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Today’s Objectives

Topics:

• Compressed Sensing

Disclaimer: Material used: 
Richard Baraniuk Talks, Rice University

Candès, Emmanuel J., and Michael B. Wakin. "An introduction to compressive sampling" IEEE 
signal processing magazine 25.2 (2008)
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challenge 1
data too expensive
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Case in Point:  MR Imaging

• Measurements very 
expensive

• $1-3 million 
per machine

• 30 minutes 
per scan
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Case in Point: IR Imaging
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challenge 2
too much data
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Example
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Compressability
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Approximation

• Within 2 digits (in MSE) with ~ 2.5% of coeffs

9Spring Semester 2019 CS-570 Statistical Signal Processing



Sensing by Sampling

Sample N Compress
N >> M

JPEG
…

M

M
Decompress

N >> M
N
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Compressed Sensing
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14278 citations

dsp.rice.edu/cs archive >1500 papers

nuit-blanche.blogspot.com > 1 posting/sec

2004—2019

23176 citations
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Traditional sampling
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=

𝑁 × 𝑁

𝑁 × 1
measurements 𝐾

nonzero
entries

𝑦 𝑥Φ = I



Compressed sampling

Projection not full rank…

… and so loses information in general

• Ex: Infinitely many x’s map to the same y
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=

𝑀 ×𝑁

𝑀 × 1
measurements 𝐾

nonzero
entries

𝐾 < 𝑀 ≪ 𝑁

𝑦 𝑥Φ



Compressed sampling

But we are only interested in sparse vectors

Φ is effectively ΜxK

Φ should be designed such that each MxK submatrix is full rank

To preserve distances require al Mx2K submatrices are full rank
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=

𝑜𝑛𝑙𝑦 𝐾 𝑐𝑜𝑙𝑢𝑚𝑛𝑠

𝑀 × 1
measurements 𝐾

nonzero
entries

𝐾 < 𝑀 ≪ 𝑁

𝑦 𝑥Φ

NP hard



Stable Embedding

• An information preserving projection      preserves the 
geometry of the set of sparse signals

• SE ensures that

K-dim subspaces
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Random Embedding is Stable

• Measurements      = random linear combinations
of the entries of

• No information loss for sparse vectors     whp

measurements
sparse
signal

nonzero
entries
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Preservation of distances
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The Johnson-Lindenstrauss Lemma
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Random Projections
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Φ

Φ
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Representation vs. Measurements

• Image structure: local, coherent

Good basis functions:

• Measurements: global, incoherent

Good test functions:
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Sparse coding

General framework

• Challenge: finding |x|0 is NP hard
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min𝐱 𝐱 0 s. t. 𝐲 − 𝚽𝐱 2 ≤ ε

=

𝑀 ×𝑁

𝑀 × 1
measurements

𝑁 × 1
sparse signal

𝐾
nonzero
entries

𝑦 𝑥Φ

𝐾 < 𝑀 ≪ 𝑁



Signal Structure
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Signal Recovery
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Why l2 does not work
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Signal Recovery
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Signal Recovery
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Why l1 works
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Φ satisfies Restricted Isometry Property (RIP)

For all x that are K sparse

When Φ MxN satisfies RIP of order 2K with δ<√(2)-1,

• Random (sub-) Gaussian (iid Gaussian, Bernoulli) satisfy RIP

How many measurements?

CS-570 Statistical Signal Processing 30Spring Semester 2019



• Iterative Thresholding

Standard CS Recovery

update signal estimate

prune signal estimate
(best K-term approx)

update residual

Adapted from “Model-based Compressive Sensing”, by Volkan Cevher
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Recovery of non-sparse signals
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y  X

Measurement matrix



Recovery of non-sparse signals
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y  

transform basis

s
coefficient

X



Recovery of non-sparse signals
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y

 

transform basis

s
coefficient





Reconstruction
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Recovery from CS measurements
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Single-Pixel CS Camera
[Baraniuk and Kelly, et al.]
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Background subtraction
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Range Imaging

Objective: Generate 2D depth map

Applications

Human-Computer 
Interface

Remote 
Sensing

Consumer 
photography
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ToF Cameras

• Constant speed of light/sound/RF etc

• LIght Detection And Ranging (LIDAR)

• Characteristics
Direct measurement

Limited influence on the environment

High accuracy time measurements

Large number of frame necessary 
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Time-of-Flight principle

•Range Gated Techniques

•Characteristics
• Direct measurement

• Limited influence on the environment

• High accuracy time measurements

• Large number of frame necessary 
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Gated Range Imaging

Laser Source

GATE

Timing

Process Techniques

Emit light • Time Slicing - Classical

Encode reflection • Gate Coding - Deterministic

Extract depth • Compressed Sensing

Spring Semester 2019 CS-570 Statistical Signal Processing 45



Time Slicing
• Single depth per image
• Baseline approach
• Single object

Gate Coding
• Exploit pulse profile
• Enhanced coding
• Single pulse acquisition

Active Range Imaging
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Compressed Gated Range Sensing

Periodic 
Sampling

Random
Sampling

Periodic 
Recording

Random
Recording

Integration period
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Compressed Gated Range Sensing

Periodic 
Sampling

Random
Sampling

Periodic 
Recording

Random
Recording

Integration period
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CGRS - overview
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CGRS - details

Sparse (non-negative) depth signal recovery

- Random sampling mechanism

- Dictionary (backscatter, attenuation, non-ideal gating)

Optimization
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Multi-Pulse Recovery
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CS based

Classical

Gate Coding
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