
Design Automation 
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Team not functioning? 

1. Ask the TA to call a counselling meeting 

– Include head TAs Jeff/Katie 

2. Assign clear goals and responsibilities 

– Deliverables and dates for each member 

3. Send written summary 

– Email meeting minutes 

• Repeat 

 

Don’t internalize. Act swiftly. 



Phases 

• Phase 0: Planning 

• Phase 1: Conceptual design 

• Phase 2: System design 

• Phase 3: Detail design 

• Phase 4: Testing and refinement 

• Phase 5: Production ramp-up 
Iterate



What is design? 

• Design is a search process 
– In the space of all possible designs 

– Humans search this space using ‘creativity’ 

– Design automation uses search algorithms (AI) 
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Design Space 
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Computational Design Space 

• What does this space look like? 
– Closed, parametric [detailed design] 

• Continuous, discrete 

– Open-ended [conceptual design] 

 

 



Parametric design space 

• You do the conceptual design and describe it 
using some free parameters 

• Define a function which you which to optimize 
(maximize, minimize) 

• Define constraints 

• Let the computer find the setting of 
parameters that reach the optimum 



H 
W 

Max Stress*Weight 

Find H and W that minimize Deflection and Mass 

F 



Brute-force search 

1. Scan all possible values at some interval 

2. Evaluate function at each point 

3. Keep the best value found 

Why would this not work? 



Random search 

1. Start at some initial guess 

2. Randomly chose another set of values for 
parameters 

3. Check if they improve on your current 
values, if yes, keep, else discard 

4. Repeat until no improvement made for a 
while 

Why would this not work? 



Gradient optimization Algorithm 

1. Start at some initial guess 

2. Check derivatives in all dimensions 

3. Move a little in the steepest direction 

4. Repeat until all derivatives zero 

How can this algorithm fail? 
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Vibration optimization 
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How can you use design automation in 
your project? 

• Outline a problem that will be suitable 

– Quantitative objective(s) 

– Available simulation/analysis 



Permutation design space 

• The design space is discrete 

• There is a finite number of possibilities 

• Often characterized by a set of decisions 
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Find unfolding pattern that minimizes total 
welding 



Permutation space 

Lots more… 



Searching the permutation space 

• At each point Evaluate: Cost so far + optimistic remaining cost 

• Explore most promising ‘leaf’ next 

• This algorithm is called: A*   (A-Star) 



Finding optimal unfolding 







Open-ended design 

• Compose a set of given building blocks to meet a 
given design goal 

• Example: Lego set 
– Known repertoire of blocks 

– Known interfaces 

– Known physics 

– How to put them together to achieve high level 
functionality? 

– Open-ended, unlimited complexity, exponentially 
intractable 

 



Evolutionary Computation 

• Study of self-organizing adaptive mechanisms 
based on Natural Selection, and applying 
them algorithmically to synthetic problems 

– Nonlinear optimization 

– Engineering Design 

– Models of natural systems (“Artificial Life”) 

– A Weak but General Method 

 

 



Alternative Evolutionary Systems 

The study reveals that artifacts – like plant and 
animal life forms – can be arranged in 
continuous, chronological sequences. The 
existence of continuity implies that novel 
artifacts can only arise from antecedents 
artifacts – that new kinds of made things are 
never the pure creations of theory, ingenuity, or 
fancy… 

G. Basala (The evolution of technology, 88):  



A basic evolutionary process 

• Initialize a population of 
solutions 

• Repeat 

– Selection (e.g. fitness 
proportionate) 

– Replication (e.g. duplication) 

– Variation (e.g. mutation) 

• Until satisfactory solution found 

01011010010 

10010101010 

11101011101 

10101001000 

00100101001 

00010111101 

11111001001 

11010101001 

Genotype        Phenotype 



Evolving a gradient-Following brain 

Joshua Bongard et al (2002) 



Evolving controllers 

Joshua Bongard et al (2002) 



Evolution 
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Lipson & Pollack, Nature 406, 2000 
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.com 

With Jeff Clune, Jason Yosinski 





With Jeff Clune, Jason Yosinski 



Developmental processes 
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Background: Top-down and Bottom-up Tree 
Encodings 
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Top down: Embryo + 

variation operators. E.g. 

Circuit 

Bottom up: Composition of 

terminals, e.g. Symbolic 

expression 
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Example: Analog Circuits 

U. S. patent 1,227,113—George 

Campbell—AT&T—1917  

U. S. patent 1,538,964—Otto 

Zobel—AT&T—1925  

Post 2000 US patent 

LOW-VOLTAGE balun circuit  

One criterion for innovation: 

Patentability 



Koza, 1992 



Resilient Circuits 
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Charles Richter 

Simple but less 
accurate 

More accurate but 
complex 

Simple and accurate 



Charles Richter 



Top down encoding of a 
mechanism 
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Start with Embryo with desired # of 
DoF, e.g. a four-bar mechanism  (1 
DoF) 

Two variation operators 
maintain DoF 

E.g. Transform dyad into tryad 
Example: A tree that constructs this 1-
DoF compound mechanism 

Operators provably DoF invariant 



Bottom-up encoding of a 1-DoF 
mechanism 

Operators provably DoF invariant 

 

(a) 

(b) 

 

(c) 

1-DoF terminals 

Join substructures hierarchically at 
exactly two nodes (maintains DoF) 

Example: A tree that constructs this 1-
DoF compound mechanism 



Intermediate Conclusions 

• Proposed two new DoF-invariant 
representations for kinematic mechanisms 

– top-down and bottom-up tree encodings 

But wait, there’s more… 



A hard test problem 

• The straight line problem 

– Devise a mechanism that traces a straight line without a 
reference to an existing straight line  

• Human-competitive problem  

– Of great practical importance in the 18th and 19th century.  

– has baffled the world’s greatest kinematic inventors for a 
century, many solutions put forward. 

• Now forgotten  

– with advent of precision manufacturing 

 



The Straight Line Problem 
 

It is easy to think of a mechanism that traces an exact circle 
without having a circle built in: A compass. 

Can you think of a linkage mechanism that will trace a straight 
line without reference to an existing straight line? 

? 



The Straight Line Problem 
 

It is easy to think of a mechanism that traces an exact circle 
without having a circle built in: A compass. 

One solution: The Peaucellier (1873) 
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The straightness of the links themselves does not matter 



The Straight-Line problem 

• Needed to guide the piston of the steam 
engine.  

– The breakthrough that made steam engines a 
success 

(b) 

 

James Watt’s original patents used racks and 
sectors, and many other cumbersome solutions 

Watt’s first straight line 
mechanism (1784) 

 “Though I am not over anxious 
after fame, yet I am more proud of 
the parallel motion than of any 
other mechanical invention I have 
ever made”  
 
 James Watt, cf. 1810    [15] 



More established solutions 

Peaucelier 
(1873) 

Silverster-Kempe’s 
(1877) 

Robert 
(1841) 

Chebyshev 
(1867) 

Chebyshev-Evans  
(1907) 

Chebyshev 
(1867) 

Source: Kempe A. B., 
(1877), How To Draw 
A Straight Line, 
London 

See 
http://kmoddl.library.cornell.edu  



Considered fundamental technology 

  

  

  

  

Cornell University acquired in 1882 about 40 straight-line 
mechanism models and used them in the early engineering 
curriculum. 
 
See videos at 
Cornell University Digital Library of Kinematic Models  
http://kmoddl.library.cornell.edu  

http://kmoddl.library.cornell.edu/


Evolving Straight line mechanisms 



Some results 
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Some results 

Linearity 1:5300  

 

Infringes on Robert’s Linkage (1841)  
Published: Kempe A. B., (1877), How To Draw A Straight Line, London 



Some results 
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Some results 

Linearity 1:28340 

 

Many more solutions were produced 


