
Umbrella Sampling

• Run parallel 
simulations with 
harmonic constraints 
moving along the 
reaction coordinate

• Recover the unbiased 
free energy surface 
from combined data 
using e.g., WHAM
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Ferrenberg, Swendsen; Phys. Rev. Lett. 1989
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Harmonic bias
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Free Energy Simulations Using the 
String Method
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• String-type methods have become 
highly successful in recent years

• Optimized a 1D string in the 
multidimensional space of the 
internal reaction coordinates to 
obtain minimum free energy path

• Hamiltonian replica exchange 
between string images

E, Ren, Vanden-Eijnden, Phys. Rev. B, 2002

Henkelman, Jonsson, W. Yang, Brooks, …

Rosta, Nowotny, Yang, Hummer, J. Am. Chem. Soc., 2011



Free Energy Simulations Using the 
String Method

• Start with a guess for the string

• Run Umbrella Sampling simulations

• Determine forces for the images 
along the string

• Fit new string
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Rosta, Yang, Hummer, J. Am. Chem. Soc., 2014



• Start with a guess for the string

• Run Umbrella Sampling simulations

• Determine forces acting on the 
images along the string

• Fit new string

• Redistribute images

• Run next iteration
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Free Energy Simulations Using the 
String Method



• Converged string: 
• Forces are parallel to string

• We use all data from all string 
simulations with Histogram 
Free implementation of WHAM: 
works with very high 
dimensionality
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Free Energy Simulations Using the 
String Method
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Free Energy Simulations Using the String 
Method



RNase H: Free Energy Surface

Qe=r1-r2

Qp=r3-r4+r5-r6+r7-r8
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