
Functional Programming for 
Compiling and Decompiling 

Computer-Aided Design

Chandrakana Nandi, James R. Wilcox, Pavel Panchekha, Taylor Blau, 
Dan Grossman, Zachary Tatlock 

ICFP 2018



The 3D Printing Revolution



Democratized Fabrication
PLSE printed!

Hardware 
cost has 

gone 
down! 



Democratized Fabrication
PLSE printed!

Hardware 
cost has 

gone 
down! 

Design tools challenges 

  — steep learning curve 

  — lack of specifications 

  — expensive 



Democratized Fabrication
PLSE printed!

Hardware 
cost has 

gone 
down! 

Design tools challenges 

  — steep learning curve 

  — lack of specifications 

  — expensive 

Online repositories



A mesh for a hex holder

Triangular mesh



A mesh for a hex holder

Bent wrench not parallel to the rest :( 

Need to rotate the fifth hole



A mesh for a hex holder

Simple mesh editing broke model 
   No abstraction 
   Move around the vertices manually 
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A mesh for a hex holder

CAD (Computer Aided Design) editing is easier 
   Higher level of abstraction 
   Easier to visualize outcome 

Automatically infer CAD from Mesh! 

: mesh → cad
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difference ( 
    scale (97.0, 25.0, 5.0)  cube 
  

trans (49.0, 13.0, 2.5) ( 
    scale (7.0, 6.06, 5.0) ( 
       polyhedron 6 )) 
… 

) 80 LOC

difference ( 
   scale (97.0, 25.0, 5.0)  cube 

  trans (49.0, 13.0, 2.5) ( 
    scale (7.0, 6.06, 5.0) ( 
      rotateZ (35.0) ( 
        polyhedron 6 ))) 
… 
)

success

modify

print

Rotating by 35 
degrees solved the 

problem!

Mesh

Automatically infer CAD from Mesh! 

: mesh → cad



How?
Key insight: view the computational 
fabrication pipeline as a compiler



How?

 PL foundations applied to computational fabrication to 
provide clarity and usefulness 

Clarity 
     Denotational semantics, inductive definitions 

       Proof of correctness of a compiler from CAD to mesh 
 Usefulness 

      Program synthesis to reverse engineer CAD from mesh

Key insight: view the computational 
fabrication pipeline as a compiler
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3D printing workflow
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   ))
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1. Design
Idea

2. Compile

3. Slice

G-code

4. Print

iterate

5. OK?

MeshCAD

Part
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1. Design
Idea

3. Slice

G-code

4. Print

iterate

5. OK?

Part

MeshCAD
difference (

   scale (97, 25, 5) (

      cube

   )

   trans (10, 13, 0) (

      scale (5, 5, 5) (

         polyhedron 6

      )

   …

   ))

Decompile

2. Compile
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Talk Outline
•3D Printing Workflow 

•Clarity achieved by applying FP to fabrication 

• Denotational semantics for CAD and mesh 

• Inductive compiler definition 

• Proof of correctness for compiler 

•Usefulness: the first decompiler from mesh to CAD



CAD

cube

3D primitive 
representing a 
cube of unit 

length



CAD

polyhedron 6
3D primitive 

representing a 
hexagonal 

prism

cube

3D primitive 
representing a 
cube of unit 

length



CAD

scale (5, 5, 5) polyhedron 6



CAD
difference (

   scale (97, 25, 5) (

      cube

   )

   trans (10, 13, 0) (

      scale (5, 5, 5) (

         polyhedron 6

      )

)



CAD

op ::= Union
| Di↵erence
| Intersection

<latexit sha1_base64="sk2pwI1jqqVVo1wg8Zo7/aYxbk0=">AAACfHicbVFdS+QwFE3rd1fdWX30JTirLCwOrQ/rIgiiPuibgqPCtAxpejsG07Qkt0Kp/aH7vC/+CjEd+6CjFxIO59ybk5zEhRQGff+f487NLyw uLa9431bX1r/3fmzcmLzUHIY8l7m+i5kBKRQMUaCEu0IDy2IJt/HDaavfPoI2IlfXWBUQZWyiRCo4Q0uNe004CmOYCFUzrVnV1JrLxssLuksPD4/sHmYM7wXWQ2X7mzD0qCWf3glnIk1Bg+LwlXqh0LoDx246BJV0Vl4YjXt9f+BPi34GQQf6pKvLce85THJeZqCQS2bMKPALjOyBKLgEe2RpoGD8gU1gZKFiGZionsbU0B3LJDTNtV0K6ZR9P1GzzJgqi21ne3szq7Xkl5rBjOlKJzP+mP6NaqGKEm06b/ZpKSnmtP0Jmghtc5GVBYxrYV9A+T3TjLeJeTaaYDaIz+BmfxD4g+Bqv3980oW0TLbINvlFAnJAjsk5uSRDwsl/Z8XZcDadF/en+9vde2t1nW5mk3wo988rWii/0A==</latexit><latexit sha1_base64="sk2pwI1jqqVVo1wg8Zo7/aYxbk0=">AAACfHicbVFdS+QwFE3rd1fdWX30JTirLCwOrQ/rIgiiPuibgqPCtAxpejsG07Qkt0Kp/aH7vC/+CjEd+6CjFxIO59ybk5zEhRQGff+f487NLyw uLa9431bX1r/3fmzcmLzUHIY8l7m+i5kBKRQMUaCEu0IDy2IJt/HDaavfPoI2IlfXWBUQZWyiRCo4Q0uNe004CmOYCFUzrVnV1JrLxssLuksPD4/sHmYM7wXWQ2X7mzD0qCWf3glnIk1Bg+LwlXqh0LoDx246BJV0Vl4YjXt9f+BPi34GQQf6pKvLce85THJeZqCQS2bMKPALjOyBKLgEe2RpoGD8gU1gZKFiGZionsbU0B3LJDTNtV0K6ZR9P1GzzJgqi21ne3szq7Xkl5rBjOlKJzP+mP6NaqGKEm06b/ZpKSnmtP0Jmghtc5GVBYxrYV9A+T3TjLeJeTaaYDaIz+BmfxD4g+Bqv3980oW0TLbINvlFAnJAjsk5uSRDwsl/Z8XZcDadF/en+9vde2t1nW5mk3wo988rWii/0A==</latexit><latexit sha1_base64="sk2pwI1jqqVVo1wg8Zo7/aYxbk0=">AAACfHicbVFdS+QwFE3rd1fdWX30JTirLCwOrQ/rIgiiPuibgqPCtAxpejsG07Qkt0Kp/aH7vC/+CjEd+6CjFxIO59ybk5zEhRQGff+f487NLyw uLa9431bX1r/3fmzcmLzUHIY8l7m+i5kBKRQMUaCEu0IDy2IJt/HDaavfPoI2IlfXWBUQZWyiRCo4Q0uNe004CmOYCFUzrVnV1JrLxssLuksPD4/sHmYM7wXWQ2X7mzD0qCWf3glnIk1Bg+LwlXqh0LoDx246BJV0Vl4YjXt9f+BPi34GQQf6pKvLce85THJeZqCQS2bMKPALjOyBKLgEe2RpoGD8gU1gZKFiGZionsbU0B3LJDTNtV0K6ZR9P1GzzJgqi21ne3szq7Xkl5rBjOlKJzP+mP6NaqGKEm06b/ZpKSnmtP0Jmghtc5GVBYxrYV9A+T3TjLeJeTaaYDaIz+BmfxD4g+Bqv3980oW0TLbINvlFAnJAjsk5uSRDwsl/Z8XZcDadF/en+9vde2t1nW5mk3wo988rWii/0A==</latexit><latexit sha1_base64="sk2pwI1jqqVVo1wg8Zo7/aYxbk0=">AAACfHicbVFdS+QwFE3rd1fdWX30JTirLCwOrQ/rIgiiPuibgqPCtAxpejsG07Qkt0Kp/aH7vC/+CjEd+6CjFxIO59ybk5zEhRQGff+f487NLyw uLa9431bX1r/3fmzcmLzUHIY8l7m+i5kBKRQMUaCEu0IDy2IJt/HDaavfPoI2IlfXWBUQZWyiRCo4Q0uNe004CmOYCFUzrVnV1JrLxssLuksPD4/sHmYM7wXWQ2X7mzD0qCWf3glnIk1Bg+LwlXqh0LoDx246BJV0Vl4YjXt9f+BPi34GQQf6pKvLce85THJeZqCQS2bMKPALjOyBKLgEe2RpoGD8gU1gZKFiGZionsbU0B3LJDTNtV0K6ZR9P1GzzJgqi21ne3szq7Xkl5rBjOlKJzP+mP6NaqGKEm06b/ZpKSnmtP0Jmghtc5GVBYxrYV9A+T3TjLeJeTaaYDaIz+BmfxD4g+Bqv3980oW0TLbINvlFAnJAjsk5uSRDwsl/Z8XZcDadF/en+9vde2t1nW5mk3wo988rWii/0A==</latexit>

rotateX 
rotateY 
rotateZ 
translation 
scale Linear 

transformation 
matrix: 

Vector:  

R3⇥3
<latexit sha1_base64="X9ujO/e95sNeUT6byyFQx6mywyQ=">AAACGXicbVC7TsMwFHXKq5RXgQ0WixaJqUraAcYKFsaC6ENqSuU4TmvVeci+QYqiSPwHOyv8AhtiZeIP+AyctgO0HMnS0Tn36vgeJxJcgWl+GYWV1bX1jeJmaWt7Z3evvH/QUWEsKWvTUISy5xDFBA9YGzgI1oskI74jWNeZXOV+94FJxcPgDpKIDXwyCrjHKQEtDctHpartExg7Tnqb3acNbAP3mcKNrDosV8yaOQVeJtacVNAcrWH523ZDGvssACqIUn3LjGCQEgmcCpaV7FixiNAJGbG+pgHRQYN0ekOGT7XiYi+U+gWAp+rvjZT4SiW+oyfz/6pFLxf/9RT4RCbSXcgH72KQ8iCKgQV0Fu/FAkOI85qwyyWjIBJNCJVcX4DpmEhCQZdZ0tVYi0Usk069Zpk166ZeaV7OSyqiY3SCzpCFzlETXaMWaiOKHtEzekGvxpPxZrwbH7PRgjHfOUR/YHz+AKzIn/4=</latexit><latexit sha1_base64="X9ujO/e95sNeUT6byyFQx6mywyQ=">AAACGXicbVC7TsMwFHXKq5RXgQ0WixaJqUraAcYKFsaC6ENqSuU4TmvVeci+QYqiSPwHOyv8AhtiZeIP+AyctgO0HMnS0Tn36vgeJxJcgWl+GYWV1bX1jeJmaWt7Z3evvH/QUWEsKWvTUISy5xDFBA9YGzgI1oskI74jWNeZXOV+94FJxcPgDpKIDXwyCrjHKQEtDctHpartExg7Tnqb3acNbAP3mcKNrDosV8yaOQVeJtacVNAcrWH523ZDGvssACqIUn3LjGCQEgmcCpaV7FixiNAJGbG+pgHRQYN0ekOGT7XiYi+U+gWAp+rvjZT4SiW+oyfz/6pFLxf/9RT4RCbSXcgH72KQ8iCKgQV0Fu/FAkOI85qwyyWjIBJNCJVcX4DpmEhCQZdZ0tVYi0Usk069Zpk166ZeaV7OSyqiY3SCzpCFzlETXaMWaiOKHtEzekGvxpPxZrwbH7PRgjHfOUR/YHz+AKzIn/4=</latexit><latexit sha1_base64="X9ujO/e95sNeUT6byyFQx6mywyQ=">AAACGXicbVC7TsMwFHXKq5RXgQ0WixaJqUraAcYKFsaC6ENqSuU4TmvVeci+QYqiSPwHOyv8AhtiZeIP+AyctgO0HMnS0Tn36vgeJxJcgWl+GYWV1bX1jeJmaWt7Z3evvH/QUWEsKWvTUISy5xDFBA9YGzgI1oskI74jWNeZXOV+94FJxcPgDpKIDXwyCrjHKQEtDctHpartExg7Tnqb3acNbAP3mcKNrDosV8yaOQVeJtacVNAcrWH523ZDGvssACqIUn3LjGCQEgmcCpaV7FixiNAJGbG+pgHRQYN0ekOGT7XiYi+U+gWAp+rvjZT4SiW+oyfz/6pFLxf/9RT4RCbSXcgH72KQ8iCKgQV0Fu/FAkOI85qwyyWjIBJNCJVcX4DpmEhCQZdZ0tVYi0Usk069Zpk166ZeaV7OSyqiY3SCzpCFzlETXaMWaiOKHtEzekGvxpPxZrwbH7PRgjHfOUR/YHz+AKzIn/4=</latexit><latexit sha1_base64="X9ujO/e95sNeUT6byyFQx6mywyQ=">AAACGXicbVC7TsMwFHXKq5RXgQ0WixaJqUraAcYKFsaC6ENqSuU4TmvVeci+QYqiSPwHOyv8AhtiZeIP+AyctgO0HMnS0Tn36vgeJxJcgWl+GYWV1bX1jeJmaWt7Z3evvH/QUWEsKWvTUISy5xDFBA9YGzgI1oskI74jWNeZXOV+94FJxcPgDpKIDXwyCrjHKQEtDctHpartExg7Tnqb3acNbAP3mcKNrDosV8yaOQVeJtacVNAcrWH523ZDGvssACqIUn3LjGCQEgmcCpaV7FixiNAJGbG+pgHRQYN0ekOGT7XiYi+U+gWAp+rvjZT4SiW+oyfz/6pFLxf/9RT4RCbSXcgH72KQ8iCKgQV0Fu/FAkOI85qwyyWjIBJNCJVcX4DpmEhCQZdZ0tVYi0Usk069Zpk166ZeaV7OSyqiY3SCzpCFzlETXaMWaiOKHtEzekGvxpPxZrwbH7PRgjHfOUR/YHz+AKzIn/4=</latexit>

R3
<latexit sha1_base64="4DNcaBC2u13wGSPyFR9AcZ5ofEk=">AAACEHicbVC7TsMwFHV4lvBKYWSJaJGYqqQMMFawMBZEH1IbKsdxWqu2E9kOKIryE+ys8AtsiJU/4A/4DJw2A7Qc6UpH59yre+/xY0qkcpwvY2V1bX1js7Jlbu/s7u1b1YOujBKBcAdFNBJ9H0pMCccdRRTF/VhgyHyKe/70qvB7D1hIEvE7lcbYY3DMSUgQVFoaWVWzPmRQTXw/u83vs7O8PrJqTsOZwV4mbklqoER7ZH0PgwglDHOFKJRy4Dqx8jIoFEEU5+YwkTiGaArHeKAphwxLL5udntsnWgnsMBK6uLJn6u+JDDIpU+brzuJMuegV4r+eVAyKVAQL+1V44WWEx4nCHM3Xhwm1VWQX6dgBERgpmmoCkSD6AxtNoIBI6QxNHY27GMQy6TYbrtNwb5q11mUZUgUcgWNwClxwDlrgGrRBByDwCJ7BC3g1now34934mLeuGOXMIfgD4/MHZVmcsw==</latexit><latexit sha1_base64="4DNcaBC2u13wGSPyFR9AcZ5ofEk=">AAACEHicbVC7TsMwFHV4lvBKYWSJaJGYqqQMMFawMBZEH1IbKsdxWqu2E9kOKIryE+ys8AtsiJU/4A/4DJw2A7Qc6UpH59yre+/xY0qkcpwvY2V1bX1js7Jlbu/s7u1b1YOujBKBcAdFNBJ9H0pMCccdRRTF/VhgyHyKe/70qvB7D1hIEvE7lcbYY3DMSUgQVFoaWVWzPmRQTXw/u83vs7O8PrJqTsOZwV4mbklqoER7ZH0PgwglDHOFKJRy4Dqx8jIoFEEU5+YwkTiGaArHeKAphwxLL5udntsnWgnsMBK6uLJn6u+JDDIpU+brzuJMuegV4r+eVAyKVAQL+1V44WWEx4nCHM3Xhwm1VWQX6dgBERgpmmoCkSD6AxtNoIBI6QxNHY27GMQy6TYbrtNwb5q11mUZUgUcgWNwClxwDlrgGrRBByDwCJ7BC3g1now34934mLeuGOXMIfgD4/MHZVmcsw==</latexit><latexit sha1_base64="4DNcaBC2u13wGSPyFR9AcZ5ofEk=">AAACEHicbVC7TsMwFHV4lvBKYWSJaJGYqqQMMFawMBZEH1IbKsdxWqu2E9kOKIryE+ys8AtsiJU/4A/4DJw2A7Qc6UpH59yre+/xY0qkcpwvY2V1bX1js7Jlbu/s7u1b1YOujBKBcAdFNBJ9H0pMCccdRRTF/VhgyHyKe/70qvB7D1hIEvE7lcbYY3DMSUgQVFoaWVWzPmRQTXw/u83vs7O8PrJqTsOZwV4mbklqoER7ZH0PgwglDHOFKJRy4Dqx8jIoFEEU5+YwkTiGaArHeKAphwxLL5udntsnWgnsMBK6uLJn6u+JDDIpU+brzuJMuegV4r+eVAyKVAQL+1V44WWEx4nCHM3Xhwm1VWQX6dgBERgpmmoCkSD6AxtNoIBI6QxNHY27GMQy6TYbrtNwb5q11mUZUgUcgWNwClxwDlrgGrRBByDwCJ7BC3g1now34934mLeuGOXMIfgD4/MHZVmcsw==</latexit><latexit sha1_base64="4DNcaBC2u13wGSPyFR9AcZ5ofEk=">AAACEHicbVC7TsMwFHV4lvBKYWSJaJGYqqQMMFawMBZEH1IbKsdxWqu2E9kOKIryE+ys8AtsiJU/4A/4DJw2A7Qc6UpH59yre+/xY0qkcpwvY2V1bX1js7Jlbu/s7u1b1YOujBKBcAdFNBJ9H0pMCccdRRTF/VhgyHyKe/70qvB7D1hIEvE7lcbYY3DMSUgQVFoaWVWzPmRQTXw/u83vs7O8PrJqTsOZwV4mbklqoER7ZH0PgwglDHOFKJRy4Dqx8jIoFEEU5+YwkTiGaArHeKAphwxLL5udntsnWgnsMBK6uLJn6u+JDDIpU+brzuJMuegV4r+eVAyKVAQL+1V44WWEx4nCHM3Xhwm1VWQX6dgBERgpmmoCkSD6AxtNoIBI6QxNHY27GMQy6TYbrtNwb5q11mUZUgUcgWNwClxwDlrgGrRBByDwCJ7BC3g1now34934mLeuGOXMIfgD4/MHZVmcsw==</latexit>

c ::= Empty
| Cube
| Polyhedron N
| A�ne R3⇥3 R3 c
| Binop op c c

<latexit sha1_base64="qGZR89QacbZ4OYI9mUWLkkYvmBQ="></latexit><latexit sha1_base64="qGZR89QacbZ4OYI9mUWLkkYvmBQ="></latexit><latexit sha1_base64="qGZR89QacbZ4OYI9mUWLkkYvmBQ="></latexit><latexit sha1_base64="qGZR89QacbZ4OYI9mUWLkkYvmBQ="></latexit>



CAD: Denotational semantics

JEmptyKcad = {}
<latexit sha1_base64="PFElC+VNHkXebsOeiWubvXArh0I=">AAACKnicbVDLSsNAFJ3UV62vqEs3g60gCCXpRjdCUQSXFewDmlImk2k7dCYJMzdCCP0I/8O9W/0Fd8WtCz/DaZuFth64cDjnXg73+LHgGhxnahXW1jc2t4rbpZ3dvf0D+/CopaNEUdakkYhUxyeaCR6yJnAQrBMrRqQvWNsf38789hNTmkfhI6Qx60kyDPmAUwJG6tsXpYonhK8IHTPAdzKGFHtK5UI/oySY4GvsZd6k0rfLTtWZA68SNydllKPRt7+9IKKJZCFQQbTuuk4MvYwo4FSwSclLNItNEBmyrqEhkUz3svlTE3xmlAAPImUmBDxXf19kRGqdSt9sSgIjvezNxH89DZKoVAVL+TC46mU8jBNgIV3EDxKBIcKz3nDAFaMgUkMIVdx8gOmImJrAtFsy1bjLRaySVq3qOlX3oVau3+QlFdEJOkXnyEWXqI7uUQM1EUXP6BW9oXfrxfqwptbnYrVg5TfH6A+srx+NHqdB</latexit><latexit sha1_base64="PFElC+VNHkXebsOeiWubvXArh0I=">AAACKnicbVDLSsNAFJ3UV62vqEs3g60gCCXpRjdCUQSXFewDmlImk2k7dCYJMzdCCP0I/8O9W/0Fd8WtCz/DaZuFth64cDjnXg73+LHgGhxnahXW1jc2t4rbpZ3dvf0D+/CopaNEUdakkYhUxyeaCR6yJnAQrBMrRqQvWNsf38789hNTmkfhI6Qx60kyDPmAUwJG6tsXpYonhK8IHTPAdzKGFHtK5UI/oySY4GvsZd6k0rfLTtWZA68SNydllKPRt7+9IKKJZCFQQbTuuk4MvYwo4FSwSclLNItNEBmyrqEhkUz3svlTE3xmlAAPImUmBDxXf19kRGqdSt9sSgIjvezNxH89DZKoVAVL+TC46mU8jBNgIV3EDxKBIcKz3nDAFaMgUkMIVdx8gOmImJrAtFsy1bjLRaySVq3qOlX3oVau3+QlFdEJOkXnyEWXqI7uUQM1EUXP6BW9oXfrxfqwptbnYrVg5TfH6A+srx+NHqdB</latexit><latexit sha1_base64="PFElC+VNHkXebsOeiWubvXArh0I=">AAACKnicbVDLSsNAFJ3UV62vqEs3g60gCCXpRjdCUQSXFewDmlImk2k7dCYJMzdCCP0I/8O9W/0Fd8WtCz/DaZuFth64cDjnXg73+LHgGhxnahXW1jc2t4rbpZ3dvf0D+/CopaNEUdakkYhUxyeaCR6yJnAQrBMrRqQvWNsf38789hNTmkfhI6Qx60kyDPmAUwJG6tsXpYonhK8IHTPAdzKGFHtK5UI/oySY4GvsZd6k0rfLTtWZA68SNydllKPRt7+9IKKJZCFQQbTuuk4MvYwo4FSwSclLNItNEBmyrqEhkUz3svlTE3xmlAAPImUmBDxXf19kRGqdSt9sSgIjvezNxH89DZKoVAVL+TC46mU8jBNgIV3EDxKBIcKz3nDAFaMgUkMIVdx8gOmImJrAtFsy1bjLRaySVq3qOlX3oVau3+QlFdEJOkXnyEWXqI7uUQM1EUXP6BW9oXfrxfqwptbnYrVg5TfH6A+srx+NHqdB</latexit><latexit sha1_base64="PFElC+VNHkXebsOeiWubvXArh0I=">AAACKnicbVDLSsNAFJ3UV62vqEs3g60gCCXpRjdCUQSXFewDmlImk2k7dCYJMzdCCP0I/8O9W/0Fd8WtCz/DaZuFth64cDjnXg73+LHgGhxnahXW1jc2t4rbpZ3dvf0D+/CopaNEUdakkYhUxyeaCR6yJnAQrBMrRqQvWNsf38789hNTmkfhI6Qx60kyDPmAUwJG6tsXpYonhK8IHTPAdzKGFHtK5UI/oySY4GvsZd6k0rfLTtWZA68SNydllKPRt7+9IKKJZCFQQbTuuk4MvYwo4FSwSclLNItNEBmyrqEhkUz3svlTE3xmlAAPImUmBDxXf19kRGqdSt9sSgIjvezNxH89DZKoVAVL+TC46mU8jBNgIV3EDxKBIcKz3nDAFaMgUkMIVdx8gOmImJrAtFsy1bjLRaySVq3qOlX3oVau3+QlFdEJOkXnyEWXqI7uUQM1EUXP6BW9oXfrxfqwptbnYrVg5TfH6A+srx+NHqdB</latexit>

JCubeKcad = {(0, 1)3}
<latexit sha1_base64="mFuXf+8UCwd1jhSUV84H2Z35cZY="></latexit><latexit sha1_base64="mFuXf+8UCwd1jhSUV84H2Z35cZY="></latexit><latexit sha1_base64="mFuXf+8UCwd1jhSUV84H2Z35cZY="></latexit><latexit sha1_base64="mFuXf+8UCwd1jhSUV84H2Z35cZY="></latexit>

JA�ne p q cKcad = {pv + q|v 2 JcKcad}
<latexit sha1_base64="9wGWJRG95qI3dWZInL1qwBaWNs0="></latexit><latexit sha1_base64="9wGWJRG95qI3dWZInL1qwBaWNs0="></latexit><latexit sha1_base64="9wGWJRG95qI3dWZInL1qwBaWNs0="></latexit><latexit sha1_base64="9wGWJRG95qI3dWZInL1qwBaWNs0="></latexit>

JBinop Union c1 c2Kcad = Jc1Kcad [ Jc2Kcad
<latexit sha1_base64="kWU0d3O3is/jVHSZTVetiPKUuIk="></latexit><latexit sha1_base64="kWU0d3O3is/jVHSZTVetiPKUuIk="></latexit><latexit sha1_base64="kWU0d3O3is/jVHSZTVetiPKUuIk="></latexit><latexit sha1_base64="kWU0d3O3is/jVHSZTVetiPKUuIk="></latexit>

JcKcad : {all points inside c}
<latexit sha1_base64="AzyHBtWLw1X/3PI+ORC2gkWAguE="></latexit><latexit sha1_base64="AzyHBtWLw1X/3PI+ORC2gkWAguE="></latexit><latexit sha1_base64="AzyHBtWLw1X/3PI+ORC2gkWAguE="></latexit><latexit sha1_base64="AzyHBtWLw1X/3PI+ORC2gkWAguE="></latexit>

Regular opens



Mesh
List of faces 

A face is a triangular plane 

Convenient for geometric operations 
CAD tool agnostic 
Standard format for 3D models 
Widely shared in online repositories 



Mesh: Denotational semantics

 CAD is based on solid geometry, mesh is based on surface geometry 
  
 We need tools that relate these two different representations

Key insight: view the computational fabrication pipeline as a compiler

JmKmesh : {all points inside m}
<latexit sha1_base64="6ARrQBqxQMOuWJcU1iBzH95fZII="></latexit><latexit sha1_base64="6ARrQBqxQMOuWJcU1iBzH95fZII="></latexit><latexit sha1_base64="6ARrQBqxQMOuWJcU1iBzH95fZII="></latexit><latexit sha1_base64="6ARrQBqxQMOuWJcU1iBzH95fZII="></latexit>

pt is inside m iff a ray    
starting at pt crosses an 
odd number of faces of m
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Compiling CAD to mesh
compile : c → m

compile cube = mcube

compile (Affine p q c) = mapvertex(λv . pv + q) (compile c)
compile (Binop ∪ c1 c2) = meshBinop( ∪ ) (compile(c1), compile(c2))

Regular opens at mesh level too: check normals!
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union 
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  [.][ ]
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  [.][ ]
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←c
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Compiler on an example

Evaluation context

→c
TRICKY when faces overlap! 

Need to split meshes w.r.t one 
another to resolve overlaps 

Need to determine which faces from 
compile(c1) and compile(c2) to keep 
in the final mesh 
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Compiler Proof
Thm : 8e, Jcompile eKmesh = JeKcad

<latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit>

Proof: By induction on e 
 — Case Primitives: … 
 — Case Affine Transformations: … 
 — Case Union:



Compiler Proof

Union lemma

Thm : 8e, Jcompile eKmesh = JeKcad
<latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit>

Proof: By induction on e 
 — Case Primitives: … 
 — Case Affine Transformations: … 
 — Case Union:

JmeshBinop (Union) (m1,m2)Kmesh = Jm1Kmesh [ Jm2Kmesh
<latexit sha1_base64="oAMljBax/lXFyffurWOgCtCjBvE="></latexit><latexit sha1_base64="oAMljBax/lXFyffurWOgCtCjBvE="></latexit><latexit sha1_base64="oAMljBax/lXFyffurWOgCtCjBvE="></latexit><latexit sha1_base64="oAMljBax/lXFyffurWOgCtCjBvE="></latexit>



Compiler Proof

Union lemma

let m3 = mBop (Union) (m1,m2)
<latexit sha1_base64="u0DM6xKstI5/o6VoV5H1YcXxRHo="></latexit><latexit sha1_base64="u0DM6xKstI5/o6VoV5H1YcXxRHo="></latexit><latexit sha1_base64="u0DM6xKstI5/o6VoV5H1YcXxRHo="></latexit><latexit sha1_base64="u0DM6xKstI5/o6VoV5H1YcXxRHo="></latexit>

Use Ray casting

Thm : 8e, Jcompile eKmesh = JeKcad
<latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit><latexit sha1_base64="ueDHXSLdtTS1Oqjm8cvpw5cwG8Y="></latexit>

JmeshBinop (Union) (m1,m2)Kmesh = Jm1Kmesh [ Jm2Kmesh
<latexit sha1_base64="oAMljBax/lXFyffurWOgCtCjBvE="></latexit><latexit sha1_base64="oAMljBax/lXFyffurWOgCtCjBvE="></latexit><latexit sha1_base64="oAMljBax/lXFyffurWOgCtCjBvE="></latexit><latexit sha1_base64="oAMljBax/lXFyffurWOgCtCjBvE="></latexit>

pt 2 Jm3Kmesh () pt 2 Jm1Kmesh [ Jm2Kmesh
<latexit sha1_base64="e+9/HMAyrDL/kVR04349CFA6PIs="></latexit><latexit sha1_base64="7EwnQSxpp6JrmkL8lBnk+OTLjIQ="></latexit><latexit sha1_base64="7EwnQSxpp6JrmkL8lBnk+OTLjIQ="></latexit><latexit sha1_base64="Avq94MP/5Y4Y7pJkdtZcuOrZY3s="></latexit>



Case: overlapping meshes

m1

m2



Case: overlapping meshes

m1

m2

m3



pt

h

Case: overlapping meshes

m1

m2

Sufficient to show that h crosses an 
odd number of faces of m3 iff it 
crosses an odd number of edges of 
m1 or m2 



Case: overlapping meshes
h0

pt

h1

h2

h3

m1

m2

Divide h into 4 sub-regions 

Since meshes are split, 
sufficient to show that hi 
is inside m3 iff it is inside 
m1 or m2

See paper for more details
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- Computational fabrication pipeline is a compiler. 
- We have small step operational semantics. 
- Get synthesis by “just flipping the arrows”!
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Eval context is geometric context!

synthesize
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Eval context is geometric context!

synthesize synthesize=

union 
  sphere 5 
  trans (0, 0, 5) sphere 3

In the context of 
union, the top can be 

replaced by a sphere, even 
though it does not match a 

sphere primitive
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Oracles : Primitive Detection

p ∈ Ωprim(m)
Mesh m →Ω p

Ωprim
cube 
   |> rotateX (30) 
   |> rotateY (45) 
   |> rotateZ (60) 
   |> scale (2, 3, 4) 
   |> traslate (1, 2, 3)



Rotation: 
   Find an object coordinate system 
   Align it with the world’s coordinates 
Scale: 
   Scale the object down to unit dimensions 
Translate: 
   Move the object back to origin

Ωprim
cube 
   |> rotateX (30) 
   |> rotateY (45) 
   |> rotateZ (60) 
   |> scale (2, 3, 4) 
   |> traslate (1, 2, 3)

Apply affine 
transformations to 

primitive in 
reverse order

Oracles : Primitive Detection



Ωsub

Mesh m →Ω Binop Diff (Mesh m1) (Mesh m2)

(m1, m2) ∈ Ωsub(m)

Bounding primitivem Remaining mesh

Oracles : Subtractive



Ωsub

Many 
possible 
bounding 
primitives

Bounding primitivem Remaining mesh

Oracles : Subtractive



Ωsub

pbest = argminp 
volume of 
difference(p, m)

Bounding primitivem Remaining mesh

Oracles : Subtractive



Ωadd

(m1, m2) ∈ Ωadd(m)

Mesh m →Ω Binop Union (Mesh m1) (Mesh m2)

m

Oracles : Additive



Ωadd

Infinite ways to 
split a mesh!

m

Oracles : Additive



Ωadd

Disjoint splits 
Convex splits
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split a mesh!
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Ωadd

Disjoint split

Disjoint splits 
Convex splits

Infinite ways to 
split a mesh!

m

Oracles : Additive



Ωadd

Disjoint split

Convex split: 
Split mesh along 

plane where 
convexity 
changesDisjoint splits 

Convex splits

Infinite ways to 
split a mesh!

m

Oracles : Additive
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Synthesis: try all three steps
Mesh […]
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Synthesis: try all three steps
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Ωprim
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match

Ωprim = scale (3, 1, 1) cube Ωprim = trans (1, 0, 0) cube

Ωprim = cube Ωprim = trans (1, 0, 0) cube

Ωadd



Ωsub

Synthesis: try all three steps
Mesh […]

Ωprim

No 
match

Ωprim = scale (3, 1, 1) cube Ωprim = trans (1, 0, 0) cube

Ωprim = cube
union 
  cube 
  trans (2, 0, 0) cube

difference 
  scale (3, 1, 1) cube  
  trans (1, 0, 0) cube

Ωprim = trans (1, 0, 0) cube

Ωadd



Ωsub

Synthesis: try all three steps
Mesh […]

Ωprim

No 
match

Ωprim = scale (3, 1, 1) cube Ωprim = trans (1, 0, 0) cube

Ωprim = cube
union 
  cube 
  trans (2, 0, 0) cube

difference 
  scale (3, 1, 1) cube  
  trans (1, 0, 0) cube

Ωprim = trans (1, 0, 0) cube

Ωadd

Pick best based on 
ranking function



Implementations in OCaml

https://github.com/uwplse/reincarnate-aec

Floating points, MPFR, Exact Arithmetic

Points, lines, planes, intersections, area

Affine transf, binary ops, hull, mesh split

Geom oracles, search algorithm, ranking

CAD primitives, compiler implementation

25,000 LOC: Supports 1D, 2D, 3D CAD & Mesh

Geometry

Synthesis
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ResultsICFP (our design) 

Hexagonal Candle Holder 

Ultimate 22 Hex-Wrench Holder 

40mm Cube Test Object 

25mm Calibration with Empty Top 

Measuring Cylinder 

Basic Box with Lid 

Modular Memory Holder (USB) 

Circle Cell Block Generator 

Jewelry Box with Inlay 

SD Card Rack 

Gordian knot 3D Puzzle 



Conclusions

Functional PL for fabrication (3D printing) 

Clarity: semantics and compiler correctness 

Usefulness: the first decompiler from mesh to CAD
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Functional PL for fabrication (3D printing) 

Clarity: semantics and compiler correctness 

Usefulness: the first decompiler from mesh to CAD

Check out our web IDE! — Adam Anderson 
http://reincarnate.uwplse.org/


