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Abstract: Many existing methods for terahertz image processing treat the data at each spectral band

independently. We show that by using the hyperspectral information across these spectral bands, the

quality of the reconstruction can be improved.
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1. Introduction

Time-domain terahertz (THz) modalities can provide multiple spectral information in the far-infrared range, which is

not commonly found in other imaging systems. Recently, researchers are exploring THz imaging by considering the

hyperspectral nature of the THz pulse. Due to data correlation in the hyperspectral dataset, each spectral channel should

not be treated as an independent signal and processed separately. In addition, signal acquired by time-domain THz

systems are complex [1]. Several hyperspectral image estimation algorithms (e. g., [2]) have shown to be effective with

real-valued signals, but for complex-valued signals, challenges still exist. Here, we present a complex hyperspectral

image reconstruction scheme. With the single-pixel THz imaging system in [1] as an example, we demonstrate that the

proper use of hyperspectral knowledge is of great help in improving the recovery quality compared with the methods

using a single spectral band information.

2. Problem formulation

Hyperspectral dataset often refers to a set of images, each of which represents the information collected at a certain

range of the electromagnetic spectrum (i. e., a spectral band). The data acquired by the THz imaging system also

have such a hyperspectral property. Specifically, the THz receiver can acquire a time-domain pulse which contains

information spanning a portion of the far-infrared spectral range. Through properly sampling along the spectral

dimension, we can obtain a three-dimensional hyperspectral THz dataset where the first two dimensions correspond

to the spatial locations and the third dimension indicates the index of each spectral band.

In [2], one important feature of real-valued hyperspectral images is present, which is that the boundaries and

singularities are located at the same spatial positions across all the spectral bands, no matter how bad the contrast or

perceptibility is at some band [2]. This is also true in the THz imaging scenario, even though the acquired THz signal at

a certain spectral band is complex. More specifically, we argue that in each spectral band, the underlying amplitude and

phase intensities contain the same spatial boundaries in their respective domains. Thus we process the amplitude and

phase separately. For a better use of such an observation, we choose the multiscale approach by respectively performing

recursive dyadic partitioning (RDP) in the amplitude and phase domains. The RDP process on an image produces a

tree representation by recursively decomposing any part of an existing partition into dyadic squares, replacing a square

by four similar squares of half the size [3]. Thus the spatial RDPs can be represented in terms of quad-trees. Therefore,

the ultimate goal is to find the optimal estimators for the amplitude and phase intensities which are of the best fit to the

observations by respectively forcing the quad-tree representations in the amplitude and phase domains to be the same

over each spectral band. Let P̂ denote the optimal spatial RDP in the all possible partitions P . Then the hyperspectral

estimation process can be briefly given by

P̂A = argmin
PA

{− log p(yA|x̂A(PA)) + ηA(PA)} , x̂A = x̂A(P̂A), (1a)

P̂φ = argmin
Pφ

{− log p(yφ|x̂φ(Pφ)) + ηφ(Pφ)} , x̂φ = x̂φ(P̂φ). (1b)

Here, we decompose the process into the amplitude part and phase part, i. e., x̂A and x̂φ for the estimation x̂, and

equally yA and yφ for the observation y. The terms ηA(PA) and ηφ(Pφ) are penalties for controlling the spatial

smoothness in the amplitude and phase domains, respectively.
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In our recent work [4, 5], we utilize the above estimation scheme as one part of the image reconstruction for

the signal-pixel THz imaging system [1]. In particular, we design the hyperspectral image reconstruction algorithm

containing two alternating steps. Firstly, we separately perform the CS reconstruction to each observed spectral band.

Then by considering the output of the first step as the observations, we apply the previous hyperspectral estimation

approach for further processing. These two steps are executed repeatedly until a certain critical condition is satisfied.

3. Numerical experiments

To demonstrate the improvement by means of the hyperspectral information, we perform experiments on a set of

practical hyperspectral THz dataset obtained from the single-pixel THz imaging system [1]. The experimental data are

acquired with the help of Wai Lam Chan and Daniel M. Mittleman of Rice University. The test object is a rectangular

hole embedded in an opaque screen, filled with two transparent plastic plates of different thickness. We take the

samples at 16 spectral bands uniformly distributed over the frequency range between 0.1 THz and 0.2 THz and conduct

the experiments with 400 measurements at each spectral band. Therefore, our goal is to find the optimal estimation

of the underlying hyperspectral data of size 32 × 32 × 16 with only 400 × 16 linear measurements. The first four

figures in Figs. 1 are respectively the reconstructed amplitude and phase images obtained by applying the conventional

CS reconstruction method (i. e., minimizing the ℓ1 norm) and the single-band reconstruction algorithm in [6] based

on the single spectral data at 0.1 THz. Although our signal-band reconstruction method in [6] performs much better

than the conventional one, but both two methods fail to preserve some fine edges, and we still cannot estimate the

object edges accurately. Figs. 1(e) and (f) shows the recovery images by importing the consideration of multiple

spectral bands information. Visually, the reconstruction quality is significantly improved in both the amplitude and

phase dimensions, i. e., clearer contours with less noticeable artifacts and smoother in the homogeneous regions. In

addition, the amplitude and phase recoveries corresponding to our proposed hyperspectral method are closer to the

reality that two plastic plates are homogeneous.

(a) (b) (c) (d) (e) (f)

Fig. 1. Hyperspectral reconstruction results with the practical THz data of size 400 × 16. (a) and (b) The amplitude and phase obtained by

minimizing the ℓ1 norm of the Daubechies-8 wavelet coefficients only with the measurements at 0.1 THz. (c) and (d) The amplitude and phase

reconstructed by using our single-band reconstruction method only with the measurements at 0.1 THz. (e) and (f) The amplitude and phase

obtained by performing our proposed hyperspectral algorithm with data across all 16 spectral bands, displayed at 0.1 THz.

4. Conclusion

This paper states that the hyperspectral nature of the THz pulse can be used to improve the image reconstruction

quality. By taking the single-pixel THz imaging system in [1] as an example, we demonstrate that the proper use of the

correlations across the hyperspectral bands can help to produce better recoveries in preserving edges and alleviating

artifacts in both amplitude and phase domains than the results obtained with a single spectral band information.
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