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A single-shot fluorescence lifetime imaging (FLIM) method based on the compressed ultrafast photog-
raphy (CUP) is proposed, named space-restricted CUP (srCUP). srCUP is suitable for imaging objects
moving slowly (< ∼ 150/M mm/s, M is the magnification of the objective lens) in the field of view with
the intensity changing within nanoseconds in a measurement window around 10 ns. We used synthetic
datasets to explore the performances of srCUP compared with CUP and TCUP (a variant of CUP). srCUP
not only provides superior reconstruction performances, but its reconstruction time is also two- and three-
fold faster than CUP and TCUP, respectively. The lifetime determination performances were assessed by
estimating lifetime components, amplitude- and intensity-weighted average lifetimes (τA and τI) with
the reconstructed scenes using the least square method based on a bi-exponential model. srCUP has the
best accuracy and precision for lifetime determinations with a relative bias less than 7% and a coefficient
of variation less than 7% for τA and a relative bias less than 10% and a coefficient of variation less than
11% for τI . © 2021 Optical Society of America
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1. INTRODUCTION

Fluorescence lifetime imaging (FLIM) [1, 2] is a powerful imag-
ing technique used in life sciences [3–5] and flow diagnosis
areas [6–9] to observe the microenvironments of fluorescent
molecules, such as pH [10, 11], temperature [12, 13], viscosity
[14, 15], or ion concentrations [16, 17]. FLIM can also access
protein conformational changes and protein-protein interactions
through Förster Resonance Energy Transfer (FRET) processes
[18, 19]. Compared to fluorescence intensity imaging, FLIM is in-
dependent of the laser intensity and fluorophore concentrations.
FLIM can be implemented in the time and frequency domains
[20]. Time-domain systems are usually based on time-correlated
single-photon counting (TCSPC) techniques [21–23], time-gated
cameras [6, 7, 24], or streak cameras (SC) [25, 26]. The SC method
needs a scanning process to obtain two-dimensional (2D) FLIM
images; the acquisition is usually slow.

An ultrafast imaging method called the compressed ultrafast
photography (CUP) [27] was introduced to enable SCs captur-
ing 2D dynamic scenes in a single-shot. CUP works at a time
resolution of 10 ps by compressing a coded 3D scene into a

2D snapshot and then reconstructing the 3D scene by solving
an inverse optimization problem. An improved CUP variant
was proposed, called the trillion-frame-per-second CUP (TCUP)
[28], working at a time resolution of 100 fs by including an un-
sheared view recorded by an additional camera. Recently, CUP
has been further improved for various applications, including
high-dimensional optical imaging [29], ultraviolet imaging [30],
ultrafast electron diffraction imaging [31], phase-sensitive imag-
ing [32] and fluorescence lifetime imaging [33–35]. For more
information about CUP, please refer to the review paper [36].

Two features, the frame rate and the exposure time of a frame,
are usually used to assess the speed of an imaging method. A
high frame-rate camera can capture multiple frames with short
frame intervals, whereas a short exposure time of a frame means
a transient scene can be ‘frozen’ in a short measurement window.
A single-shot FLIM method can provide a FLIM image with a
short exposure time (∼ 10 ns) by illuminating an object with a
single pulse (single-shot).

For wide-field TCSPC systems [21, 37–39], the exposure time
of one frame is much longer in comparison, for example around
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0.01 s with a 64 × 64 SPAD array at a frame rate of 100 fps [40]
which means it needs ∼ 0.01 s to obtain a dataset for evaluating
a FLIM image. The dead-time of a TCSPC module limits the
allowable photon count rate (< one photon event for every 100
laser pulses) to avoid pile-up effects [41]. If objects move fast, a
long exposure time of a frame can lead to a motion blur, or if the
microenvironments of objects change rapidly, a long exposure
time of a frame will result in loss of time-resolved information.
Therefore, developing single-shot FLIM methods is meaningful
for studying dynamic events requiring a short exposure time of
a frame (∼ 10 ns). Time-gated cameras can achieve single-shot
FLIM by recording time-gated intensity images simultaneously
with two ICCDs [7] or a segmented gated optical intensifier [42].
However, single-shot FLIM methods with time-gated cameras
(mainly used for fast FLIM contrast imaging) suffer from low
lifetime estimation precision for a limited number of time-gated
images obtained [43, 44]. It is challenging to use time-gated
systems to reconstruct full decay profiles. There is no way users
can know whether lifetime estimations are correct if there are
artefacts in the measurements. For time-resolved signals follow-
ing a complex decay profile, obtaining full decay profiles are
favored for precise lifetime analysis. CUP is much more suitable
for this task than time-gated systems [33–35]. However, origi-
nal CUP techniques were not optimized for FLIM applications.
Modifying CUP suitable for FLIM in terms of reconstruction and
lifetime determination performances is desirable.

Unlike a typical dynamic scene where objects move unpre-
dictably across the field of view (FoV), biological objects usually
move slowly, and only the intensities of signals emitted from
objects change rapidly within the measurement window. Fig. 1
shows the flow diagrams of CUP and TCUP. The random coding
pattern generated with a digital mirror device (DMD) covers
the whole FoV and does not depend on objects’ distribution.
CUP obtains an SC image with a single-shot excitation, whereas
TCUP captures an integrated intensity image and an SC image
for reconstruction. In low light conditions, most pixels do not
detect enough fluorescence and are prone to noise. The random
patterns covering the whole FoV used in traditional CUP and
TCUP can contribute to inaccurate lifetime estimations.

The spatial invariance of objects for FLIM within a few mil-
liseconds can be applied to the TCUP system to accelerate the
reconstruction and improve the performances. Recently, Ma
et al. achieved FLIM of live cells with a CUP scheme and em-
ployed an algorithm with a spatial constraint for reconstruction
[34]. However, background noise is still included in SC images
in their method, which will affect reconstruction and lifetime
determination performances.

To eliminate background noise during data acquisition, we
proposed a modified TCUP method suitable for FLIM, called
space-restricted CUP (srCUP). Instead of coding the whole FoV
in a TCUP system, srCUP only codes the area where the inte-
grated intensity larger than an intensity threshold. The pixel
noise outside the coded area is effectively excluded in SC images,
and the number of the pixels for optimization can be significantly
reduced. Synthetic datasets can simulate 3D (x, y, t) scenes. The
reconstruction and lifetime determination performances were
explored with CUP, TCUP, and srCUP for comparison.

2. SYSTEM AND METHODOLOGY

The proposed srCUP system consists of a fluorescence signal
generation system and a modified TCUP system, as shown in
Fig. 2. The fluorescence signal generation system contains a
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Fig. 1. Flow diagrams of CUP and TCUP.

pulsed laser to generate ultrafast laser pulses, a beam modifica-
tion module for converting the laser beam into a laser sheet, and
an object illuminated by the laser sheet to emit fluorescence. The
wavelength of the laser pulse is aligned to the peak absorption
spectra of fluorescent molecules in the object. The beam modifi-
cation module includes a convex lens L1 and a concave lens L2
(to expand the laser beam), a convex cylindrical lens CL1, and a
concave cylindrical lens CL2 to compress the expanded beam to
form a laser sheet.
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Fig. 2. Illustration of the srCUP system.

The modified TCUP system detects fluorescence signals. The
intersection of the laser sheet and the object is in the object plane
of the TCUP system. Through the objective lens L3, the signal
is directed by a beam splitter (BS) to a camera and a DMD. The
DMD codes the signal and then reflects the signal into a SC
through the lens L4 and BS. If the magnifications of L4 and the
camera lens are 1, the pixel sizes of the camera, the DMD, and
the SC should be the same.

Fig. 3 shows the working principle of the srCUP system. The
pulsed laser generates two pluses illuminating objects in the
FoV successively with an interval tp. The first signal generated
with the first pulse is detected only by the camera to obtain
an integrated intensity image 1. The grayscale represents the
intensity. Image 1 is sent to a field-programmable gate array
(FPGA) to be processed to generate a binary code. The FPGA
algorithm for code generation can be implemented in two steps:
1) hard thresholding, with which an image mask is obtained
(the pixels with intensities larger than a threshold are set to 1
and the others 0); 2) randomly coding the pixels in the masked
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area with 1 or 0. The code is then sent from the FPGA to the
DMD controller to set the DMD with the same pattern before
the second signal arrives at the DMD. The total time for the code
setting upon Image 1 is denoted as tc. Both the camera and the
SC detect the second signal. The second signal directed to the
SC is coded by the DMD showing the code generated with the
first pulse. The images obtained with the second pulse, Image 2
and SC Image, are used for reconstruction.
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Fig. 3. Working principle of srCUP.

Although two pulses are needed in srCUP, the first one is
used to set the DMD code pattern. The camera and SC im-
ages used for reconstruction are from a single-shot (the second
pulse). Therefore, it is reasonable to call srCUP a single-shot
FLIM method.

For general scenes, the camera and the SC’s exposures should
be the same to adopt the reconstruction algorithm, i.e. T1 = T.
However, for FLIM, a fluorescence signal has a lifetime τ usually
in a few nanoseconds, which means the intensity approaches
zero after t ∼ 4τ with respect to the laser pulse. Therefore, T1
and T are not necessarily equal, but they should be larger than
∼ 4τ to cover most of the decay. The resulting FLIM’s time
resolution is determined by the maximum lifetime of the object
in single-shot schemes. For example, if an object has a lifetime
of 2.5ns, T1 and T > 10 ns, the time resolution is about 10 ns.

The application of srCUP is limited by tc. The code setting
process includes reading out the intensity image from the cam-
era, generating a code pattern with the FPGA, and controlling
the DMD to create the code pattern. tc can be expressed as

tc = tCamera + tCF + tFPGA + tFD + tDMD, (1)

where tCamera is the time for frame acquisition and storage in the
camera’s internal recording memory; tCF is the time for down-
loading the frame from the camera to the FPGA; tFPGA is the
time for code generating; tFD is the time for code transmission
from the FPGA to the DMD controller; tDMD is the time for the
DMD to set the code pattern. We estimated tc for setting a code
with 128 × 128 pixels using available commercial devices as fol-
lows. For a camera with a USB 3.0 interface (∼ 250 MB/s) and
a frame rate of 20 Kfps for images of 8-bit and 128 × 128 pixels,
tCamera = 1/20 ms and tCF = 1282/(2.5×108) s = 0.07 ms. tFPGA =
0.1 ms with 16513 clock cycles and a clock duration of 7.763ns.
For a DMD with a USB 3.0 interface and a pattern rate of 30
kHz for 1-bit binary patterns (the DLP7000 XGA chipset, Texas
Instruments), tFD = 1282/(8×2.5×108) s = 0.01 ms and tDMD =
1/30 ms. Overall. tc = 0.26 ms, tc will be larger depending on the

instruments used in the srCUP system. tp should not be shorter
than tc, which means the two laser pulses’ maximum repetition
rate is ∼ 3.8 KHz.

If tp = tc = 0.26 ms, the object should not move a length
longer than one pixel in 0.26 ms. The sizes of the FoV and the
corresponding image have a relationship expressed as

FoVx = Nxdx/M, FoVy = Nydy/M, (2)

where FoVx and FoVy represent the x and y lengths of the FoV,
Nx and Ny represent the number of pixels of the integrated
intensity image along x and y axes, dx and dy represent the pixel
size of the image and M represents the magnification of the
objective lens L3. For a scene with Nx × Ny = 128 × 128 pixels
and dx = dy = 39 µm, FoVx = FoVy = 5/M mm2 and the speed
of the object should be lower than 150/M mm/s. Otherwise, the
mask would block some valid signals from the object with the
second pulse, leading to a loss of the spatial information.

Therefore, srCUP is suitable for the scenarios where objects
move slowly (< 150/M mm/s) to capture the transient microen-
vironment information in a single-shot (∼ 10 ns exposure). The
signal from objects should be strong enough to guarantee a suffi-
cient signal-to-noise ratio (SNR) of the camera images. If Poisson
noise is considered and SNR = 32 (30 dB) is needed, assuming
the optical system’s collective efficiency is 1% and the camera’s
photon efficiency is 50%, the signal intensity must be larger than
4 × 105 photons/pixel in a single-shot. However, the limitation
in the intensity is not only for srCUP but also for CUP, TCUP,
and other single-shot FLIM methods. The SNR can be improved
by binning adjacent pixels or increasing the collective efficiency
and the camera’s photon efficiency.

For CUP, TCUP, and srCUP, the image reconstruction is equiv-
alent to solving an inverse problem for compressed sensing.
With the obtained 2D images, an objective function can be con-
structed as,

χ2 =
1
2
‖E−OI‖2 + βΦ(I). (3)

Then the inverse problem is a minimization problem as [27]:

Î = arg min
I

χ2, (4)

where I is the unknown original 3D scene, Î is the reconstructed
scene (Nx×Ny×Nt) by solving the above problem, E is the mea-
surement that contains all obtained images, O is the linear oper-
ator, Φ(I) is the regularization function in the form of the total
variation, and β is the regularization parameter. E = [Eu, αEs]T ,
where Eu and Es are Image 2 and SC image, respectively, and α
is a scaling factor. O = [Ou, αOs]T , Ou = T, Os = TSC, where
the linear operator C represents spatial encoding, S represents
image shearing, and T represents spatiotemporal integration.
The algorithm for solving Eq. 4 is the two-step iterative shrink-
age/thresholding (TwIST) method [45].

Fig. 4 (a) summarizes the codes, normalized Eu, and Es used
for image reconstruction with CUP, TCUP (α = 4), and srCUP
(α = 4), respectively. For CUP and TCUP, the whole FoVs are
randomly encoded as objects’ spatial information is unknown.
In contrast, the code for srCUP is generated with the prior spa-
tial information upon Image 1. For Eu, CUP uses an empty
matrix and TCUP uses an integrated intensity image, whereas
srCUP uses an integrated intensity image after hard threshold-
ing. Es means SC images, as shown in Row 3, Fig. 4 (a). For
CUP and TCUP, the background noise is accumulated during
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the SC’s shearing operation, leading to a less accurate recon-
struction of the intensity decay. The precision of the recovered
decay is crucial for lifetime determinations. Therefore, it is nec-
essary to reduce the influence of noise with srCUP. Users can
also disable the FPGA-controlled DMD mode (back to the tra-
ditional TCUP mode) to image fast-moving objects. However,
if the background is noisy and the objects move slower (< ∼
150/M mm/s), srCUP would be a better choice for the benefits
of relatively more precise reconstruction performances and an
improved reconstruction speed.
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Fig. 4. (a) Illustrations of codes, normalized Eu, and Es used
for reconstruction with CUP, TCUP, and srCUP. (b) Illustration
of the relationship between the size of Es and the size of a
reconstructed scene.

Fig. 4 (b) shows the relationship between Es’s size and a
reconstructed scene’s size. The SC image can be interpreted
as an overlapping of the frames in the discrete reconstructed
scene with a size of Nx × Ny × Nt. If the spatial interval of two
adjacent frames is one pixel, then the size of Es is Nx × Nsc

y with

Nsc
y = Nt + Ny − 1. (5)

Nt is determined by the measurement window T, the swapping
speed vsc and the pixel size d of the SC,

Nt = vsc× T/d, (6)

where c is the speed of light. For instance, if Nx = Ny = 128, vsc
= 0.25 m/s, T = 10 ns and d = 39 µm, then Nsc

y = 191 and Nt =
64. The time resolution of the reconstructed scene is ∆t = T/Nt
= 0.156 ns.

Although we only discussed the TCUP system being mod-
ified with the spatial constraint for FLIM in this work, other
CUP variants can also use the proposed method, such as the
compressed ultrafast spectral photography (CUSP) proposed
by Wang et al. [35] to improve the performances for spectral
resolved FLIM.

3. SIMULATIONS AND ANALYSIS

A scene with nine fluorescence beads was simulated with Nx
= Ny = 128. The measurement window T and time resolution
∆t are 10 ns and 0.156 ns, which means Nt = 64 frames will be
reconstructed. The fluorescence signals emitted by fluorescent
beads are assumed to have a bi-exponential decay model with

I(t) = A[q1 exp(−t/τ1) + (1− q1) exp(−t/τ2)], (7)

where τ1 and τ2 (τ1 < τ2) are two lifetime components, A is the
amplitude and q1 is the proportion of the lifetime component τ1.

Fig. 5 shows log10(Eu) images for three cases where

Eu =
∫

I(t)dt. (8)

The beads’ integrated intensities in Rows 1 ∼ 3 are I1, I2, and
I3 with I2 = 5I1 and I3 = 10I1. The integrated intensity of the
background noise randomly distributes in the range of 0 ∼ Inoise.
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Fig. 5. log10(Eu) images for Cases (a) 1, (b) 2, and (c) 3.

Table 1 summarizes I1 and Inoise for the three cases. Case 1
has the highest intensity without background noise; Case 2 has
one order of magnitude lower intensity than Case 1 with Inoise =
0; Case 3 is similar to Case 2 but with added background noise
Inoise = 500. Poisson noise is included in the scenes. Cases 2 and
3 serve as low intensity and high background noise scenarios
compared with Case 1 to illustrate how the signal intensity and
background noise affect reconstruction and lifetime determina-
tions.

Table 1. I1 and Inoise for Cases 1 ∼ 3.

Case I1 Inoise

1 104 0

2 103 0

3 103 500

Fig. 6 shows the τ1 image of the simulated scene with 1, 1.5,
and 2 ns for the beads in Columns 1 ∼ 3. τ2 and q1 are assumed
to be the same for the beads with τ2 = 3 ns and q1 = 0.5.
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τ1 (ns)

1 2 3Column
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Fig. 6. τ1 image of the simulated scene with 1, 1.5, and 2 ns for
the beads in Columns 1 ∼ 3.

The reconstructive performances are assessed with the mean
squared error MSE of Frame k, k = 1, . . . , Nt, which is defined as

MSE(k) =
Nx

∑
i=1

Ny

∑
j=1

[ Î(i, j, k)− I(i, j, k)]2/Nx Ny. (9)
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Fig. 7 (a) shows the normalized log10(MSE) curves of the recon-
structed frames for Case 3. srCUP has the lowest MSEs for all
the frames. Fig. 7 (b) shows normalized convergent log10(χ2)
curves with CUP, TCUP, and srCUP for Case 3. The execution
times for CUP, TCUP, and srCUP are t1, t2, and t3, respectively.
t3 is the shortest with t1 = 3t3 and t2 = 4t3. t3 = 5 min for
the reconstruction executed on Matlab R2017a, 64-bit with the
Intel(R) Core(TM) i5-8265U CPU (@1.60GHz).
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Fig. 7. (a) Normalized MSEs curves of the reconstructed
frames and (b) normalized convergent log10(χ2) curves with
CUP, TCUP, and srCUP.

With the reconstructed decays, lifetime determination algo-
rithms (LDA) can estimate lifetimes with different types of out-
puts. Fitting methods (including the least square method (LSM),
maximum likelihood estimation and global fitting method [46])
can provide lifetime components. In contrast, fitting-free meth-
ods (including the integral extraction method [47], the centre-of-
mass method [48], the phasor method [49], and the rapid lifetime
determination method [50]) provide average lifetimes [51]. In
this work, LSM is used to estimate q1, τ1, and τ2 images based
on a bi-exponential decay model first and then amplitude- and
intensity-weighted lifetimes (τA and τI) are calculated with

τA = q1τ1 + (1− q1)τ2, (10)

τI = [q1τ2
1 + (1− q1)τ

2
2 ]/[q1τ1 + (1− q1)τ2]. (11)

Figs. 8 (a1) – (a4) show the ground truth τ1, τ2, τA, and τI
images for Case 1. The gray and color bars represent log10(Eu)
and τi, i = 1, 2, A, I, respectively. Fig. 8 also shows estimated
images with (b1) – (b4) CUP, (c1) – (c4) TCUP, and (d1) – (d4)
srCUP for Case 1. Likewise, the gray and color bars represent
log10(Êu) and τ̂i, i = 1, 2, A, I, respectively. τ̂i and Êu are the
estimated values of τi and Eu, respectively.

The accuracy and precision for lifetime determinations of the
nine beads can be assessed with the relative bias (B) and the
coefficient of variation (CV) defined as

B(x) = |x̄− x|/x, CV(x) = σx̂/x̄, (12)

where x̄ and σx̂ represent the mean and the standard deviation
of x̂ with x represents τi, i = 1, 2, A, I in a bead. Fig. 9 shows B
and CV bar plots of the beads for Case 1 with (a1) - (a4) CUP, (b1)
- (b4) TCUP and (c1) - (c4) srCUP. The horizontal axis represents
the intensity and the color bars represent the beads in Columns
1 ∼ 3.

For CUP, TCUP, and srCUP, some beads have large Bs and
CVs of τ1 and τ2. In biological phenomena, it is difficult to char-
acterize a decay with a bi-exponential model. Instead, τA and τI
are estimated more robustly and are more useful in many FLIM
applications, such as calculating FRET efficiency and analyzing
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resents log10(Eu) or log10(Êu). The color bar represents τi or
τ̂i,i = 1, 2, A, I.

C
U

P
T

C
U

P
sr

C
U

P

 

(a1) (a2) (a3) (a4)

 

0

0.3

0

0.3

B

CV

I1 I2 I3 I1 I2 I3 I1 I2 I3 I1 I2 I3

 

(b1) (b2) (b3) (b4)

 

0

0.3

0

0.3

B

CV

 

(c1) (c2) (c3) (c4)

 

0

0.3

0

0.3

B

CV

Column 1 Column 2 Column 3

ˆ
I

ˆ
A

2
̂

1̂


ˆ
I

ˆ
A

2
̂

1̂


ˆ
I

ˆ
A


2

̂
1̂


Case 1

I1 I2 I3 I1 I2 I3 I1 I2 I3 I1 I2 I3

I1 I2 I3 I1 I2 I3 I1 I2 I3 I1 I2 I3

Fig. 9. B and CV bar plots of the beads for Case 1 with (a1) -
(a4) CUP, (b1) - (b4) TCUP and (c1) - (c4) srCUP. The horizon-
tal axis represents the intensity. The color bars represent the
beads in Columns 1 ∼ 3.



Research Article Applied Optics 6

quenching dynamics [51]. CUP fails to estimate τA and τI for
most of the beads especially for the ones with lower intensities
(I1 and I2); TCUP is able to estimate τ̂A and τ̂I for Case 1 suc-
cessfully with B(τA) < 13%, CV(τA) < 3%, B(τI) < 25%, and
CV(τI) < 7%; srCUP has the best performances with B(τA) <
4%, CV(τA) < 3%, B(τI) < 7%, and CV(τI) < 6%.

Fig. 10 shows (a1) – (a4) the ground truth τ1, τ2, τA, and τI
images and estimated images with (b1) – (b4) CUP, (c1) – (c4)
TCUP, and (d1) – (d4) srCUP for Case 2. Fig. 11 shows B and
CV bar plots of the beads for Case 2 with (a1) - (a4) CUP, (b1) -
(b4) TCUP and (c1) - (c4) srCUP.

Fig. 12 shows (a1) – (a4) the ground truth τ1, τ2, τA, and τI
images and estimated images with (b1) – (b4) CUP, (c1) – (c4)
TCUP, and (d1) – (d4) srCUP for Case 3. Fig. 13 shows B and
CV bar plots of the beads for Case 3 with (a1) - (a4) CUP, (b1) -
(b4) TCUP and (c1) - (c4) srCUP.
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Fig. 10. (a1) – (a4) Ground truth τ1, τ2, τA, and τI images for
Case 2. Estimated images with (b1) – (b4) CUP, (c1) – (c4)
TCUP, and (d1) – (d4) srCUP for Case 2.

For Cases 2 and 3, CUP fails to estimate the four parameters;
TCUP is sensitive to the intensity and background noise and its
performances are much worse than Case 1. Although srCUP
has higher Bs and CVs of τ1 and τ2 than the results for Case
1, it estimates τA and τI robustly with a slightly increased Bs
and CVs (B(τA) < 7%, CV(τA) < 7%, B(τI) < 10%, and CV(τI)
< 11%) and in general outperforms CUP and TCUP.

For Cases 1 and 2, even though the background noise is
negligible (∼ 0), srCUP still performs the best as the spatial
coding operator C is spatially constrained in Eq. 3 (only the
pixels in objects are optimized). CUP and TCUP optimize all the
pixels in the FoV which leads to reconstructed noise outside the
objects and results in a reconstruction loss within the objects.
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Fig. 11. B and CV bar plots of the beads for Case 2 with (a1) -
(a4) CUP, (b1) - (b4) TCUP and (c1) - (c4) srCUP.
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Fig. 12. (a1) – (a4) Ground truth τ1, τ2, τA, and τI images for
Case 3. Estimated images with (b1) – (b4) CUP, (c1) – (c4)
TCUP, and (d1) – (d4) srCUP for Case 3.
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Fig. 13. B and CV bar plots of the beads for Case 3 with (a1) -
(a4) CUP, (b1) - (b4) TCUP and (c1) - (c4) srCUP.

For Case 3, the background noise is also reconstructed with
CUP and TCUP, as shown in Figs. 12 (b1) - (b4) and (c1) - (c4),
which is unnecessary as the background noise will be blocked
during lifetime determinations and only the lifetimes of the
samples are desired for FLIM applications. srCUP blocks the
noise in the data acquisition process and reduces the noise’s
influence on the signal reconstruction, as shown in Figs. 12 (d1)
- (d4).

4. CONCLUSION

We presented a single-shot fluorescence lifetime imaging (FLIM)
method based on the compressed ultrafast photography (CUP),
named space-restricted CUP (srCUP). Compared to CUP and its
variant TCUP, srCUP is more suitable for FLIM where objects
move slowly (< ∼ 150/M mm/s, M is the magnification of the
objective lens) and the intensity varies rapidly in a short time
window (∼ 10 ns). Synthetic datasets were used to simulate 3D
(x, y, t) scenes. The performances of srCUP are theoretically ex-
plored and compared with CUP and TCUP for three cases under
different intensity and background noise conditions. With recon-
structed scenes, lifetime parameters including lifetime compo-
nents and amplitude- and intensity-weighted average lifetimes
(τA and τI) are estimated with the least square method based
on a bi-exponential decay model. The results show that average
lifetime estimations are more reliable than lifetime component
extractions. For the cases where targets having a low intensity or
high background noise, CUP and TCUP fail to estimate τA and
τI images. In contrast, srCUP succeeds with the best accuracy
and precision for lifetime determinations with a relative bias less
than 7% and a coefficient of variation less than 7% for τA and a
relative bias less than 10% and a coefficient of variation less than
11% for τI . In addition, the reconstruction time of srCUP is two-
and three-fold faster than CUP and TCUP, respectively. There-
fore, we believe srCUP is a useful single-shot FLIM method to
improve the original CUP and TCUP in FLIM applications.
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