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What is design?

‣ We take a broad view of what design is, the same as Herbert Simon: 
 

Engineers are not the only professional designers.  
Everyone designs who devises courses of action aimed at 
changing existing situations into preferred ones.  
The intellectual activity that produces material artifacts is no different 
fundamentally from the one that prescribes remedies for a sick patient 
or the one that devises a new sales plan for a company or a social 
welfare policy for a state. Design, so construed, is the core of all 
professional training; it is the principal mark that distinguishes the 
professions from the sciences. Schools of engineering, as well as schools 
of architecture, business, education, law, and medicine, are all 
centrally concerned with the process of design. 
 
 
 
 
 
 
Herbert Simon, The sciences of the artificial, Chapter 5



An abstract view of design problems

‣ Across fields, design or synthesis problems are defined with 3 spaces: 
- implementation space: the options we can choose from; 
- functionality space: what we need to provide/achieve; 
- requirements/costs space: the resources we need to have available;
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An abstract view of design problems

‣ Across fields, design or synthesis problems are defined with 3 spaces: 
- implementation space: the options we can choose from; 
- functionality space: what we need to provide/achieve; 
- requirements/costs space: the resources we need to have available;
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A symmetric theory
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“function” conflates two dual aspects

function

Form ever follows function

Whether it be the sweeping eagle in his flight, or the open apple-blossom, the toiling work-
horse, the blithe swan, the branching oak, the winding stream at its base, the drifting 
clouds, over all the coursing sun, form ever follows function, and this is the law. 
Where function does not change, form does not change. The granite rocks, the ever-
brooding hills, remain for ages; the lightning lives, comes into shape, and dies, in a 
twinkling. 

It is the pervading law of all things organic and inorganic, of all things physical and 
metaphysical, of all things human and all things superhuman, of all true manifestations 
of the head, of the heart, of the soul, that the life is recognizable in its expression, that 
form ever follows function. This is the law. 

Louis Sullivan

functionality requirementsform



Patek PhilippeCasio F-91W

Function beyond the strictly technical meaning

‣ Law of successful products: at equilibrium, in an efficient and free market, no product 
completely dominates another by both functionality and costs.  
(Otherwise, the dominated product wouldn’t sell.)
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Transparent vs opaque models

‣ For the purpose of design, we need to know how something is is done, not just that it is 
possible to do something.  

‣ We need to know what are the implementation(s), if any, that relate functionality and costs. 
 
 
 
 
 

‣ Algorithmically, it will also be useful to consider a direct feasibility relation from 
functionality to costs.



Engineering is constructive

‣ For the purpose of design, we need to know how something is is done, not just that it is 
possible to do something: engineering is constructive.
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Engineering is constructive

‣ For the purpose of design, we need to know how something is is done, not just that it is 
possible to do something: engineering is constructive. 

‣ We need to know what are the implementation(s), if any, that relate functionality and costs. 
 
 
 
 
 

‣ For the algorithmic solution of co-design problem, it will also be useful to consider a 
direct feasibility relation from functionality to costs. 

‣ We will call these boolean profunctors.

feasibility



Design problem with implementation

‣ A design problem with implementation (DPI) is defined as a tuple 
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Graphical notation for DPIs

‣ We use this graphical notation:  
- functionality: green continuous wires on the left 
- requirements: dashed red wires on the right.
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Inference

Alex Locher, Michal Perdoch and Luc Van Gool. Progressive prioritized multi-view stereo. CVPR 2016.
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From DPI to feasibility relation

‣ From a DPI we can find a monotone function 
 
 
 
defined as follows: 

‣ Alternative: first define the set of all feasible implementations: 
 
 
 
then ask if non empty.

<latexit sha1_base64="zruMd13eJug30EOvQ4XRhpEUQ98="></latexit>

r : F op ù R ôPos Bool
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Íf op , rÎ ≠ «i À I : (f ûF provides(i)) · (requires(i) ûR r)
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Íf op , rÎ ≠ {i À I : (f ûF provides(i)) · (requires(i) ûR r)}



Boolean profunctors

‣ We call these boolean profunctors or design problems 

‣ There is a category of these, called Feas or DP.  

‣ We use these slashed arrows:

<latexit sha1_base64="zruMd13eJug30EOvQ4XRhpEUQ98="></latexit>

r : F op ù R ôPos Bool
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Composition semantics

‣ Composition in DP reflects an intuitive notion of composition in engineering:
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Defining composition for boolean profunctors

‣ Definition of composition:

f : A �7! B
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Defining composition for boolean profunctors

‣ Definition of composition: 

‣ Identities:

f : Aop ⇥B !Pos Bool
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g : Bop ⇥ C !Pos Bool
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_

b1b2

f(aop, b1) ^ g(bop2 , c)
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Boolean Profunctors as generalization of relations

‣ A relation is a map 

‣ A boolean profunctor is a map  

‣ Boolean profunctors are generalization of relations. 
‣ Are profunctors special relations, or are relations special profunctors? 
‣ Which one is true? 

- DP is a subcategory of Rel. 
- Rel is a subcategory of DP.

<latexit sha1_base64="SxzlSDUAhqQ9z54ArIxLIaD46GE="></latexit>

f : Aop ù B ôPos Bool

<latexit sha1_base64="Gpwuu32bffDRaSe+Vh1bySVs62E="></latexit>

r : A ù B ôSet Bool



Profunctors 

‣ Profunctors are functors of type 
 
 
where A, B are generic categories. 

‣ You can see profunctors as a general case of Boolean profunctors: 
- Think of Bool as the subcategory of Set  

consisting of the empty set and a singleton. 

- In the other direction: consider the functor 
 
               nonempty: Set → Bool  

<latexit sha1_base64="/HN/GQNAGAy0Rftqhl1FUmub/nE="></latexit>

P : Aop ù B ôCat Set



The Hom Profunctor

‣ Profunctors are functors of type 
 
 
where A, B are generic categories. 

‣ Claim: Hom can be seen as a profunctor: 
 
 

‣ We are going to check this: technical but insightful.

<latexit sha1_base64="/HN/GQNAGAy0Rftqhl1FUmub/nE="></latexit>

P : Aop ù B ôCat Set
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HomC : Cop

ù C ôCat Set



Defining the Hom Profunctor

‣ Let’s define the profunctor 
 

- It maps pairs of objects to their Hom-sets : 
 

- What does it do to a morphism?

<latexit sha1_base64="jKCa7FhGBamdXXiGnKnIl/D1r2g="></latexit>

HomC : Cop

ù C ôCat Set
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Íxop , yÎ ≠ HomC(x; y)



Defining the Hom Profunctor

‣ Let’s define the profunctor 
 

- It maps pairs of objects to their Hom-sets : 
 

- What does it do to a morphism?

<latexit sha1_base64="jKCa7FhGBamdXXiGnKnIl/D1r2g="></latexit>

HomC : Cop

ù C ôCat Set

<latexit sha1_base64="MaBWMNA1bDd8Y5fS9IBbXnmoeUA="></latexit>

Íxop , yÎ ≠ HomC(x; y)

morphism in 
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z ≠ (↵1 # z # ↵2)
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f = Í↵op

1 , ↵2Î
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HomC f : HomC(x; y) ô HomC(a; b)



Checking that Hom is a profunctor

‣ Let’s check the property:

<latexit sha1_base64="2xz2T+ix8vQ9d7Bu81oAMwqllU4="></latexit>

F (f # g) = F (f ) # F (g)
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HomC f # HomC g <latexit sha1_base64="MHEd1NE4TGF7bbeL6MBgk/F5ICA="></latexit>

�1
<latexit sha1_base64="Jdt/mgx8Wk/bWmJz7oVgKN9w/9Y="></latexit>

�2
<latexit sha1_base64="2EHHOtdzFN4Fu/MZI53NZ5v2KgA="></latexit>↵1

<latexit sha1_base64="HCF6yLswQtaHoOXv7vFEeVD2gr8="></latexit>↵2



Associativity 

<latexit sha1_base64="fePP+s7QrSMFoGHG6EoUb6NBIog="></latexit>

f # (g # h) = (f # g) # h
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h
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<latexit sha1_base64="PNrxmnAXerJsKun3iRcndHgaxx4="></latexit>(�1 # ↵1); x; (↵2 # �2) = �1; (↵1; x; ↵2); �2

<latexit sha1_base64="dPTB8K+831rViSep7964C3TfOIw="></latexit>f # g <latexit sha1_base64="hBEABRnF3huNgrsF6WxX74eau0U="></latexit>

g # h



DPI as profunctors?

<latexit sha1_base64="q76CbE8sF9/wIDAiPIBh0wStTIc="></latexit>

Íf op , rÎ ≠ {i À I : (f ûF provides(i)) · (requires(i) ûR r)}

‣ From a DPI we can find a monotone function 
 
 
 
defined as follows: 

<latexit sha1_base64="lwjuwy+0LbkDhM1T4M1vzoaeOa4="></latexit>

r : F op ù R ôPos PowerSet(I)

‣ Can we make this into a profunctor? 



Coming up: Co-design

‣ So far, we have only composed morphisms in “series”. 

‣ In co-design we ask how to optimize over very complex graphs:

motor  
design 

problem voltage
current

chassis
design

problem
velocity

speed

torque

 cost 
cost

extra  
payload

total mass

cycle in the co-design graph



Coming up: Co-design

‣ So far, we have only composed morphisms in “series”. 
‣ To give a categorical semantics to complex co-design diagrams, we will define: 

- monoidal categories (parallelism) 
- traced monoidal categories (feedback) 
- locally posetal / lattical categories (and, or)

“series”
“parallel” “feedback”

“convince two experts” 

A
<latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit>

B
<latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit>

A
<latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit>

B
<latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit>

A
<latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit>

B
<latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit>

“choose between   
two options”

A
<latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit>

B
<latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit>

A
<latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit>

B
<latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit>

A
<latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit><latexit sha1_base64="czEu6Bzo8bJfFZBx+RuYK7SdaVo="></latexit>

B
<latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit><latexit sha1_base64="j3f5c9Hjj93UUYcGC8XCsdI5EZE="></latexit>

<latexit sha1_base64="4J0cyFlz2Sy5MGf9B6q7i3kQz9I="></latexit>‚ <latexit sha1_base64="MfOdtYS88JiPIoIWNB4TuvY4TaM="></latexit>·


