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We propose a fast, adaptive multiscale resolution spectral measurement method based on compressed sensing. The
method can apply variable measurement resolution over the entire spectral range to reduce the measurement time by over
75% compared to a global high-resolution measurement. Mimicking the characteristics of the human retina system, the
resolution distribution follows the principle of gradually decreasing. The system allows the spectral peaks of interest to be
captured dynamically or to be specified a priori by a user. The system was tested by measuring single and dual spectral
peaks, and the results of spectral peaks are consistent with those of global high-resolution measurements.

Keywords: spectrometer, compressed sensing, adaptive gradient multiscale resolution, fast measurement
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1. Introduction
Single-pixel spectrometers (SPSs) are widely used in the

field of spectral measurements.[1–6] A Hadamard transform
spectrometer is a typical SPS,[1–3] and it can modulate the
spectral signal through a spatial light modulator (SLM) for
many times. The total light intensity of each modulated spec-
tral signal is measured at a point detector, and the spectral
signal is recovered by applying an inverse algorithm. To cal-
culate the spectral signal, the minimum number of modula-
tion measurements of the Hadamard transform spectrometer
should equal the pixel length of the spectral signal.[7] In fact,
the SPS measurement technology can be considered as a type
of computing measurement technology that trades time for
spatial resolution, hence its relatively slow measurements. The
higher the resolution of the spectral signal is, the more time is
required for measurements. This problem has prevented the
development of SPSs for fast measurements.

However, compressed sensing (CS) theory [8–10] now par-
tially solves this problem. Using the same instrument structure
as a Hadamard transform spectrometer, the CS algorithm ac-
curately reconstructs the spectral signal with sampling times
much less than pixel length, thereby shortening the measure-
ment time. Unfortunately, even though using the CS subsam-
pling technique, the measurement time and resolution are still
inversely proportional. The most direct and effective strategy
to improve the measurement speed is to reduce the pixel length
of the spectral signal by reducing the measurement resolution.
The simplest way is to measure the whole spectral signal with
low resolution, which is called global low resolution (GLR)
here. However, the GLR method often fails to meet the needs

of applications because it completely destroys the resolution
index.

To overcome this problem, we propose herein an adaptive
gradient multiscale resolution (AGMR) method based on CS,
which exploits the fact that detecting a signal rarely requires
the same resolution over the entire measurement range.[11,12]

The AGMR method allows high-resolution measurements to
be made in localised spectral regions, with gradient variation
low-resolution measurements made in the remaining spectral
regions. However, the length of the AGMR spectral signal
remains the same as that of the GLR spectral signal, so the
AGMR approach provides the same high-speed measurement
capability as the GLR approach but with local high-resolution.

The premise of CS measurement is that the measured
signal is sparse or compressible. Although typical images
are generally compressible but not sparse, spectral signals are
most often sparse. For example, the atomic spectrum of many
elements generally contains only one or several narrow spec-
tral lines,[13] which are called characteristic spectral lines, and
generally contain the details of interest to users. Using the
AGMR method, only the spectral ranges around the spectral
feature of interest are measured with high resolution, whereas
other spectral regions are measured with low resolution.

The present work demonstrates an AGMR measurement
of a single spectral peak and an AGMR measurement of dual
spectral peaks that differ in frequency. To make the AGMR
measurement of dual spectral peaks, we divide the spectral sig-
nal into two spectral ranges for sampling but only apply a sin-
gle reconstruction to recover the spectral signal. This method
of sampling twice and reconstructing once not only shortens
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the time required for spectral reconstruction but also ensures
the continuity of the spectral signal, as discussed in our previ-
ous work.[14]

2. Theory and method
2.1. CS spectroscopy

Figure 1 shows a schematic illustration describing SPS
based on CS. The point detector of the SPS has zero spatial
resolution, so the one-dimensional spectral signal produced
by the grating is first imaged onto a spatial light modulator
(SLM), which modulates the spectral signal several times so
that the total intensity of each modulated spectral signal may
be collected and recorded by the PMT point detector. After
multiple modulations and measurements, the spectral signal
can be reconstructed by the CS algorithm.[15,16] The SPS mea-
surement process can be expressed as

y = Ax, (1)

where x is a column vector of length n and represents the
spectral signal. The higher the measurement resolution is, the
greater the n is. A (m×n) is the measurement matrix, in which
each row represents a modulation of the spectral signal. Fi-
nally, y is a column vector of length m, which represents the
measurement record corresponding to m modulations. CS uses
the subsampling process, so m is less than n.

Fig. 1. Schematic diagram of SPS.

2.2. AGMR method

The previous SPS techniques use uniform spectral resolu-
tion over the entire spectral measurement range, which makes
it difficult to achieve fast and high-resolution spectral mea-
surement. Is there a method to solve this contradiction? The
resolution characteristics of the human retina inspired us. The
resolution of the retina is not globally consistent. The high-
resolution area of the retina is called the fovea, and the reso-
lution outside the fovea decreases with distance far from the
fovea.[17,18] Therefore, the image detected by the retina is a
multiscale resolution image. Inspired by the characteristics of
retina, we proposed an AGMR spectral measurement method
based on CS. The AGMR spectral measurement method pro-
posed herein uses high resolution in a local region and low
resolution in the remaining regions. The resolution distribu-
tion of the AGMR spectrum measurement mimics that of the

human retina by conforming to the principle of gradual de-
crease. The pixel scale of the spectral signal in the AGMR
method is shortened, and the measurement time is decreased.

The AGMR spectrum measurement method is illustrated
by the following example. For a certain spectral signal, we
assume that the corresponding spectral signal length of the
global high-resolution (GHR) measurement is 1024. If 25%
sampling ratio is selected, the sampling number is 256. To
improve the measurement speed, the GLR spectral measure-
ment reduces the resolution globally, that is, adjacent pixels
are combined into a single pixel, such as four in one, which
reduces the resolution to 256 pixels, and the sampling number
is 64 at 25% sampling ratio, which can effectively shorten the
measurement time. However, the GLR method often fails to
meet the needs of applications because it completely destroys
the resolution index. Therefore, we propose the AGMR mea-
surement method here, which divides the spectral signal into
four regions with different measurement resolutions. The first
region is a high-resolution region (corresponding to the fovea
of the retina) with number of original pixels being a, and pixel
merging is not performed. The number of original pixels in
the second resolution region is b, in which two adjacent pix-
els are combined into a single pixel making the number of
merged pixels be b/2. Similarly, in the third resolution re-
gion with original pixels of c, every four adjacent pixels are
merged to form c/4 superpixels, and in the fourth resolution
region with original pixels of d, every eight adjacent pixels
are merged to form d/8 superpixels. Moreover, the second,
third and fourth resolution regions are divided into two parts
respectively, and symmetrically distributed on both sides of
the high-resolution region. To make the final pixel number
be the same as GLR measurement, we set a = 80, b = 128,
c = 80, d = 736, and the total number of pixels after merging
is a+b/2+c/4+d/8= 256. By this design, the AGMR mea-
surement with resolution distribution similar to that of retina is
realized, which simultaneously possesses the speed advantage
of GLR measurement and the resolution advantage of GHR.
The GLR pixel distribution diagram and the AGMR pixel dis-
tribution diagram with the high-resolution region in the center
of the spectral signal are shown in Fig. 2.

(a)

(b)

Fig. 2. Pixel distribution diagrams of (a) GLR and (b) AGMR.

Human eyes can adaptively shift to make the most inter-
esting scene fall in the fovea for high-resolution detection. The
high-resolution region of the AGMR measurement we design
can also adaptively move according to the position of the spec-
tral characteristic peak, and other resolution regions can move
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circularly with the high-resolution region, which can be real-
ized by cyclic translation of the measurement matrix elements.

2.3. Simulation

Using the CS spectral measurement method, simulation
experiments were carried out for a virtual spectral signal. The
pixel number of the original spectral signal is 1024, as shown
by the blue curve in Fig. 3. The characteristic peak of the spec-
tral signal is located at the center. An AGMR measurement
and an GLR measurement are made, their effective pixels are
both 256. With the sampling ratio of 50% for the two measure-
ments, the sampling number is 128. The TVAL3 algorithm
is used in spectrum reconstruction.[19] The AGMR and GLR
measurement results are shown with green and red curves, re-
spectively, in Fig. 3. In order to facilitate the comparison of
the results, we have shifted the AGMR and GLR measure-
ment curves upward during display. It should be noted that the
AGMR and GLR reconstruction results are 256 pixels, while
for the display, they are inversely expanded back to 1024 pix-
els according to the pixel merging law in the measurements.
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Fig. 3. Virtual spectrum measurement results of AGMR and GLR methods.

From the red curve in Fig. 3, it can be seen that the mea-
surement quality deteriorates to the same extent because the
GLR method adopts a consistent low resolution throughout
the spectral range. Because of the low resolution, the mea-
surement of the characteristic peak appears serious distortion.
From the green curve in Fig. 3, the measurement qualities in
different regions are different because the AGMR measure-
ment adopts non-uniform resolution. In the central region, the
resolution is four times that of the GLR measurement. There-
fore, the measurement quality is much better than that of the
GLR method, and the details of the characteristic peak are per-
fectly reconstructed. In the second resolution region, the reso-
lution is twice that of the GLR measurement, and the spectrum
quality is also better for the AGMR measurement. In the third
and fourth regions, the resolutions of AGMR are the same or
even lower than GLR measurement, but it will not have a seri-
ous impact on the overall quality as the spectrum in the regions

far away from the characteristic peak does not have much use-
ful information.

In addition, we evaluated the AGMR and GLR measure-
ment qualities based on the index of mean square error (MSE).
The smaller the MSE, the better the measurement quality. To
evaluate the spectrum qualities in different regions, we divide
the spectral signal into 128 segments, with each segment of
8 pixels. For each segment, we calculate the MSEs of the
AGMR and GLR measurement results according to the fol-
lowing formula:

MSE =
1
8

8

∑
i=1

(x̂i − xi)
2, (2)

where x is the original spectral segment and x̂ is the recon-
structed spectral segment.
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Fig. 4. Mean square error distribution of AGMR and GLR measure-
ments over 128 segments (compared to the original spectrum).

Figure 4 shows the MSEs of the AGMR (green curve) and
GLR (red curve) measurements as a function of the segment. It
can be seen that the reconstruction quality of the AGMR mea-
surement dramatically exceeds that of the GLR measurement
in and near the first high-resolution region but gradually dete-
riorates upon departing from the central region, which is con-
sistent with the resolution distribution of the AGMR measure-
ment [cf. Fig. 2(b)]. Different from the AGMR measurement,
the GLR measurement produces a relatively uniform MSE ex-
cept for the high-resolution region. In the region where the
spectral signal changes smoothly, the low-resolution measure-
ment will not change the overall trend, but only slightly affect
the specific values. However, in the region where the spec-
tral signal changes violently, the details lost due to low resolu-
tion cannot be obtained. Therefore, the AGMR measurement
method has obvious advantages.

3. Experimental results
Following the schematic diagram of the SPS in Fig. 1, we

built an experimental SPS device with a slit width of 25 µm
and with lenses L1 and L2 with focal lengths of 50.8 mm and
100 mm, respectively. We used a Thorlabs GR50-0605 blazed
grating, with a blazing wavelength of 500 nm and a grating
constant of 1666.7 nm. The experiment used a mercury-argon
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standard light source as the measured object, with the illu-
mination incident at 40◦ with respect to the grating normal.
The formula for spectral resolution[20] gives the optical spec-
tral resolution of the experimental device as 0.2 nm at 500 nm.

In the experiment, we used a digital micromirror device
(DMD) as the SLM. The DMD is a two-dimensional SLM
composed of a series of micromirrors. Each micromirror can
deflect in two directions independently to modulate the opti-
cal signal.[21] For the experiments, we used a Texas Instru-
ments DLP7000 as the DMD, with 1024×768 elements. The
spectral signal is one-dimensional, so a column of DMD mir-
rors serves a single unit in the experiment. With this DMD,
the maximum resolution of the spectral measurement is 1024
pixels, which is used for GHR measurement. To improve the
measurement speed, the AGMR and GLR spectral measure-
ments reduce the resolution by combining adjacent DMD hor-
izontal columns into one column according to the method in
Subsection 2.2 (cf. Fig. 2). The effective spectral length of
both measurements is 256.

In the AGMR experiments, we placed 64 groups of mea-
surement matrices in the DMD in advance. The DMD is di-
vided into 64 segments horizontally, and the high-resolution
regions of the groups of 64 matrices are located in segments 1,
2, . . . , 64, respectively. In the experiments, appropriate mea-
surement matrix can be selected according to the position of
the spectral characteristic peak.

3.1. Single-peak measurement

The single-peak AGMR experiment only measures one
characteristic peak of spectral signal, which has two cases, the
first involves dynamic acquisition of the most intense spectral
peak, and the second is the acquisition of a single, arbitrary
spectral peak.

For the dynamic acquisition single-peak experiment, the
most intense spectral peak was located by making a global
ultralow-resolution measurement (GULR) of length 64 and
with a sampling ratio of 40% (sampling number of 26), as
indicated in Fig. 5(a). The most intense peak appears near
segment 47, and the other three peaks appear near segments 5,
14, and 55. For the most intense peak, the system automati-
cally selects the 47th measurement matrix in the DMD for the
AGMR measurement with a sampling ratio of 40% (sampling
number of 102), as indicated in Fig. 5(b). For comparison,
we also made a GLR measurement with a length of 256 and
a GHR measurement with a length of 1024, both with a sam-
pling ratio of 50%. The sampling number of GLR maintains
the same as the total of GULR and AGMR. Figures 5(d) and
5(e) show the measurement results.

The result of the GHR measurement in Fig. 5(e) shows
five spectral lines in the measurement range of the spec-
trometer at the wavelengths 404.6, 435.8, 546.0, 576.9, and

579.0 nm, respectively. Figure 5(d) shows that the uniform
decrease in resolution for the GLR measurement uniformly
degrades the measurement accuracy for all spectral lines com-
pared with the GHR measurement. Figure 5(b) shows that
the AGMR measurement provides high resolution near the
most intense peak (546.0 nm), with the measurement accu-
racy of this spectral line being basically the same as that of the
GHR measurement. However, the measurement accuracy of
the other spectral lines is reduced because of low resolution.
The measurement accuracy of the spectral lines (576.9 nm and
579.0 nm) in the third resolution region is the same as that of
the GLR measurement. For the fourth resolution region the re-
construction quality of spectral lines (404.6 nm and 435.8 nm)
is worse than that of the GLR measurement. These results are
consistent with the simulation results given in Fig. 4.
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Fig. 5. Spectrograms of (a) GULR measurement, (b) dynamic cap-
tured AGMR single-peak measurement, (c) manually specified AGMR
single-peak measurement, (d) GLR measurement, and (e) GHR mea-
surement.

In addition to the dynamic acquisition single-peak mea-
surement of the most intense peak, we also manually speci-
fied the region of interest for a single-peak AGMR measure-
ment. Two weak small spectral lines appear at 576.9 nm and
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579.0 nm. They are very close to each other and are located
near segment 55. To distinguish them clearly, we turned off
auto-capture, designated segment 55 as the region of inter-
est and selected the corresponding measurement matrix for the
AGMR measurement. Figure 5(c) shows the measurement re-
sults, in which the two spectral lines are clearly distinguish-
able, and the accuracy is consistent with the GHR measure-
ment.

For GULR, AGMR, GLR and GHR measurements, we
list the sampling numbers for the above experiments, and cal-
culate percent of the first three with respect to GHR. Table 1
presents the results.

As presented in Table 1, the sampling numbers of AGMR
and GLR are 19.92% and 25% of GHR. For AGMR, the most
intense spectral peak should be detected by the GULR mea-
surement, which translates into 5.08% sampling number of
GHR. The total sampling number of AGMR and GULR is
also 25% of GHR. Thus, the decrease in resolution reduces the
sampling number for the AGMR and GLR methods, indicating
that the measurement speed improves significantly. However,
if AGMR is used for multiple consecutive measurements, the
spectral peaks of interest can be detected by the previous mea-
surement, so no additional GULR measurements are required.

Table 1. Sampling numbers of GULR, AGMR, GLR and GHR mea-
surements.

GULR AGMR GLR GHR
Sampling number 26 102 128 512
(Percent to GHR) (5.08%) (19.92%) (25%)

3.2. Dual-peak measurement

In addition to the single-peak measurement, we also dy-
namically captured and measured dual spectral peaks. The
dual-peak measurement is suitable for applications that must
detect two spectral peaks at the same time, so it requires more
samplings than the single-peak measurement.

In the GULR measurement, the two most intense peaks
appear near segments 14 and 47, and the system samples the
two peaks separately. The specific method involves selecting
the DMD measurement area (all DMD micromirror units out-
side the measurement area are in the zero position). The first
sampling measures only from segment 1 to 32, using the 14th
measurement matrix, the second sampling measures only from
segment 33 to 64, using the 47th measurement matrix.

The two sampling processes can be expressed as follows:(
A1 0

)
×
(

x1
x2

)
= y1, (3)

(
0 A2

)
×
(

x1
x2

)
= y2, (4)

where A1 and A2 are partial measurement matrices within the
DMD measurement area, x1 and x2 are two partial spectral sig-
nals that combine to form a complete spectral signal x, and y1

and y2 are two sampling measurement results that combine to
form y.

Thus, Eqs. (3) and (4) can be combined to form(
A1 0
0 A2

)
× x = y. (5)

Using Eq. (5), a complete spectral signal can be recov-
ered by using a single CS reconstruction, with the result shown
in Fig. 6. Thus, for the dual-peak measurement, the two
peaks are consistent with the results of GHR measurement [cf.
Fig. 5(d)].
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Fig. 6. Spectrogram of dynamic captured AGMR dual-peak measurement.

The dual-peak measurement samples twice and recon-
structs once, which not only shortens the reconstruction time
but also ensures that the spectral signals are continuous at the
junction.

4. Discussion
4.1. Sampling ratio

The SPS measurement based on CS has subsampling abil-
ity. For realizing fast measurement, we always want the sam-
pling ratio to be as low as possible. However, if the sampling
ratio is too low, the reconstruction quality of the spectral signal
may be too poor to meet the needs of the actual observation.
Therefore, how to choose an appropriate sampling ratio is a
problem worth studying for CS spectroscopy.

For the virtual spectral signal used in Subsection 2.3, fur-
ther AGMR simulation experiments are carried out, and the
influence of sampling ratio on the reconstruction quality is
studied. At different sampling ratios, the spectra were recon-
structed and their corresponding MSE indices to the original
spectra are calculated. The MSE curve is shown in Fig. 7.
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Fig. 7. MSE at different sampling ratios.
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It is apparent from Fig. 7 that, with the increase of sam-
pling ratio, MSE decreases and the reconstruction quality of
spectral signal improves. The first obvious turning point oc-
curs at the 25% sampling ratio. When the sampling ratio ex-
ceeds 25%, the reconstruction quality remains relatively sta-
ble. The second turning point occurs at the sampling ratio of
50%, and the reconstruction quality is further improved.

For further analysis, the reconstructed spectra of the char-
acteristic peak region at 20%, 25%, and 50% sampling ratios
are shown in Fig. 8(a), 8(b), and 8(c), and the original spec-
trum is given in Fig. 8(d). It can be seen that at 20% sam-
pling ratio, the reconstructed spectrum is seriously distorted.
At 25% sampling ratio, the reconstructed result is close to the
original spectrum, but there are still some deviations in details.
At 50% sampling ratio, the reconstructed result is almost the
same as the original spectrum.
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Fig. 8. Characteristic peak reconstructed results at different sampling
ratios: (a) 20%, (b) 25%, (c) 50%, and (d) original spectrum.

Through the above analysis, we find that the sampling ra-
tio should be at least 25% for the AGMR spectral measure-
ment. In order to obtain perfect reconstruction quality, the
sampling ratio should reach 50%. It is noted that these rules
are consistent with our previous work about the sampling ratio
of the compressive spectrometry.[14,22] In practice, the choice
of sampling ratio should be made according to the actual ap-
plication requirements, so as to obtain the balanced benefits of
measurement speed and reconstruction quality.

4.2. Adaptive multi-peak simulation measurement

In the above experiments, we only used the AGMR
method for adaptive high-resolution measurements of single
or double peaks. In many applications, it may be necessary
to perform high-resolution measurements on a larger number
of spectral peaks. Therefore, we propose the adaptive dual-
resolution mode (ADR), which measures the entire spectrum
at high and low resolutions to achieve adaptive measurement
of multiple peaks, and its feasibility has been verified through
simulation. In the simulation [Fig. 5(e)], spectral signal mea-
sured by the GHR method with 1024 pixels is used as the orig-
inal spectrum. In the ADR method, 128 pixels are not merged
for high-resolution measurement, and the remaining 896 pix-
els are measured for low-resolution measurement. In the low-
resolution region, every 7 pixels are merged into 1 pixel, re-

sulting in a combined pixel count of 128. The total spectral
length of the merged pixels is 256, which is the same as the
total spectral length of GLR.

In the implementation of ADR we first determine the po-
sition and number of spectral peaks based on the measurement
results of GULR, and then evenly allocate high-resolution 128
pixels to each peak, aligning them with the center position
of the peaks. The ADR measurement results are shown in
Fig. 9(a), with a total of 128 samples. The GLR measurement
results of 128 samples are shown in Fig. 9(b), and the original
spectrum is shown in Fig. 9(c). It can be seen that the ADR
measurement results of the spectral peaks are basically consis-
tent with the original spectrum, and the measurement quality is
significantly improved compared to GLR. This proves the ef-
fectiveness of the ADR method for multi-peak measurements.

In practice, the number and position of peaks in differ-
ent spectral signals are uncertain, so different spectral signals
require different measurement matrices, which need to be gen-
erated according measurement result of GULR and transmit-
ted to DMD in real-time. Specialized hardware circuits and
software should be designed for experiments to achieve rapid
generation of measurement matrices and on-line DMD con-
trol. This is an issue which can be further investigated in future
work.

 Wavelength (nm)

400 450 500 550 600

H H HL LL L LH

R
e
la

ti
v
e
 i
n
te

n
si

ty

0

500

1000

1500

2000

2500

R
e
la

ti
v
e
 i
n
te

n
si

ty

0

500

1000

1500

2000

2500

R
e
la

ti
v
e
 i
n
te

n
si

ty

0

500

1000

1500

2000

2500

(a)

(b)

(c)

Fig. 9. Spectrograms of (a) ADR measurement, (b) GLR measurement,
and (c) original spectrum. H: high-resolution region, L: low-resolution
region in (a).

5. Conclusion
This paper proposes a fast, AGMR spectral measurement

method for single-pixel spectrometer, which shortens the mea-
surement time required to acquire spectral signals while main-
taining high spectral resolution over a local spectral range.
After dynamically detecting the position of the most intense
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spectral peak or arbitrarily specifying the spectral range of in-
terest, the spectrum is measured with high resolution within
the given local spectral range. The spectral peaks of interest
acquired by using this method are consistent with those ac-
quired by using uniform GHR measurement over the entire
spectrum. However, the number of samplings is reduced by
75% with the AGMR approach compared with the GHR ap-
proach, greatly shortening the overall measurement time.

Detecting the position of the spectral peak of interest re-
quires increased sampling time due to the use of the ultralow-
resolution measurement. However, given the improved mea-
surement speed, the proposed method is particularly suitable
for continuous dynamic measurements of spectral signals be-
cause the spectral peak of interest can be obtained from the
previous frame, thereby avoiding the ultralow-resolution mea-
surement. We also measured dual spectral peaks, which is
performed by sampling separately but reconstructing together.
The two reconstructed spectral peaks are consistent with the
GHR measurement.

The AGMR method utilizes multi-scale resolution to
achieve local high-resolution rapid measurement of the spec-
trum. It can effectively improve the detection efficiency in the
applications in which only a small number of specific spec-
tral positions are concerned, such as atomic spectroscopy, laser
spectroscopy, biological fluorescence spectroscopy, and com-
ponent testing based on characteristic spectral lines.
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