(e) | g2(e) | 8 | @°
ggp [F11] 8 3.016 15.319 - - - - 109.47 [109.47
spc [#4 a 3.166 0.650 1.0000 - +0.410 | -0.8200 |10947| -
spc/E P a 3.166 0.650 1.0000 - +0.4238 | -0.8476 [10947| -
SPC/HW (D20) [#2°) a 3.166 0.650 1.0000 - +0.4350 | -0.8700 {10947 -
SPC/Fw 2 994 a 3.166 0.650 1.0120 - +0410 | -0.8200 |113.24| -
Tipap [180] a | 3.15061 0.6364 0.9572 - +0.4170 | -0.8340 |104.52| -
TIP3p/Fw 294 a 3.1506 0.6368 0.9600 - +04170 | -0.8340 | 1045 | -
ppc 12 b | 3.23400 0.6000 0.9430 0.06 | +0.5170 | -1.0340 |106.00 [127.00
Tip4p [180] ¢ | 3.15365 0.6480 09572 | 0.15 | +0.5200 | -1.0400 |104.52|52.26
TIP4P-Ew (549 ¢ | 3.16435 | 0.680946 | 0.9572 | 0.125 |+0.52422| -1.04844 |104.52|52.26
TIPap-Fq [197] ¢ | 3.15365 0.6480 09572 | 0.15 +063" | -126' [104.52|52.26
TIP4P/Ice [F3F] c 3.1668 0.8822 0.9572 | 0.1577 | +0.5897 | -1.1794 | 104.52|52.26
TIP4p/2005 984 c 3.1589 0.7749 09572 | 0.1546 | +0.5564 | -1.1128 | 104 .52 |52.26
SWFLEX-A| 2 [20] c four terms used 0968 | 0.14'7 | +0.6213 | -1.2459 | 102.7" |51.35'
cos/g3 70419 ¢ | 3.17459 0.9445 1.0000 | 0.15 [+0.450672|-0.901344 (10947 -
cos/p 1161719 16 c 3.4365 05119 0.9572 | 0.257 | +0.5863 | -1.1726 |104.52| -
ccpm? 1859110 ¢ | 394" 091464 09572 | 027 | +06113 | -1.2226 |104.52|52.26
SWM4-NDp? 13 B3] ¢ | 3.18395 0.88257 0.9572 | 0.24034 | 055733 | -1.11466 | 104.52|52.26
gT2 [672112 d | 3.10000 0.31694 1.0000 0.80 |+0.24357| -0.24357 |10947 [109.47
TIpsp [180] d | 3.12000 0.6694 0.9572 0.70 | +0.2410 | -0.2410 | 104 .52 [109.47
TIP5P-Ew (617 d 3.097 0.7448 09572 | 070 | +0.2410 | -0.2410 |(104.52 [109.47
TTM2-F [1027114 ¢ five parameters used | 0.9572 | 0.70 +0.574 | -1.148 |104.52|52.26
POLS/TZ % [2°8] d | 29837% 1 09572 | 05 | varies® | -0.42188 [104.52(109.47
Six-site [41] c/d’ g:;gﬁ: %’_71123: 0.980 %283%?: +0.477 :g.'ggg; 108.00 |111.00
e leapies 2l | 3.140 0.753 0.9614 - +0.6064 | -1.2128 [104.067 -

1 Average values: 2 Polarizable models; 2 charqe =-2.48856; . Buckingham potential®, This exponential potential presents




Some water model properties

Model Dipole Dielectric Selfglffuglon, con?ivgeurraag;nal mDa?(?;l:vm, cE:epfaf‘lr::;%rt‘
moment constant 10 cm/s energy, kJ mol” °C 10" oc1
SSD 2.35 1] iR 2.13 B! _40.2 151 13 1] )
SPC 5 o7 [181] 55 [185] 3 g5 [182] 410 1183] [ 45 1983 N
SPC/E 9 35 [3] 71 3] 9 49 [182] _41 5 3] _3g [183] 5 14 [994]
SPC/Fw 2.39 [994] 79.63 1994 |2 39 [994] - _ 4 9g 1994]
PPC R T PR -43.2 5 +4 154 -
TIP3P azptl g2 I 5.19 %] -41.1 1'% SRR Tt
TIP3P/Fw  [2.57 1994 193 994 3.53 994 - - 7 g1 [994]
TIP4pP 2.1g 310 sl 3.29 1% -41.8 "% -251%01 1441150
TIP4P-Ew  |2.32 5% 62.95% 2414 -46.5 °%) +11849 il
TIP4P-FQ | 2.64!"%") 79 1197] 1.93[1%7] -41 420 +7 11971 -
TIP4P/2005 |2 305 %% 60 1954 2.08 754! - +5 1984] 2.8 %]
SWFLEX-Al |29 %" 116 20'] 3.66 %' -41.7 201 - -
COS/G3™ [257[0% gg [704] R -41 1 [704] - .
COs/D A 69.8"%""1 |25 [1817] -41.8 [1817] - -
GCPM 2.723 1959 84.3%% |2 265 -44 819> -13 (%57 -
SWM4-NDP | 2461 7 79 %] Az L -41.5 B - :
TIPSP 2.29 [80) g1511%0 | go!182 -41.3 18] +4 1180] 5.3 1%
TIPSP-Ew 9 2g [619] g9 [619] 7 g [619] - +g [619] 4 gl619]
_TTMQ-F 267 [1027] 67 .2 [1027] 14 [1027] _45 1 [1027] _ _
POLS/TZ 2 712 [256] gg [256] 1 81 [256] _41 5 [256] 405 [256] i
Six-site * 1 gg [491] 33 [491] = - +14 [491] o 4 [491]
QCT ** 1.8512°] - 1501251 _42 7 1251] 1001251 [3501251]
Experimental| 2.95 784 2.30 41 5 [180] +3.984 253

All the data is at 25°C and 1 atm, except* at 20°C and ** at 27°C.




Popular water models

» SPC and TIP3P often used for the
parametrization of force fields

» diel. const. off (SPC 65, TIP3P 100)
» expan. coeff too high (too little structure)

e leads to less accurate solvation

« SPC/E and TIP4P are better
» SPC/E good dielectric constant (72)

 TIP4P more expensive (4 sites)

» In practice all the details might not matter



TIP4P/2005

» TIP4P 4-site model reparametrized in 2005

» to reproduce as many properties as possible

» parametrization including polarization

correction for heat of vaporization (as for
SPC/E and TIP4P/Ew)

» parametrized with long-range electrostatics



TIP4P/2005 density maximum

Density (g/cm3)
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TIP4P/2005 at high pressure
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Density of ice phases
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Phase diagram
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Water model conclusions

» TIP4P/2005 impressive reproduction of
many properties

(especially for a non-polarizable model)
» but dielectric constant is off
» For pure water simulation: use TIP4P/2005

» For anything else: use a model compatible
with your force-field

» personal opinion: use SPC/E (compatible
with most force-fields, good diel. const.)

» More (complex) water models will come



