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GTGraffiti: Spray Painting Graffiti Art
from Human Painting Motions with a Cable Driven Parallel Robot
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To paint graffiti in the style of a human artist, we must:
1. Sense: Capture how a human paints
2. Think: Perceive the artistic motions and plan how to 

reproduce
3. Act: Render the painting with a Cable-Driven 

Parallel Robot

Each of these 3 stages has interdependent 
requirements with the other stages, so we require a 

system-level approach.

Capture
• GML – mostly on touchscreens ➛ unrealistic
• GML Recording Machine – planar & undocumented

Robot Platforms

Planning
• Industrial painting – uniform coats on curved 

surfaces (vs graffiti: non-uniform coats on flat 
surfaces)

• D. Berio ‘15, ‘17, ‘19 – digital rendering vs robot 
trajectories

[1] [2] [3]

+ accuracy
– portability

+ scalability
– acceleration
– battery

+ scalability
– speed

Artistic Motivations
1. Preservation – recreate lost artworks
2. Replication – reproduce artwork to magnify messages
3. Amplification – perform motions not otherwise 

possible by the human artist (e.g. larger, disabled)
Technological Motivations

Large-scale, dynamic motions based on human actions 
has applications in logistics, agriculture, construction, 
household, etc.
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<latexit sha1_base64="bGz54H4pX/VyqFG+RWO1p8Vynuo=">AAACA3icbVA9SwNBFHwXv2L8ilraLAbBKtyJqIVFwMYygkmE3BH2NnvJkt29Y3dPDMeV/gVb7e3E1h9i6y9xk1xhEgceDDPvMY8JE860cd1vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81g9hFhTziRtGWY4fUgUxSLktBOObiZ+55EqzWJ5b8YJDQQeSBYxgo2VfH+ITeaHInvK81615tbdKdAy8QpSgwLNXvXH78ckFVQawrHWXc9NTJBhZRjhNK/4qaYJJiM8oF1LJRZUB9n05xydWKWPoljZkQZN1b8XGRZaj0VoNwU2Q73oTcT/vG5qoqsgYzJJDZVkFhSlHJkYTQpAfaYoMXxsCSaK2V8RGWKFibE1zaWEIq/YUrzFCpZJ+6zuXdS9u/Na47qopwxHcAyn4MElNOAWmtACAgm8wCu8Oc/Ou/PhfM5WS05xcwhzcL5+ATNNmMQ=</latexit>

x̂

<latexit sha1_base64="5cOzA2kxeDtXBkzCwlWaMHYkU1A=">AAACF3icbZDLSgMxFIYzXmu9jboUJFgEF1JmRNRlxY3LCvYCnaFk0kwbmswMyRmhDAMufAlfwa3u3Ylbl259EtPLohcPBH7+/+Sc5AsSwTU4zo+1tLyyurZe2Chubm3v7Np7+3Udp4qyGo1FrJoB0UzwiNWAg2DNRDEiA8EaQf92mDcemdI8jh5gkDBfkm7EQ04JGKttH3mBzDzoMSD5GfY6MWRTTt62S07ZGRVeFO5ElNCkqm3718ygqWQRUEG0brlOAn5GFHAqWF70Us0SQvuky1pGRkQy7Wejf+T4xDgdHMbKnAjwyJ2+kRGp9UAGplMS6On5bGj+l7VSCK/9jEdJCiyi40VhKjDEeAgFd7hiFMTACEIVN2/FtEcUoWDQzWwJZF40UNx5BIuifl52L8vu/UWpcvM0xlNAh+gYnSIXXaEKukNVVEMUPaNX9IberRfrw/q0vsatS9YE6QGaKev7D+QqoRM=</latexit>

✓, ✓̇

Artist

iLQR-based 
Trajectory 
Generation

State Objective Factor ()*"+)*)
Control Cost Factor (),"-),)
Initial State Factor (* 0 = *#)
Kinematics Factors ([37, Eq. 1])
Cable Tension Factor ([42, Eq. 1])
Winch Factor ([42, Eq. 20])
Wrench Factor ([42, Eqs. 1, 18]) 
Collocation Factor (except        ) 
Variable
Omit for

⋅
⋅(except ! =0)

(except ! = #)

Cables

End-effector <latexit sha1_base64="JNqxiIR6VS1/qEjEi/2F2/k+x50=">AAACAnicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZcFNy4r2AdMh5JJ0zY0mQxJRijD7PwFt7p3J279Ebd+iZl2Frb1QOBwzr3ckxPGnGnjut9OaWNza3unvFvZ2z84PKoen3S0TBShbSK5VL0Qa8pZRNuGGU57saJYhJx2w+ld7nefqNJMRo9mFtNA4HHERoxgYyW/L7CZEMzTTjao1ty6OwdaJ15BalCgNaj+9IeSJIJGhnCste+5sQlSrAwjnGaVfqJpjMkUj6lvaYQF1UE6j5yhC6sM0Ugq+yKD5urfjRQLrWcitJN5RL3q5eJ/np+Y0W2QsihODI3I4tAo4chIlP8fDZmixPCZJZgoZrMiMsEKE2NbWroSiqxiS/FWK1gnnUbdu657D1e1ZqOopwxncA6X4MENNOEeWtAGAhJe4BXenGfn3flwPhejJafYOYUlOF+//QuYCA==</latexit>

V
<latexit sha1_base64="tnHUEikw568PTApWErl4gUsq5iA=">AAACCnicbVDLSsNAFJ3UV62vVJdugkVwVZIi6rLgxmUF+4A2lMl00g6dmYSZG6WE/IG/4Fb37sStP+HWL3HSZmFbDwwczrl37uEEMWcaXPfbKm1sbm3vlHcre/sHh0d29bijo0QR2iYRj1QvwJpyJmkbGHDaixXFIuC0G0xvc7/7SJVmkXyAWUx9gceShYxgMNLQrg5GEaQDgWFCME87WTa0a27dncNZJ15BaqhAa2j/mD9IIqgEwrHWfc+NwU+xAkY4zSqDRNMYkyke076hEguq/XQePXPOjTJywkiZJ8GZq383Uiy0nonATOYZ9aqXi/95/QTCGz9lMk6ASrI4FCbcgcjJe3BGTFECfGYIJoqZrA6ZYIUJmLaWrgQiq5hSvNUK1kmnUfeu6t79Za3ZKOopo1N0hi6Qh65RE92hFmojgp7QC3pFb9az9W59WJ+L0ZJV7JygJVhfv5QMmxA=</latexit>

V̇
<latexit sha1_base64="QhVv/M7UE221WMLptAen5WHnRYg=">AAAB+HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8BLx4TyAuSJcxOepMhM7vLzKwQl3yBV717E6/+jVe/xMnjYBILGoqqbrq7gkRwbVz328ltbe/s7uX3CweHR8cnxdOzlo5TxbDJYhGrTkA1Ch5h03AjsJMopDIQ2A7GDzO//YRK8zhqmEmCvqTDiIecUWOleqNfLLlldw6ySbwlKcEStX7xpzeIWSoxMkxQrbuemxg/o8pwJnBa6KUaE8rGdIhdSyMqUfvZ/NApubLKgISxshUZMlf/TmRUaj2Rge2U1Iz0ujcT//O6qQnv/YxHSWowYotFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzWZlSyCnBRuKtx7BJmlVyt5t2avflKqVZTx5uIBLuAYP7qAKj1CDJjBAeIFXeHOenXfnw/lctOac5cw5rMD5+gXY3ZN0</latexit>

T

<latexit sha1_base64="c0HpQ6EbANJ2mdRkCmBisO+0NPQ=">AAAB+nicbVA9SwNBEJ3zM8avqKXNYhCswl0QtQzYWEY0H5AcYW+zlyzZ2zt254Rw5ifYam8ntv4ZW3+Jm+QKk/hg4PHeDDPzgkQKg6777aytb2xubRd2irt7+weHpaPjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWesCe6JXKbsWdgawSLydlyFHvlX66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dULOrdInYaxtKSQz9e9ERiNjxlFgOyOKQ7PsTcX/vE6K4Y2fCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5vOwpYgmhRtKN5yBKukWa14VxXv/rJcq+bxFOAUzuACPLiGGtxBHRrAYAAv8ApvzrPz7nw4n/PWNSefOYEFOF+/kkyUcA==</latexit>

ti
<latexit sha1_base64="j7hxY/LXM0gaYu3F5h+lYORo9Sw=">AAAB+nicbVBNSwMxEJ34WetX1aOXYBE8ld0i6rHgxWNF+wHtUrJptg1NskuSFcran+BV797Eq3/Gq7/EtN2DbX0w8Hhvhpl5YSK4sZ73jdbWNza3tgs7xd29/YPD0tFx08SppqxBYxHrdkgME1yxhuVWsHaiGZGhYK1wdDv1W09MGx6rRztOWCDJQPGIU2Kd9CB6vFcqexVvBrxK/JyUIUe9V/rp9mOaSqYsFcSYju8lNsiItpwKNil2U8MSQkdkwDqOKiKZCbLZqRN87pQ+jmLtSlk8U/9OZEQaM5ah65TEDs2yNxX/8zqpjW6CjKsktUzR+aIoFdjGePo37nPNqBVjRwjV3N2K6ZBoQq1LZ2FLKCdFF4q/HMEqaVYr/lXFv78s16p5PAU4hTO4AB+uoQZ3UIcGUBjAC7zCG3pG7+gDfc5b11A+cwILQF+/hZyUaA==</latexit>

li
<latexit sha1_base64="axEVS8KddK9MjR/2Iz36n7AF6os=">AAACAHicbVC7SgNBFL3rM8ZX1NJmMAhWYTeIWgZsLCOYhyRLmJ3MJkNmdpeZu0JY0vgLttrbia1/YuuXOEm2MIkHBg7n3MO9c4JECoOu++2srW9sbm0Xdoq7e/sHh6Wj46aJU814g8Uy1u2AGi5FxBsoUPJ2ojlVgeStYHQ79VtPXBsRRw84Triv6CASoWAUrfTY7ceYyUlP9Eplt+LOQFaJl5My5Kj3Sj82y1LFI2SSGtPx3AT9jGoUTPJJsZsanlA2ogPesTSiihs/mx08IedW6ZMw1vZFSGbq30RGlTFjFdhJRXFolr2p+J/XSTG88TMRJSnyiM0XhakkGJPp70lfaM5Qji2hTAt7K2FDqilD29HClkBNirYUb7mCVdKsVryrind/Wa5V83oKcApncAEeXEMN7qAODWCg4AVe4c15dt6dD+dzPrrm5JkTWIDz9QuOPZc/</latexit>

l̇i
<latexit sha1_base64="EO4hqQPrflw+NsRBi+bPr3g+pds=">AAACAXicbVA9SwNBEN3zM8avqKXNYhCswl0QtQzYWEYwH5gcYW9vL1myu3fszgnhuMq/YKu9ndj6S2z9JW6SK0zig4HHezPMzAsSwQ247reztr6xubVd2inv7u0fHFaOjtsmTjVlLRqLWHcDYpjgirWAg2DdRDMiA8E6wfh26neemDY8Vg8wSZgvyVDxiFMCVnrsh2EMmcgHfFCpujV3BrxKvIJUUYHmoPLTD2OaSqaACmJMz3MT8DOigVPB8nI/NSwhdEyGrGepIpIZP5tdnONzq4Q4irUtBXim/p3IiDRmIgPbKQmMzLI3Ff/zeilEN37GVZICU3S+KEoFhhhP38ch14yCmFhCqOb2VkxHRBMKNqSFLYHMyzYUbzmCVdKu17yrmnd/WW3Ui3hK6BSdoQvkoWvUQHeoiVqIIoVe0Ct6c56dd+fD+Zy3rjnFzAlagPP1C1Scl60=</latexit>

l̈i
<latexit sha1_base64="P/yBWbMUdSV+rSk19nbR1h4L/Qs=">AAAB/XicbVA9SwNBEJ3zM8avqKXNYRCswl0QtQzYWEYwH5AcYW+zl6zZ3Tt254RwBP+CrfZ2YutvsfWXuEmuMIkPBh7vzTAzL0wEN+h5387a+sbm1nZhp7i7t39wWDo6bpo41ZQ1aCxi3Q6JYYIr1kCOgrUTzYgMBWuFo9up33pi2vBYPeA4YYEkA8UjTglaqdlFkvZ4r1T2Kt4M7irxc1KGHPVe6afbj2kqmUIqiDEd30swyIhGTgWbFLupYQmhIzJgHUsVkcwE2ezaiXtulb4bxdqWQnem/p3IiDRmLEPbKQkOzbI3Ff/zOilGN0HGVZIiU3S+KEqFi7E7fd3tc80oirElhGpub3XpkGhC0Qa0sCWUk6INxV+OYJU0qxX/quLfX5Zr1TyeApzCGVyAD9dQgzuoQwMoPMILvMKb8+y8Ox/O57x1zclnTmABztcv6QGVwA==</latexit>⌧i

<latexit sha1_base64="DMuZ/mxbhPDF6cX7yHt/ou+aaE8=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GwCrtB1DIgiGUE84BkCbOT2WTIzOw6MyuEJa2/YKu9ndj6H7Z+ibPJFibxwIXDOfdyDyeIOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpKFGENknEI9UJsKacSdo0zHDaiRXFIuC0HYxvMr/9RJVmkXwwk5j6Ag8lCxnBxkp+T2AzIpint9M+65crbtWdAa0SLycVyNHol396g4gkgkpDONa667mx8VOsDCOcTku9RNMYkzEe0q6lEguq/XQWeorOrDJAYaTsSINm6t+LFAutJyKwm1lIvexl4n9eNzHhtZ8yGSeGSjJ/FCYcmQhlDaABU5QYPrEEE8VsVkRGWGFibE8LXwIxLdlSvOUKVkmrVvUuq979RaVey+spwgmcwjl4cAV1uIMGNIHAI7zAK7w5z8678+F8zlcLTn5zDAtwvn4BctKY1A==</latexit>

Fi

<latexit sha1_base64="FIE+7E1oRFmkn6XINP3ytyFAL1g=">AAACGHicbVC7TsMwFHV4lvIKMDJgUSExVQlCwFiJhbGV+pKaUDmO01q1nch2EFWUkZ/gF1hhZ0OsbKx8CW6bgbYc6UpH59yre+8JEkaVdpxva2V1bX1js7RV3t7Z3du3Dw7bKk4lJi0cs1h2A6QIo4K0NNWMdBNJEA8Y6QSj24nfeSBS0Vg09TghPkcDQSOKkTZS3z7xNGUhybyAZ495ft9szAt9u+JUnSngMnELUgEF6n37xwtjnHIiNGZIqZ7rJNrPkNQUM5KXvVSRBOERGpCeoQJxovxs+kgOz4wSwiiWpoSGU/XvRIa4UmMemE6O9FAtehPxP6+X6ujGz6hIUk0Eni2KUgZ1DCepwJBKgjUbG4KwpOZWiIdIIqxNdnNbAp6XTSjuYgTLpH1Rda+qbuOyUnOKeErgGJyCc+CCa1ADd6AOWgCDJ/ACXsGb9Wy9Wx/W56x1xSpmjsAcrK9fdQOhgA==</latexit>

x̃TQx̃
<latexit sha1_base64="yGLsErcgsta/kcGjVZMcA3wIBEg=">AAACGHicbVC7TsMwFHXKq5RXgJEBiwqJqUoQAsZKLIwF9SU1oXIcp7VqO5HtIFVRRn6CX2CFnQ2xsrHyJbhtBtpypCsdnXOv7r0nSBhV2nG+rdLK6tr6RnmzsrW9s7tn7x+0VZxKTFo4ZrHsBkgRRgVpaaoZ6SaSIB4w0glGNxO/80ikorFo6nFCfI4GgkYUI22kvn3sacpCknkBz9I8f2jezwt9u+rUnCngMnELUgUFGn37xwtjnHIiNGZIqZ7rJNrPkNQUM5JXvFSRBOERGpCeoQJxovxs+kgOT40SwiiWpoSGU/XvRIa4UmMemE6O9FAtehPxP6+X6ujaz6hIUk0Eni2KUgZ1DCepwJBKgjUbG4KwpOZWiIdIIqxNdnNbAp5XTCjuYgTLpH1ecy9r7t1Fte4U8ZTBETgBZ8AFV6AObkEDtAAGT+AFvII369l6tz6sz1lrySpmDsEcrK9fbO6hew==</latexit>

ũTRũ
<latexit sha1_base64="n+/Nw0kSE9hIG4zn9iEVerBFvec=">AAACC3icbZDNSgMxFIUz9a/Wv7Eu3QSL4KpkRNSNUHDjsoJthXYYMmmmDU0yQ5KRlmEewVdwq3t34taHcOuTmLazsK0HLnycey/3csKEM20Q+nZKa+sbm1vl7crO7t7+gXtYbes4VYS2SMxj9RhiTTmTtGWY4fQxURSLkNNOOLqd9jtPVGkWywczSagv8ECyiBFsrBW41V4osnHeRf7NnAIUuDVURzPBVfAKqIFCzcD96fVjkgoqDeFY666HEuNnWBlGOM0rvVTTBJMRHtCuRYkF1X42+z2Hp9bpwyhWtqSBM/fvRoaF1hMR2kmBzVAv96bmf71uaqJrP2MySQ2VZH4oSjk0MZwGAftMUWL4xAImitlfIRlihYmxcS1cCUVesaF4yxGsQvu87l3WvfuLWgMV8ZTBMTgBZ8ADV6AB7kATtAABY/ACXsGb8+y8Ox/O53y05BQ7R2BBztcvaPSa4w==</latexit>

x[0] = x0

<latexit sha1_base64="fdtoTgpIBsZ5xlSMe1iJRrgiR9g=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2Ag2Eb0kkBxhb7OXLNndO3b3hHDmJ9hqbye2/hlbf4mb5AqT+GDg8d4MM/PChDNtXPfbKaysrq1vFDdLW9s7u3vl/YOGjlNFqE9iHqtWiDXlTFLfMMNpK1EUi5DTZji8mfjNJ6o0i+WjGSU0ELgvWcQINlZ6GF7fdcsVt+pOgZaJl5MK5Kh3yz+dXkxSQaUhHGvd9tzEBBlWhhFOx6VOqmmCyRD3adtSiQXVQTY9dYxOrNJDUaxsSYOm6t+JDAutRyK0nQKbgV70JuJ/Xjs10VWQMZmkhkoyWxSlHJkYTf5GPaYoMXxkCSaK2VsRGWCFibHpzG0JxbhkQ/EWI1gmjbOqd1H17s8rNTePpwhHcAyn4MEl1OAW6uADgT68wCu8Oc/Ou/PhfM5aC04+cwhzcL5+AR5KlCU=</latexit>

k = K

<latexit sha1_base64="+2LVlicuxjVxRI0TmphnrwK7o5A=">AAACAnicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhGMB9wOcLe3l6yZPf22N0TwpHOv2CrvZ3Y+kds/SVukitM4oOBx3szzMwLU860cd1vp7S2vrG5Vd6u7Ozu7R9UD4/aWmaK0BaRXKpuiDXlLKEtwwyn3VRRLEJOO+Hobup3nqjSTCaPZpzSQOBBwmJGsLGSz269Ho+k0eiyX625dXcGtEq8gtSgQLNf/elFkmSCJoZwrLXvuakJcqwMI5xOKr1M0xSTER5Q39IEC6qDfHbyBJ1ZJUKxVLYSg2bq34kcC63HIrSdApuhXvam4n+en5n4JshZkmaGJmS+KM44MhJN/0cRU5QYPrYEE8XsrYgMscLE2JQWtoRiUrGheMsRrJL2Rd27qnsPl7WGW8RThhM4hXPw4BoacA9NaAEBCS/wCm/Os/PufDif89aSU8wcwwKcr1+l55cv</latexit>

i = 1 . . . 4

<latexit sha1_base64="dEPpbiptAUJ9Lw19BAbmMSetA0A=">AAACAnicbVA9SwNBEN2LXzF+RS1tFoOQKtyJqI0QsLGMkC9IjrC3t5cs2b09dueEcKTzL9hqbye2/hFbf4mb5AqT+GDg8d4MM/OCRHADrvvtFDY2t7Z3irulvf2Dw6Py8UnbqFRT1qJKKN0NiGGCx6wFHATrJpoRGQjWCcb3M7/zxLThKm7CJGG+JMOYR5wSsFJvfOf2RajA4OagXHFr7hx4nXg5qaAcjUH5px8qmkoWAxXEmJ7nJuBnRAOngk1L/dSwhNAxGbKepTGRzPjZ/OQpvrBKiCOlbcWA5+rfiYxIYyYysJ2SwMisejPxP6+XQnTrZzxOUmAxXSyKUoFB4dn/OOSaURATSwjV3N6K6YhoQsGmtLQlkNOSDcVbjWCdtC9r3nXNe7yq1Kt5PEV0hs5RFXnoBtXRA2qgFqJIoRf0it6cZ+fd+XA+F60FJ585RUtwvn4B15+XSA==</latexit>

k = 0 . . . T

<latexit sha1_base64="+NESVffNVZ4KMqQBG34Kn9WNBYo=">AAACAnicbVA9SwNBEJ2LXzF+RS1tFoOQKtxJUBshYGMZwXxAcoS9vb1kye7tsbsnhCOdf8FWezux9Y/Y+kvcJFeYxAcDj/dmmJkXJJxp47rfTmFjc2t7p7hb2ts/ODwqH5+0tUwVoS0iuVTdAGvKWUxbhhlOu4miWAScdoLx3czvPFGlmYwfzSShvsDDmEWMYGOlHrv1+jyURqP6oFxxa+4caJ14OalAjuag/NMPJUkFjQ3hWOue5ybGz7AyjHA6LfVTTRNMxnhIe5bGWFDtZ/OTp+jCKiGKpLIVGzRX/05kWGg9EYHtFNiM9Ko3E//zeqmJbvyMxUlqaEwWi6KUIyPR7H8UMkWJ4RNLMFHM3orICCtMjE1paUsgpiUbircawTppX9a8q5r3UK80qnk8RTiDc6iCB9fQgHtoQgsISHiBV3hznp1358P5XLQWnHzmFJbgfP0Co3+XJw==</latexit>

i = 1 . . . 4

<latexit sha1_base64="fdtoTgpIBsZ5xlSMe1iJRrgiR9g=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2Ag2Eb0kkBxhb7OXLNndO3b3hHDmJ9hqbye2/hlbf4mb5AqT+GDg8d4MM/PChDNtXPfbKaysrq1vFDdLW9s7u3vl/YOGjlNFqE9iHqtWiDXlTFLfMMNpK1EUi5DTZji8mfjNJ6o0i+WjGSU0ELgvWcQINlZ6GF7fdcsVt+pOgZaJl5MK5Kh3yz+dXkxSQaUhHGvd9tzEBBlWhhFOx6VOqmmCyRD3adtSiQXVQTY9dYxOrNJDUaxsSYOm6t+JDAutRyK0nQKbgV70JuJ/Xjs10VWQMZmkhkoyWxSlHJkYTf5GPaYoMXxkCSaK2VsRGWCFibHpzG0JxbhkQ/EWI1gmjbOqd1H17s8rNTePpwhHcAyn4MEl1OAW6uADgT68wCu8Oc/Ou/PhfM5aC04+cwhzcL5+AR5KlCU=</latexit>

k = K

ATTENTION: FIX LAMAURY + POTT if CITATION NUMBERS CHANGE

Q/R=1e0 Q/R=1e2 Q/R=1e4
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In this paper, we 
capture human 
graffiti painting 
motions and 
reproduce them 
with our robot.

In future works, we aim for 
the human and robot to 
collaborate in a shared
Sense-Think-Act loop


