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Figure 1: Non-line-of-sight imaging. We consider the problem of reconstructing surfaces that are: (a) outside the field of

view of sensor, or (b) occluded from it by adiffuser. Wedevelop an algorithm that can usetransient imaging measurements to

accurately reconstruct the shape of the non-line-of-sight surface. The figure shows example reconstructions of a US quarter

from measurements captured by a femtosecond-scale transient imaging system. In (c), we compare our reconstructions

against groundtruth, obtained using a direct depth scan of the object with the same transient imaging system.

mat’s principle [41], we observe that these paths follow ei-

ther the law of specular reflection or reflect at the object’s

boundary. We then prove that Fermat paths correspond to

discontinuities in the transient measurements. Thetemporal

location of the discontinuity is a function of only the shape

of theNLOSobject and not itsreflectance (BRDF). And, we

show that theshapeof thetransient around thediscontinuity

is related to thecurvatureof thehidden surface. This theory

generalizes previouswork on thefirst-returning photon [44]

which is a special case of the Fermat paths.

We use the above theory to derive an algorithm, called

Fermat flow, for accurate BRDF-invariant NLOSshape re-

construction. Weshow that the spatial derivativeof theFer-

mat pathlength provides a simple constraint that uniquely

determines both the normal and depth of a hidden scene

point. This derivative is estimated numerically by fitting

a smooth pathlength function to a sparser set of measure-

ments. We then apply afinal refinement step that computes

a smooth mesh by combining both the normal and depth

information [29, 13]. Note that most previous approaches

reconstruct an albedo volume of the NLOS object whereas

our approach reconstructs its surface.

Our theory is agnostic to the specific transient imaging

technology used. We validate our theory and demonstrate

results at both the pico-second and femto-second temporal

scales, using apulsed laser and SPAD for the former and in-

terferometry for the latter. Hence, for the first time, we are

able to compute mm-scale and micron-scale NLOS shapes

of curved objects with BRDFs ranging from purely diffuse

to purely specular. In addition, our theory applies to both re-

flectiveNLOS(looking around thecorner) and transmissive

NLOS(seeing through adiffuser) scenarios. Figure1 shows

the estimated micron-scale relief of a coin seen around the

corner as well as through thick paper (diffuser). The ob-

tained height profiles compare well with the reconstruction

of the coin when imaged in the line of sight. This result

demonstrates the significant theoretical and practical con-

tribution of this work to active NLOS imaging, pushing the

boundary of what is possible1.

2. Fermat Paths in NLOS Transients

Problem setup. We consider a transient imaging sys-

tem [25], comprising a light source and detector, located

at points s, d 2 R3, respectively. Our theory is agnostic to

the specific transient imaging technology used, and in Sec-

tion 4 we describe implementations, one based on a pulsed

laser and a picosecond detector, and another based on in-

terferometry. The visible scene V ⇢ R3 is the union of

surfaces contained within the common line of sight of the

source and detector. In addition to V, we assume that there

exist surfaces outside their line of sight; this could be be-

cause either these surfaces are outside the field of view, or

they are inside it but occluded by another surface. We are

only interested in such surfaces that can indirectly receive

light from the light source by means of a single reflection

or transmission through the visible scene, and can likewise

indirectly send light to the detector. We call the union of

such surfaces the non-line-of-sight (NLOS) scene X . Some

situations where these conditions apply, and which will be

relevant to our experiments, are shown in Figure 1.

We assume that the light source and detector are illumi-

nating and imaging thesamevisible point v 2 V, which can

be any point in the visible scene. This corresponds to the

confocal scanning scheme, proposed by O’Toole et al. [37].

We emphasize that this assumption is only to simplify ex-

position: All of our theory generalizes to the non-confocal

case, as we briefly discuss in various places throughout the

paper, and detail in the supplement. In particular, in Sec-

tion 4, we show results from non-confocal experiments.

1We include in the supplement two concurrent CVPR submissions on

NLOS reconstruction [3, 4], and confirm no overlap.
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Active-light NLOS imaging
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- Material analysis
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Phasor-field NLOS imaging [Liu et al. 2019, 2020]

Laser

SPAD

OCCLUDER

VIRTUAL 
LENS

HIDDEN SCENE RESULT

21



Virtual light transport matrices for non-line-of-sight imaging

Our goal: General understanding of hidden scenes

How?

Phasor-field 
NLOS imaging

LOS light transport 
matrices+

LTM

HIDDEN SCENE VIRTUAL

22

VISIBLE SCENE



Virtual light transport matrices for non-line-of-sight imaging

Light transport equation

·

Light 
transport 

matrix 
(LTM)

=

= ·

Light sources

Measurements

LOS scene

LTMs are fundamental in scene understanding

23



Virtual light transport matrices for non-line-of-sight imaging

Light transport matrix probing

[Nayar et al. 2006] Fast direct vs. global illumination separation

Direct Global
24



Virtual light transport matrices for non-line-of-sight imaging

Light transport matrix probing

[O’Toole et al. 2012]

LTM probing: 
- Short vs long range separation
- De-scattering
- Masking specific paths
- Sub-surface scattering, 

caustics, interreflections

LTM

25



Virtual light transport matrices for non-line-of-sight imaging

LOS light transport matrix probing

LOS scene
Projector-camera

Projector pixels

C
a

m
er

a
 p

ix
el

s

LOS LTM

...

…

... … … …

…

…

26



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTMs of hidden scenes

NLOS scene

Virtual
projector-camera

OCCLUDER

Projector pixels

C
a

m
er

a
 p

ix
el

s

Virtual NLOS LTM

...

…

... … … …

…

…

Phasor-field NLOS imaging Light transport matrices+

27



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTMs of hidden scenes

NLOS scene

Virtual
projector-camera

OCCLUDER

Projector pixels

C
a

m
er

a
 p

ix
el

s

Virtual NLOS LTM

...

…

... … … …

…

…

Phasor-field NLOS imaging Light transport matrices+

28



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTMs of hidden scenes

NLOS scene

Virtual
projector-camera

OCCLUDER

Projector pixels

C
a

m
er

a
 p

ix
el

s

Virtual NLOS LTM

...

…

... … … …

…

…

Phasor-field NLOS imaging Light transport matrices+

29



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTMs of hidden scenes

NLOS scene

Virtual
projector-camera

OCCLUDER

Projector pixels

C
a

m
er

a
 p

ix
el

s

Virtual NLOS LTM

...

…

... … … …

…

…

Phasor-field NLOS imaging Light transport matrices+

30



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM computation

OCCLUDER

Projector pixels

C
a

m
er

a
 p

ix
el

s

Diagonal: Confocal projector and camera pixels

31



Virtual light transport matrices for non-line-of-sight imaging

OCCLUDER

Virtual LTM computation

Diagonal: Confocal projector and camera pixels

Projector pixels

C
a

m
er

a
 p

ix
el

s

32



Virtual light transport matrices for non-line-of-sight imaging

Projector pixels

C
a

m
er

a
 p

ix
el

s

Virtual LTM computation

OCCLUDER

Diagonal: Confocal projector and camera pixels

33



Virtual light transport matrices for non-line-of-sight imaging

Projector pixels

C
a

m
er

a
 p

ix
el

s

Virtual LTM computation

OCCLUDER

Diagonal: Confocal projector and camera pixels
Shift phasor at

Thin lens operators

LA
SE

R
SP

A
D

34



Virtual light transport matrices for non-line-of-sight imaging

Projector pixels

C
a

m
er

a
 p

ix
el

s

Virtual LTM computation

OCCLUDER

Diagonal: Confocal projector and camera pixels

Direct  
illumination 

at       .

35



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM computation

OCCLUDER

Off-diagonal: Different projector and camera pixels

Projector pixels

C
a

m
er

a
 p

ix
el

sB

A

36



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM computation

OCCLUDER

Off-diagonal: Different projector and camera pixels

Projector pixels

C
a

m
er

a
 p

ix
el

s

Shift phasor at

B

A

Thin lens operators

LA
SE

R

37

SP
A

D



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM computation

OCCLUDER

Off-diagonal: Different projector and camera pixels

Projector pixels

C
a

m
er

a
 p

ix
el

s

Indirect 
illumination 

from       to      .    

B

A

38



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

Size of relay wall = Size of lens aperture

?

Relay 
wall

Virtual 
lens

39



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

Size of relay wall = Size of lens aperture

?

40



Virtual light transport matrices for non-line-of-sight imaging

?

Virtual LTM: NLOS wide apertures

Size of relay wall = Size of lens aperture

Out of focus light:
- Projector

41

Empty voxel



Virtual light transport matrices for non-line-of-sight imaging

?

Virtual LTM: NLOS wide apertures

Size of relay wall = Size of lens aperture

Out of focus light:
- Projector
- Camera

42

Empty voxel



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

- Diagonal elements

?

43



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

- Diagonal elements

Gating single-bounce paths 

at
?

44



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

- Off-diagonal elements

B

A

45



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

- Off-diagonal elements

Gating two-bounce paths?B

A

46



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

- Off-diagonal elements

Gating two-bounce paths?

But… out-of-focus paths of same 
length

B

A

47



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

- Off-diagonal elements

Gating two-bounce paths?

But… out-of-focus paths of same 
length

B

A

48



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

- Off-diagonal elements

B

A

Diagonal Geometry

49



Virtual light transport matrices for non-line-of-sight imaging

Virtual LTM: NLOS wide apertures

- Off-diagonal elements

Diagonal Geometry

- Focus only at non-empty voxels

- Gate two-bounce paths:

B

A

50



Virtual light transport matrices for non-line-of-sight imaging

Results: Direct illumination

- Diagonal computation and gating

LTM diagonal

51



Virtual light transport matrices for non-line-of-sight imaging

Results: Direct illumination

- Diagonal computation and gating

Single-bounce gating

LTM diagonal

52



Virtual light transport matrices for non-line-of-sight imaging

Results: Direct illumination

- Diagonal computation and gating

Single-bounce gating No gating

LTM diagonal

53



Virtual light transport matrices for non-line-of-sight imaging

Results: Indirect illumination

- Off-diagonal under material changes

LTM off-diagonal at 

54



Virtual light transport matrices for non-line-of-sight imaging

Results: Indirect illumination

- Off-diagonal under material changes

LTM off-diagonal at 

Low reflector specularity

55



Virtual light transport matrices for non-line-of-sight imaging

Results: Indirect illumination

- Off-diagonal under material changes

LTM off-diagonal at 

Low reflector specularity High reflector specularity

56



Virtual light transport matrices for non-line-of-sight imaging

Results: LTM probing

- Off-diagonal, indirect light

LTM off-diagonal

57



Virtual light transport matrices for non-line-of-sight imaging

Results: LTM probing

- Off-diagonal, indirect light

LTM off-diagonal

58



Virtual light transport matrices for non-line-of-sight imaging

Results: LTM probing

- Off-diagonal, indirect light

LTM off-diagonal

59



Virtual light transport matrices for non-line-of-sight imaging

Results: LTM probing

- Off-diagonal, near-range

LTM off-diagonal

0.1m to 0.4m

60



Virtual light transport matrices for non-line-of-sight imaging

Results: LTM probing

- Off-diagonal, mid-range

LTM off-diagonal

1.1m to 1.4m

61



Virtual light transport matrices for non-line-of-sight imaging

Results: LTM probing

- Off-diagonal, far-range

LTM off-diagonal

2.0m to 2.3m

62



Virtual light transport matrices for non-line-of-sight imaging

Results: Real scenarios

- Horizontal 1D SPAD  Focus light on vertical line

LTM diagonal

63



Virtual light transport matrices for non-line-of-sight imaging

Results: Real scenarios

- Horizontal 1D SPAD  Focus light on vertical line

LTM off-diagonal

64



Virtual light transport matrices for non-line-of-sight imaging

Summary

- Coupled LTM with NLOS forward propagation

- Specific imaging functions for virtual LTM

- Mitigate large-aperture issues

- Probing the LTM: direct-indirect, specific path lengths
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Future work

- Apply existing LOS techniques for deeper LTM analysis

- Improve separation higher-order bounces

- Applications: 2-corner setups, de-scattering
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