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Optimal analysis, identification, and control of complex 
biological networks

S-space network 
identification procedure

(SNIP)

Closed-loop model
Parameter identification

(CLIP)

Closed-loop learning
with feedback control

Biological network
models

Model-guided optimization
& 

global sensitivity analysis

Characterization of toxicity pathway:
• Identification of diagnostic molecular indicators
• Identification of key initiation molecular events

High-throughput
Experiment data:

• Genomics
• Proteomics
• Metabolomics

Central theme:
Optimality
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Part A: the S-Space Network Inference Procedure (SNIP)

Objective:
• Understand who is talking to who from laboratory data
• How do they talk with each other (linear, nonlinear, independent, 

cooperative)?

Characteristics of the problem:
• Nonlinearity
• Dynamics mixed with network structure
• Unknown/unmeasured species
• Biological and measurement noise
• Positive and negative feedbacks, autoregulations
• Laboratory constraints
• Network scale (can be large)
• Diffusion
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General strategy: perturbation + analysis

Quantitative vs. qualitative methods
Model-based vs. model-independent methods
Linear vs. nonlinear methods
Time-dependent vs. time-independent methods

Time-independent:
• Experimentally easier
• Smaller information content

Time-dependent:
• Large information content
• Experimentally more difficult
• More difficulties in information extraction
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Existing techniques

Cluster analysis (qualitative, indirect information)
Boolean approaches (discrete assumption)
Bayesian methods (probabilistic in nature)
Dynamic modeling approaches (need model)
Correlation metric construction

• Need random time-series perturbation
• Precise measurements faster than system’s relaxation
• Perturbation around system’s steady state

Jacobian matrix methods
• Linear approximation requires small perturbations, can be sensitive 

to noise
• Can become under-determined problem, need knowledge or 

assumptions to overcome
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The SNIP algorithm

Goals:
• Enable reliable ID from large perturbations
• Obtain linear & nonlinear interactions
• Model-independent
• Reveal independent and cooperative relationships
• Robust to noise
• Robust to unknown & unmeasured species
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A three component network
Steady state relationship:

y=x1+3x1x2-5x2
2

Encode x1 with ( )[ ]ssm π22cos5.01)(1 ×+=
S is experiment index

Perturbations are time-independent

( )[ ]ssmxx π22cos5.012)(1
*
11 ×+==

X1 X2

Y

L

N

N

3)22cos(4)( +×= ssy π
Fourier decoding of y(s) in S

y depends linearly on x1

A toy network (1)
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Encode X2 with ( )[ ]ssm π25cos5.01)(2 ×+=

( )[ ]225cos5.015)25cos(38)( sssy ππ ×+−×+=

Fourier decoding of y(s) in S

y depends nonlinearly on x2

Encode X1 (with m1) and 
X2 (with m2) simultaneously

Fourier decoding of y(s) in S

Cooperative effects of x1 and x2 on y
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SNIP application to a simulated
genetic inverter
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Part B: The Closed-loop identification Protocol (CLIP)

General objective:
Optimal biochemical/biophysical model parameter identification 

from minimal laboratory data

Characteristics of the problem:
•System nonlinearity
•Limited number & type of experiments
•Considerable biological & measurement noise
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Problems with traditional identification methods:
• Provide only one or a few solutions for each parameter
• Assume linear propagation of laboratory data to inverted parameters
• Mostly based on linear system identification theory

General features of CLIP: 
• Global and nonlinear identification
• Recover the full distribution of consistent solutions for each parameter
• Iteratively search for the most informative experiments
• Maximally reduce parameter uncertainty
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The CLIP operation
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Isoleucyl-tRNA synthetase proofreading valyl-tRNAIle

M. Okamoto & M. Savageau. Biochemistry 23:1701-1709 (1984)
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Kinetic equations (10 species, 16 rate constants)

dx1/dt = k-3x5 + k-4x6 + (k7 + k1)x7 + (k8 + k2)x8 – k3x1x3 – k4x1x4 – k-7x1x9 – k-8x1x10

dx2/dt = (k-5 +k1)x7 + (k-6 + k2)x8 + k9x9 + k10x10 – k5x2x5 – k6x2x6

dx3/dt = f1 + k-3x5 + k1x7 – k3x1x3

dx4/dt = f2 + k-4x6 + k2x8 – k4x1x4

dx5/dt = k3x1x3 + k-5x7 – k-3x5 – k5x2x5

dx6/dt = k4x1x4 + k-6x8 – k-4x6 – k6x2x6

dx7/dt = k5x2x5 + k-7x1x9 – (k-5 + k7 + k1)x7

dx8/dt = k6x2x6 + k-8x1x10 – (k-6 + k8 + k2)x8

dx9/dt = k7x7 – k-7x1x9 – k9x9

dx10/dt = k8x8 – k-8x1x10 – k10x10

x1 = [IRS]  x2 = [tRNAIle]   x3 = [Ile]   x4 = [Val]   x5 = [Ile-IRS]   x6 = [Val-IRS]
x7 = [Ile-IRS-tRNAIle]   x8 = [Val-IRS-tRNAIle]   x9 = [Ile-tRNAIle]   x10 = [Val-tRNAIle]
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The task:
Obtain  the rate constant k1, k2, k5, k-5, k6, k-6

Experimental capabilities and restrictions:
• Positive influx of x1, x3, x4

• Finite concentration measurements
• Laboratory noise
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The analysis module: estimating the most 
informative experiments

• Estimate the best molecules for monitoring system behavior
• Determine the best molecular targets for perturbing the system

Sensitivity analysis by Random-Sampling High Dimensional Model 
Representation (RS-HDMR)
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The Genetic Algorithm (GA)

Mutation

1101 1111+1100 0010

1101 1101+1100 0110

Crossover

1101 1100 + 1111 0010

1101 0010 + 1111 1100

The inversion module: identifying the rate 
constant distribution

Cost function of the inversion GA
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The control module: squeezing on the rate 
constant distribution
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Convergence of the optimal perturbations
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Problems with CLIP:
1. Large number of experiments
2. Expensive computation

Proposed solution:
1. Replace the GA by the simplex algorithm in the control module
2. Modify the cost function in the inversion module
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The Simplex-CLIP algorithm
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Problems with the simplex-CLIP:
• Simplex algorithm lacks sufficient global search ability
• Considerable number of experiments

Question: what makes an optimal perturbation optimal?
One answer: it maximizes the system’s sensitivity with respect to 

variations in the rate constants?

Proposed solution: estimate the optimal perturbation using global 
sensitivity maximization

Advantage:
• No experiment needed for sensitivity maximization!
• Global search
• Inexpensive computation
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Effect of sensitivity optimization for CLIP

 0

 0.5

 1

 1.5

 2

k1 k2 k5 k-5 k6 k-6

R
at

e 
C

on
st

an
t D

is
tr

ib
ut

io
ns

 R
el

at
iv

e 
to

 th
e 

T
ru

e 
V

al
ue

s

Rate Constant

Original OI
simplex OI

sensitivity OI

0

0.0005

0.001

0.0015

0.002

0.0025

0 50 100 150 200 250 300

C
on

tr
ol

 fl
ux

 o
f X

4 
(M

*S
-1

)
time (s)

Inversion quality
Optimal perturbation

CLIP + sensitivity optimization: ONE laboratory experiment and >100 times less computational time

Original CLIP

CLIP + sensitivity
optimization

X.Feng, H. Rabitz, et al. A closed-loop identification protocol for nonlinear dynamical systems. 
J. Phys. Chem. A 110:7755-7762 (2006)
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Future Directions

• SNIP
• quantitative relationship extraction
• Encoding experiment optimization
• Simulation on larger networks (scalability)

• CLIP
• Simulation on larger networks (scalability)
• Model discrimination

• Application to toxicity pathways



27

Acknowledgements

Prof. Herschel Rabitz

Dr. Genyuan Li

Rabitz group, Princeton University

Prof. Ron Weiss, Electrical Engineering, Princeton University

Prof. Gabriel Turinici, INRIA Rocquencourt, France

Support for this work has been provided primarily by the USEPA-funded Environmental Bioinformatics and 
Computational Toxicology Center (ebCTC), under STAR Grant number GAD R 832721-010. This work has not 

been reviewed by and does not represent the opinions of the funding agency.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


