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3D Robot Perception

ROB 498/599 · Fall 2026 · Bernadette Bucher

A camera you control is a different problem from a dataset you are
handed.

Robots act in a 3D world they observe through imperfect sensors, from a moving body, under
a deadline.

This course is about how a robot represents that world and keeps the representation useful.

Roughly half the reading postdates 2024. Four guests lecture on their own work.

Fifteen minutes of logistics, then we start on the mathematics.
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Teaching staff

Instructor

Bernadette Bucher

Assistant Professor, Robotics and CSE. Di-
rects the Mapping and Motion Lab.

Office hours Wednesdays after class until
11:30 am, 2240 Ford Robotics Building.

Graduate Student Instructor

Anton Arapin

PhD student, CSE. World models for
robotics.

Office hours Thursdays at 3 pm, some
weeks virtual, some weeks in the Ford
Robotics Building. Format posted on Pi-
azza.

Canvas for grades and announcements · Piazza for questions · Gradescope for written work.
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Twenty-seven meetings

1303 EECS, Mondays and Wednesdays, Aug 31 to Dec 9

1. Unit 0 — Foundations: what embodiment changes, rigid-body state, sensing physics. Plus the
crash course.

2. Unit 1 — Representing and reconstructing 3D.

3. Unit 2 — Semantics, objects, and scene structure.

4. Unit 3 — World models and prediction.

5. Unit 4 — Perception for action.
Twenty-three lectures, four student-led seminars (one closing each unit), four guest lectures.

The arc: where things are, what they are, what happens next, what to do about it.
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How the grade is computed

Component Weight What it involves

Crash-course diagnostic 5% Two Canvas quizzes, 2.5% each, both due Sun Sep 27.
Unlimited attempts, highest score kept.

Labs: three 30% 10% each. Each lab ends in a working piece of a 3D
perception stack that the next lab consumes.

Paper seminar 30% Responses 15%, your own spotlight 10%, discussion
5%.

Research project 35% Teams of 3–4. Proposal 5%, checkpoint 10%, presenta-
tion 5%, report and video 15%.

There are no exams. The seminar is where the reading is assessed.
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Three labs, one stack

Lab 1 · Sep 18 – Oct 18 · From raw sensors to a map.

Lab 2 · Oct 7 – Oct 30 · Representations, compared honestly.

Lab 3 · Oct 28 – Nov 22 · A scene graph you can ask questions.

Each lab consumes the last one’s output. A part left broken in October is still broken in
November.

Starter code has shared utilities, contract tests, and a runner per lab. Every graded function is a
stub.
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Lab 1

from raw sensors to a map · Sep 18 – Oct 18

Calibrate and time-align an RGB-D and LiDAR pair from a ROS 2 bag collected for this course.

Implement ICP and a point-to-plane variant.

Integrate a TSDF volume; extract a mesh and an ESDF.

Close a loop with a small factor graph and report drift before and after.

The bag is deliberately miscalibrated. Calibration here is a real problem, not a solved one.
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Lab 2

representations, compared honestly · Oct 7 – Oct 30

Train a sparse-convolution or point-transformer segmenter on ScanNet++.

Separately fit a 3DGS scene and run a feed-forward VGGT reconstruction on the same
sequence.

Evaluate all three against one downstream task, collision checking or grasp sampling, rather
than against PSNR.

The ranking flips depending on the task. You are expected to find that out, not to be told
it.
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Lab 3

a scene graph you can ask questions · Oct 28 – Nov 22

Build an open-vocabulary 3D scene graph from a posed RGB-D sequence: SAM 2 instances,
CLIP or DINOv2 features, multi-view association, nodes and edges.

Answer spatial and task queries by putting the graph in an LLM’s context.

Deliverable is query accuracy plus a failure analysis.

For every failed query: is the failure in the graph, or in the language model? Those need
different fixes.
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The seminar, and why it is 30%

Every paper on the reading list is required and is attached to the lecture it supports.

Seventeen lectures carry a structured response, due at the start of that lecture, on one
designated paper: the claim, the evidence, the weakest assumption, and what you would run
next.

Each of you leads one 15-minute spotlight during a seminar session, paired with a
reproduction sketch, what it would actually take to rerun the headline result.

Four seminars: Sep 30, Nov 2, Nov 11, Dec 2. Three sit within a week of that unit’s guest
lecture.

You arrive at the guest lecture having already argued about the speaker’s work.
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The project

teams of 3–4, formed by Fri Sep 25

Pick a 3D robot perception problem, find a relevant recent paper, build on it, demonstrate the
result. Robot hardware is not required, 3D sensor data or simulation is fine. Ongoing research
work may be used if it meets the requirements.

Milestone Due

Teams formed Fri Sep 25
Proposal, target paper and an evaluation Fri Oct 23
Checkpoint, reproduced baseline running end to end Fri Nov 13
Presentation Dec 14–18, final exam period
Final report and demonstration video Fri Dec 18

498: a careful reproduction plus one well-motivated extension. 599: a novel component: a new
method, a new evaluation, or a negative result established rigorously, in conference format. Same
milestones, different rubric.
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Policies to state out loud

Collaboration. Discuss freely. Written solutions and code must be your own.

Generative AI. Use the tools at your disposal, but what you submit must be yours. Copying
the output of an automated system is the same as copying the output of a classmate.

Late work. Accepted through the end of the course with a deduction. If something is going
wrong, contact us before the deadline.

Compute: Lab 1 is CPU. Labs 2 and 3 need real GPUs: a Great Lakes allocation is provided;
instructions on Canvas. Colab will not carry a 3DGS fit or a VGGT forward pass on a long
sequence.
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What the crash course covers

A · geometric vision

Pinhole camera and calibration, today

Two-view geometry, L03

Stereo, LiDAR, and metric versus
relative depth, L04

Features, descriptors, matching, L04

RANSAC and robust fitting, L04

PnP, L03; triangulation, structure from
motion and bundle adjustment, L04

B · deep learning

Autograd and backpropagation, L05

Convolutional networks, and why 3D
breaks them, L05

Attention and transformers, L05

Training practicalities and
reproducibility, L05
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What to do this week

Read the course site end to end. It is the syllabus.

Skim Module A1 before Wednesday if you have never seen a homogeneous transform.

Sign up on Piazza.

Both diagnostic quizzes are on Canvas, due Sun Sep 27: quiz 1 covers L01 through the
first half of L04, quiz 2 the rest of L04 and L05.

Lab 1 is out Fri Sep 18. Run the data fetch the day it drops, not the night before.

The bag is several gigabytes.

ROB 498/599 ROB 3D Perception L01 1 min ANNOTATED 14



The setup you inherit in a vision course

A dataset exists.

Someone else chose the viewpoints.

Ground truth is given.

Errors cost you a number on a leaderboard.

You can re-run on the same data as many times as you like.
This is the right abstraction for a great many problems, and it produced most of the machinery we
are going to use.
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What a robot actually has

A sensor it is carrying, pointed wherever the body happens to be pointing.

No ground truth. Ever.

A partial view, arriving over time, with the past already gone.

Errors cost you a collision.

No re-runs: the data depends on what you did.

That is the whole course in five bullets. Everything else is detail.
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Four things change

and they compound

1. Closed loop — perception feeds a controller that moves the sensor that feeds perception.

2. Partial observability — the room is not in your field of view.

3. Metric scale — plans are in metres, images are not.

4. The cost of being wrong — asymmetric, and physical.
They interact. Partial observability is only a problem because you are in a closed loop and have to
act now.
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1 · Closed loop

Latency is part of correctness. A perfect answer at 400 ms is a wrong answer.

Your errors become your next inputs.

You cannot re-run on the same data, because the data depends on what you did.

How far does a stale pose put you off?

A ground robot at v = 1.5 m/s. Perception pipeline latency ∆t. The pose you act on is the pose
you had ∆t ago:

e = v ∆t =⇒ ∆t = 100 ms⇒ e = 15 cm, ∆t = 400 ms⇒ e = 60 cm

A 60 cm position error is wider than the robot. No amount of accuracy in the estimator recovers it.
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2 · Partial observability

A body-mounted camera sees a cone. The room is not in it.

Most task-relevant objects are out of view at any given moment.

What you knew a minute ago is memory, not observation.

Memory has to be a representation, and choosing it is most of this course.

The question is never ’what do I see’. It is ’what do I still believe, and how stale is it’.
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3 · Metric scale

Monocular vision recovers structure only up to an unknown scale. A robot needs metres to plan,
grasp, or avoid anything.

Why one camera cannot know how big anything is

Take the projection we are about to derive, x = fX /Z . Scale the whole world by s:

X ↦→ sX , Z ↦→ sZ =⇒ x ′ = f
sX
sZ

= f
X
Z

= x

Every image is identical. A doll’s house at 1 m and a room at 10 m produce the same pixels.
Scale must come from the sensor (a stereo baseline, a time of flight) or from the body
(kinematics, an IMU). It never comes from the image alone.

ROB 498/599 ROB 3D Perception L01 2 min ANNOTATED 20



4 · The cost of being wrong

Vision: a misclassification is one cell in a confusion matrix.

Robotics: a false negative in a collision check is a collision.

False positives and false negatives are almost never symmetric.

Occupied cell called free Free cell called occupied

What happens You drive into it You refuse to plan through a doorway
Recoverable? No Yes, slowly
Shows up in mIoU as One error One error

Any evaluation that averages them is hiding the thing you care about.
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Perception as an action

A robot chooses its viewpoints. Its dataset is something it produces, not something it receives.

Which measurement should I take next?

Where is my uncertainty, and what would reduce it?

What is looking going to cost me, in time, in energy, in risk?
This is the thread into active perception in Unit 1, and into Wen Jiang’s guest lecture on Sep 28.

Every dataset you have ever used is the frozen output of somebody else’s answer to these
three questions.
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The two tools the rest of the course runs on

Rigid-body state. Where things are, in what frame, with what uncertainty. That is L02.

Sensor physics. What a measurement actually is, and whether it comes in metres. That is
L04.

Between them sits the crash course: the geometry that turns a 3D world into pixels and back. We
start on it now.

Everything after Unit 0 assumes all three.
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Crash course · A1

the pinhole camera and the camera matrix

Coordinate transformations are the whole of 3D perception. We start
where the transformations start: how a 3D point becomes a pixel.

By the end of today you can write down P = K[R | t] and say what every symbol is doing.

On Wednesday we make [R | t] an object with a group structure and an uncertainty.

Lab 1 Part B estimates both halves from real data that is deliberately miscalibrated.
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The pinhole camera

aperture

O

barrier

object

real image
(inverted)

virtual image plane

f

The physics puts the image behind the aperture and inverted. We draw the virtual plane in front instead; the sign is

the only difference.

Drawn in front of O, the virtual image plane, so the image is not inverted. The physics puts it
behind, at −f ; the sign is the only difference.
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Two similar triangles

O

p

P

image plane

x

X

f

Z

Both triangles have a right angle and share the angle at O, so corresponding sides are in the same
ratio. That is the whole model.
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Perspective projection

two similar triangles, and that is the entire model

x
X

f
Z

Derive x = fX/Z

x
f
=

X
Z

and in both axes

x = f
X
Z
, y = f

Y
Z

ROB 498/599 ROB 3D Perception L01 4.5 min ANNOTATED 27



The problem with that equation

f
Z

The offender is Z , the side of the large triangle you divide
by.

x = fX /Z is not linear in (X ,Y ,Z ). There is no 3× 3 matrix M with x = MX.

Composition of transformations therefore is not matrix multiplication, and least squares does
not apply.

Translation is not linear either: X ↦→ X+ t cannot be written as a 3× 3 matrix.

Homogeneous coordinates are the trick that makes both of these linear at once, at the cost
of one extra dimension.
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Homogeneous coordinates

w = 1

x

Append a 1. Declare vectors that differ by a nonzero scale to
be the same point, they all lie along one ray.

(x , y) ←→ x̃ =

⎡⎣x
y
1

⎤⎦ ∼
⎡⎣λx

λy
λ

⎤⎦ , λ ̸= 0

⎡⎣u
v
w

⎤⎦ ↦−→ (︁ u
w , v

w
)︁

A point is now an equivalence class of rays through the origin of R3. Points with w = 0 are the
ones at infinity, directions, with no finite position.
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A point is a ray

w = 1

λ = 0.5

λ = 1

λ = 1.5

0 x

one ray = one point

Every scalar multiple along one ray through the origin is the same image point. Dividing by w is
just the choice to read it off where the ray crosses w = 1.
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Where we stopped

We got as far as a point is a ray. The pinhole model, the perspective divide and homogeneous
coordinates are done. The camera matrix itself is not: that is where L02 opens.

Derive xi = fxc/zc from the figure, and name the two triangles you used.

Say why (x , y) becomes (x , y , 1), and what equality up to scale buys you.

Say what a point with w = 0 is, and why it has no finite position.
Notes: Module A1, §1 to §3, with the self-checks. Szeliski §2.1.
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Next time

L02 · the camera matrix, then rigid-body state

L02 picks up on this slide. We build P = K[R | t] out of two hops, estimate it from
correspondences, calibrate a real lens, and only then turn [R | t] into an object with structure.

Intrinsics, extrinsics, and the distortion model a real lens needs.

Calibration as an estimation problem: what is unknown once, and what is unknown per
photograph.

Then SO(3), SE(3), and why my estimate is off by a little is a sentence you cannot write with
a plus sign.

Before Wednesday: read the MathWorks calibration page linked under Resources on the course
site. It is four screens long and it is the clearest version of the camera matrix I know.
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