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Lecture 4: From data to modelsLecture 4: From data to models
Data and technology started a revolution in biological and health sciences
Two innovations opened up major opportunities

– Decoding of the human genome
– High-throughout experimentation

The innovations allowed for the design of systematic perturbations 
monitoring systemic responses. Why?

– Decoding the genome effectively defined (part of) the state-space
– Massive measurements of gene expression (-omics in general) 

allowed us to record coordinated changes of the state variables in 
response to well-defined perturbations

The system can be systematically probed to 
– Reverse-engineer an observed response (for optimization & 

control)
– Generate information that will refine the model, and
– Develop new hypotheses for the next experiment
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Genetics (the study of genes and heredity)

Molecular Biology (the study of biological 
activity at the molecular level) 

Bioinformatics (the study of methods for 
understanding biological data) 

Systems Biology (the study of systems of 
biological components)
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Genetics (the study of genes and heredity) is 
looking for a black cat in a lighted room

Molecular Biology (the study of biological 
activity at the molecular level) is looking for a 
black cat in a dark room

Bioinformatics (the study of methods for 
understanding biological data) is looking for a 
black cat in a dark room when there may be 
no cat

Systems Biology (the study of systems of 
biological components) is looking for a black
cat in a dark room when there is no cat and 
someone yells … I found it! 

Courtesy of Michael Phelps, UCLA
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Hypothesis vs. Data Driven 
Approaches
Hypothesis vs. Data Driven 
Approaches

System: Autonomous entity
When the first principles driving the response of a system to well 

defined perturbations are known, or at least reasonable well 
understood, the system is probed and data is generated to 
validate a hypothesis, refine and improve a quantifiable model 
which is used to generate a new testable hypothesis

– To a great extent that has been the standard paradigm in 
science and engineering for thousands of years and has 
been quite successful

Things became interesting when we were introduced to complex
systems which were lacking quantifiable representations of the 
first principles driving their response

– First principles always exist, just sometimes we do not know 
how to express them 

– A complex response in not magic!
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Is              Simple of Complex?Is              Simple of Complex?
(google “complex systems”)
Complexity is not necessarily related to (non)linearity and does not 

have to do only with “esoteric” problems

Complex systems
– Systems composed of sub-systems exhibiting“emergent” 

behaviors
– The internal organization, structure, interactions, 

organization, and co-ordination mechanisms are not known
Complex systems exhibit interesting behaviors such robustness

and adaptability, can be lethally susceptible to targeted attacks, 
and can give rise to unexpected responses

– The whole is more that the sum of the parts (duhh!) 

`
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From Data to Models: Why?From Data to Models: Why?
From Data to Patterns (discernible regularities) 

– It is an undeniable fact that data is everywhere 
and we have to do something with it … not sure 
what sometimes

• Beer and nappies – A data mining urban legend
– The idea of collecting, annotating, warehousing, 

and analyzing data for the purpose of 
unraveling possible patterns has been 
extensively discussed 
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Pattern or coincidence?Pattern or coincidence?

www.finance.google.com

After I left the company …

Post-doc

Informatics and Knowledge 
Capitalization Technical Program Leader

MTS

None

Excellent Low

Good
Medium

Bleak

High

Bad

Feature: IPA’s involvement with XOM
Categorical Response: Stock outlook
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Do storks carry babies?Do storks carry babies?
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Do storks carry babies?Do storks carry babies?
Correlation does not imply causation!
The population of the German town of Oldenburg, Germany, 

was highly correlated with the number of storks sighted 
each year from 1930-1936. The relationship clearly shows 
that more babies are delivered when more storks are 
around to deliver them. This is real and accurate data!
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From Data to Models: Why?From Data to Models: Why?
From Data to Patterns (discernible regularities) 

– It is an undeniable fact that data is everywhere and we have 
to do something with it … not sure what sometimes

• Beer and nappies – A data mining urban legend
– The idea of collecting, annotating, warehousing, and 

analyzing data for the purpose of unraveling possible 
patterns has been extensively discussed 

From Data to Models
– A pattern is simply a coincidence or a potentially useful 

observation if repeated at a very high rate, unless it can be 
interpreted using existing laws or can be used to develop 
new laws that explain old behaviors and predict new

– A model is a quantification, not necessarily in closed form, of 
a law

Actions  and testable hypotheses in science and engineering are 
better designed with models rather than “knowledge” 
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From Data to Models: Why?From Data to Models: Why?
From Data to Patterns (discernible regularities) 

– It is an undeniable fact that data is everywhere and we have 
to do something with it … not sure what sometimes

• Beer and nappies – A data mining urban legend
– The idea of collecting, annotating, warehousing, and 

analyzing data for the purpose of unraveling possible 
patterns has been extensively discussed 

From Data to Models
– A pattern is simply a coincidence or a potentially useful 

observation if repeated at a very high rate, unless it can be 
interpreted using existing laws or can be used to develop 
new laws that explain old behaviors and predict new

– A model is a quantification, not necessarily in closed form, 
of a law

Actions  and testable hypotheses in science and engineering are 
better designed with models rather than “knowledge” 

What 
does that 
mean?
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Technological advances allowed the generation & handling of 
overwhelming amounts of data

– Imaging; GIS; Fraud Detection; HTS; Sensors
– Main emphasis on data management

From Data to Models: Why Now?From Data to Models: Why Now?
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Data in Life SciencesData in Life Sciences
Life sciences witnessed a different type of “revolution” not necessarily 

driven by an unmanageable abundance of information
Two innovations opened up major opportunities

– Decoding of the human genome
– High-throughout experimentation

The innovations allowed for the design of systematic perturbations 
monitoring systemic responses. Why?

– Decoding the genome effectively defined (part of) the state-space
– Massive measurements of gene expression (-omics in general) 

allowed us to record coordinated changes of the state variables in 
response to well-defined perturbations

The system can be systematically probed to 
– Reverse-engineer an observed response (for optimization & 

control)
– Generate information that will refine the model, and
– Develop new hypotheses for the next experiment
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But we know how to model 
So what is the big deal with 
biology?

But we know how to model 
So what is the big deal with 
biology?
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Engineered vs. biological 
systems
Engineered vs. biological 
systems
We (humans) have designed the 

“engineered” systems. Therefore, 
no matter how complicated they 
are, we know exactly what went into 
their design

When the rules become fuzzy, even 
“engineered” systems evolve in a 
different manner (internet)

However, biological systems are the 
result of evolution and obey yet to 
be determined laws.

It’s like sitting in front of a computer 
and watching numbers trying to 
figure out what the program is!
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What happens to X3 as X1
increases ?
What happens to X3 as X1
increases ?
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What if you never knew about 
X4 and X5?
What if you never knew about 
X4 and X5?
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The curious case of compound 
UK-92, 4800 
The curious case of compound 
UK-92, 4800 

In the early ’90s Pfizer worked on compound UK-92, 4800 which 
acted by inhibiting cGMP-specific phosphodiesterase type 5, an 
enzyme that promotes degradation of cGMP, which regulates 
blood flow. The compound was designed for use in  hypertension 
(high blood pressure) and angina pectoris (a symptom of 
ischaemic heart disease)

http://www.designanduniverse.com/articles/nitric_oxide.php
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The curious case of compound 
UK-92, 4800
The curious case of compound 
UK-92, 4800

In the early ’90s Pfizer worked on compound UK-92, 4800 which 
acted by inhibiting cGMP-specific phosphodiesterase type 5, an 
enzyme that promotes degradation of cGMP, which regulates 
blood flow. The compound was designed for use in  hypertension 
(high blood pressure) and angina pectoris (a symptom of 
ischaemic heart disease)

During Phase I clinical trials, researchers discovered an interesting 
side-effect …

http://www.designanduniverse.com/articles/nitric_oxide.php
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The curious case of compound 
UK-92, 4800
The curious case of compound 
UK-92, 4800

In the early ’90s Pfizer worked on compound UK-92, 4800 which 
acted by inhibiting cGMP-specific phosphodiesterase type 5, an 
enzyme that promotes degradation of cGMP, which regulates 
blood flow. The compound was designed for use in  hypertension 
(high blood pressure) and angina pectoris (a symptom of 
ischaemic heart disease)

During Phase I clinical trials, researchers discovered an interesting 
side-effect …

In 1998 Pfizer received FDA approval for a very successful “drug”
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So, maybe that’s why we need 
something different 
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ComputationalComputational
COMPUTATIONAL  Predict something you do not 

know  
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Computational SystemsComputational Systems
COMPUTATIONAL  Predict something you do not 

know 

SYSTEMS  The whole is greater than the sum of 
its parts
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Computational SystemsComputational Systems
COMPUTATIONAL  Predict something you do not 

know

SYSTEMS  The whole is greater than the sum of 
its parts
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Computational Systems 
Biology
Computational Systems 
Biology

COMPUTATIONAL  Predict something you do not 
know 

–

SYSTEMS  The whole is greater than the sum of 
its parts

BIOLOGY  Obvious 
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Let’s talk about these concepts !Let’s talk about these concepts !
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Suppose you are given this 
data set
Suppose you are given this 
data set
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Clearly a simple model would 
do it
Clearly a simple model would 
do it
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But, a more complicated model would do it too. 
Thankfully, Occam’s Razor would not allow it!
But, a more complicated model would do it too. 
Thankfully, Occam’s Razor would not allow it!
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… for obvious reasons !… for obvious reasons !



July

Izquotes.com
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Wei J. 1975. Least square fitting of an elephant. Chemtech 5: 128–129
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You can likely “fit an elephant” 
with N=30 parameters
You can likely “fit an elephant” 
with N=30 parameters
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35 years later people are still 
fitting the elephant
35 years later people are still 
fitting the elephant
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But the real question is … have you 
actually learned something once you 
fit the elephant?



July

Let’s consider the following 
rate data
Let’s consider the following 
rate data

For reaction AB you collect 
data
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Let’s consider the following 
rate data
Let’s consider the following 
rate data

For reaction AB you collect 
data, and the data looks like 
this [A]

time
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Let’s consider the following 
rate data
Let’s consider the following 
rate data

For reaction AB you collect 
data, and the data looks like 
this

You can clearly fit this as an 
exponentially decay of the form

[A]=[A]o e-kt

[A]

time
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Let’s consider the following 
rate data
Let’s consider the following 
rate data

For reaction AB you collect 
data, and the data looks like 
this

You can clearly fit this as an 
exponentially decay of the form

[A]=[A]o e-kt

However, what is important is not 
that you fit the data but the 
realization that 

a) The reaction maybe first 
order, d[A]/dt=-d[B]/dt=-k[A]

b) The kinetic constant is 
related to the slope of the 
ln[A] vs time plot

[A]

time

ln[A]

time
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So, what did you learn?So, what did you learn?

1. The more A you have the more B you will 
produce

2. You can look at the “slope” of the data 
and actually learn something important 
about how fast A reacts!
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Let’s look at another exampleLet’s look at another example
Suppose you are given the following data for an 

enzymatic reaction S P

v=dP/dt

[S]
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Let’s look at another exampleLet’s look at another example
… and assume you fit a model of the form   

[ ]
[ ]

a Sv
b S




v=dP/dt

[S]
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Let’s look at another exampleLet’s look at another example
The model is again essentially, useless if all it does 

is “fit” the data, unless it can be used to …

[ ]
[ ]

a Sv
b S




v=dP/dt

[S]
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Let’s look at another exampleLet’s look at another example
a) Predict and unknown state. That is estimate v for 

a value of [S] outside the range used for the 
observations



July

Let’s look at another exampleLet’s look at another example
a) Predict and unknown state. That is estimate y for 

a value of x outside the range used for building the 
model

v=dP/dt

[S]
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Let’s look at another exampleLet’s look at another example
b) You can use it to interpret the physical system 

and relate model parameters to dependencies 
between components of the system
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KM=[S] at V=Vmax/2

Let’s look at another exampleLet’s look at another example
b) You can use it to interpret the physical systems 

and relate model parameters to dependencies 
between components of the system

max

[ ]
[ ]

M

a Sv
b S

V SV
K S









Model parameters have 
physical meaning and 
can provide insight into 
the process

max [ ]V k E 2 0
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k kK
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 1 2
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The moral of the story is:

A model is useful if and only if it can 
upgrade the information content 
of the data

If all the model does is to 
recapitulate the data, then it is 
useless!

The moral of the story is:

A model is useful if and only if it can 
upgrade the information content 
of the data

If all the model does is to 
recapitulate the data, then it is 
useless!
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Emergence in complex systemsEmergence in complex systems
SYSTEMS  The whole is greater than the sum of 

its parts
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Emergence in complex systemsEmergence in complex systems
SYSTEMS  The whole is greater than the sum of 

its parts
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Emergence in complex systemsEmergence in complex systems
SYSTEMS  The whole is greater than the sum of 

its parts
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Emergence in complex systemsEmergence in complex systems
SYSTEMS  The whole is greater than the sum of 

its parts

In a V formation of 25 members, each bird 
can achieve a reduction of induced drag by 
up to 65% and as a result increase their 
range by 71%

EMERGENCE
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Systems & Emergence
Complicated vs Complex
Systems & Emergence
Complicated vs Complex
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Complexity in BiologyComplexity in Biology
What you know …
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Complexity in biologyComplexity in biology
What really happens …
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Complexity in biologyComplexity in biology
What really happens …
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Complexity in biologyComplexity in biology
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We will talk a lot about 
models, but what is a model?
We will talk a lot about 
models, but what is a model?

Can you give me examples of a “model” ?
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Mathematical Model (from 
Wikipedia)
Mathematical Model (from 
Wikipedia)

A mathematical model is a description of a system using 
mathematical concepts and language. The process of 
developing a mathematical model is termed mathematical 
modelling. Mathematical models are used not only in the 
natural sciences (such as physics, biology, earth science, 
meteorology) and engineering disciplines (e.g. computer 
science, artificial intelligence), but also in the social 
sciences (such as economics, psychology, sociology and 
political science); physicists, engineers, statisticians, 
operations research analysts and economists use 
mathematical models most extensively. A model may help 
to explain a system and to study the effects of different 
components, and to make predictions about behaviour.
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Mathematical Model (from 
Wikipedia)
Mathematical Model (from 
Wikipedia)

Mathematical models can take many forms, including but not 
limited to dynamical systems, statistical models, differential 
equations, or game theoretic models. These and other 
types of models can overlap, with a given model involving a 
variety of abstract structures. In general, mathematical 
models may include logical models, as far as logic is taken 
as a part of mathematics. In many cases, the quality of a 
scientific field depends on how well the mathematical 
models developed on the theoretical side agree with results 
of repeatable experiments. Lack of agreement between 
theoretical mathematical models and experimental 
measurements often leads to important advances as 
better theories are developed.



July

Stochastic or deterministic (and as a special case of deterministic, chaotic) – see external links below for examples of stochastic vs. 
deterministic simulations

Steady-state or dynamic;   Continuous or discrete (and as an important special case of discrete, discrete event or DE models)
Local or distributed.

Another way of categorizing models is to look at the underlying data structures. For time-stepped simulations, there are two main 
classes:

Simulations which store their data in regular grids and require only next-neighbor access are called stencil codes. Many CFD 
applications belong to this category.

If the underlying graph is not a regular grid, the model may belong to the meshfree method class.
Equations define the relationships between elements of the modeled system and attempt to find a state in which the system is in 

equilibrium. Such models are often used in simulating physical systems, as a simpler modeling case before dynamic simulation is 
attempted.

Dynamic simulations model changes in a system in response to (usually changing) input signals.
Stochastic models use random number generators to model chance or random events;

A discrete event simulation (DES) manages events in time. Most computer, logic-test and fault-tree simulations are of this type. In 
this type of simulation, the simulator maintains a queue of events sorted by the simulated time they should occur. The simulator
reads the queue and triggers new events as each event is processed. It is not important to execute the simulation in real time. It is 
often more important to be able to access the data produced by the simulation and to discover logic defects in the design or the
sequence of events.

A continuous dynamic simulation performs numerical solution of differential-algebraic equations or differential equations (either 
partial or ordinary). Periodically, the simulation program solves all the equations and uses the numbers to change the state and
output of the simulation. Applications include flight simulators, construction and management simulation games, chemical process
modeling, and simulations of electrical circuits. Originally, these kinds of simulations were actually implemented on analog
computers, where the differential equations could be represented directly by various electrical components such as op-amps. By 
the late 1980s, however, most "analog" simulations were run on conventional digital computers that emulate the behavior of an 
analog computer.

A special type of discrete simulation that does not rely on a model with an underlying equation, but can nonetheless be represented 
formally, is agent-based simulation. In agent-based simulation, the individual entities (such as molecules, cells, trees or 
consumers) in the model are represented directly (rather than by their density or concentration) and possess an internal state and 
set of behaviors or rules that determine how the agent's state is updated from one time-step to the next.

Distributed models run on a network of interconnected computers, possibly through the Internet. Simulations dispersed across
multiple host computers like this are often referred to as "distributed simulations". There are several standards for distributed 
simulation, including Aggregate Level Simulation Protocol (ALSP), Distributed Interactive Simulation (DIS), the High Level 
Architecture (simulation) (HLA) and the Test and Training Enabling Architecture (TENA).
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First, we need to know what 
we know
First, we need to know what 
we know

There are known knowns; there are things we know we know.
We also know there are known unknowns; that is to say, we 

know there are some things we do not know.
But there are also unknown unknowns – the ones we don’t 

know we don’t know  sometimes we refer to it as 
“uncertainty”

—United States Secretary of Defence, Donald Rumsfeld
Then there is also the unknown knowns; that is the things we 

think we know but we really don’t

The unknown unknowns  and the unknown knowns manifest 
themselves after the fact and are often the result of indirect 
dependencies
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So, there is more to data analysis 
than looking for patterns and 
correlations, but …

So, there is more to data analysis 
than looking for patterns and 
correlations, but …
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