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Abstract
This study presents a method for estimating the mass fractions of chemical elements in an object, which is modeled as a ho-
mogeneous mixture, using a single X-ray radiograph and its surface mesh. The method assumes that the chemical elements
in the mixture and their mass attenuation coefficients are known. A stochastic gradient descent algorithm is used to iteratively
minimize the error between a scanned radiograph and a simulated polychromatic radiograph, enabling the estimation of mass
fractions. The CAD-ASTRA toolbox is employed to compute the path-lengths and simulate polychromatic X-ray radiographs
for test objects under varying noise conditions [1].

1 Introduction
X-ray imaging is a well-known technique for non-destructive imaging and characterization of objects. Based on X-ray radio-
graphy, information can be gained of an object’s shape, density and atomic number. These features make X-ray imaging highly
suitable for non-destructive analysis and testing. A key technique in non-destructive radiography-based analysis is material de-
composition, whose aim is to determine the materials composition of an object. In medical imaging, material decomposition
can be applied to distinguish between benign and malignant tumors [2]. In cargo inspection, material decomposition can be em-
ployed to recognize smuggling goods or impurities in agricultural products [3]. Two main techniques for material decomposition
have been described in the literature: Dual Energy Material Decomposition (DEMD) and Single Energy Material Decomposition
(SEMD).
DEMD exploits the energy dependency of the attenuation coefficients of materials. The linear attenuation coefficient as a function
of the energy can be modeled as a linear combination of basis functions, such as those describing the energy dependency of the
photoelectric interaction and total cross-section of the Compton scattering. Another approach is to choose the energy dependent
attenuation of basis materials, such as bone and water, as basis functions [4].[5]. This technique enables to reveal differences in
attenuation which are invisible in conventional reconstructions. Another approach is acquiring high and low energy radiographs
of an object, resulting in radiographs with distinct projection values [6]. Look-up tables are then used to link projection values to
path lengths. Based on this information, the material thicknesses can be obtained. Reducing exposure requires an adaptation of
the hardware, as for example dual-source units, or photon-counting detectors [4]. Furthermore, since DEMD requires two scans,
radiation exposure to the object may be a concern, especially in medical imaging [4]. In addition, the creation of look-up tables
may be time consuming [6] or inaccurate [7].
Single-energy projections (SEMD) on the other hand estimates the material composition from only one scan, by employing
knowledge on the path-lengths. These path-lengths can either be estimated from a CT reconstruction [6] or from a surface image
of the object obtained from a 3D laser scanner [8].
Recently, it was shown that path-lengths can also be directly recovered from few X-ray projections by registering surface meshes
of objects to their scanned projections [9]. This method, which does not require additional hardware beyond the X-ray scanner
or a full CT scan, offers potential for integration into material decomposition processes. Our proposed method estimates the
chemical mass fractions of a homogeneous mixture of an object scanned with X-ray light. The CAD-ASTRA toolbox is applied
for computing path-lengths and simulating polychromatic X-ray radiographs.

2 Methodology
Our proposed material composition estimation method relies on a single radiograph only and exploits prior knowledge of the
object’s surface mesh,its density and the set of possible chemical elements composing the object. The material is modeled as
a homogeneous mixture of these chemical elements, whose linear attenuation coefficients are publicly available [10, 11]. The
method is initialized with random mass fractions {xn} of the chemical elements in the mixture. The mass fractions are then
iteratively refined through an optimization process. Mass fractions are estimated by minimizing a cost function that compares a
scanned X-ray projection ppp of the object with a simulated projection:

{x̂1, · · · , x̂N}= arg min
x1,··· ,xN

∥∥∥ppp−PolyProjm({xn})
∥∥∥2

2
, (1)

The simulated projection is generated using the CAD-ASTRA mesh projector [1] and a poly-chromatic model for the forward
projection simulation. Let lll denote the vector of path-lengths from the source to the centre of each detector element and mmm be the
surface mesh of the object. Then, the simulated projection is computed using the polychromatic forward operator PolyProjm [9],
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defined as:

PolyProjm({xn}) =
K

∑
k=1

wk exp

(
−

N

∑
n=1

ρxn
µn,k

ρn
lll

)
, (2)

with N the total number of chemical elements in the mixture and K the number of energy bins of the source X-ray spectrum.
Furthermore, the energy-dependent factor wk is based on the spectral characteristics of the X-ray source and the detector’s
sensitivity for the kth energy bin. Finally, µn,k

ρn
is the mass attenuation coefficient of the nth chemical element at the kth energy bin.

To evaluate its stability, the method is tested for different signal-to-noise ratios (SNR) by adjusting the radiant intensity (photons
/ steradian) . For each photon intensity, 50 optimal fractions are determined, each time starting from newly generated images
containing variations in noise.

3 Experiments
Simulation experiments were set up to test the proposed fractions estimator using two objects. The first object was a rod, with a
height of 19 mm and diameter of 7 mm, made of an alloy of Fe and C at 98 % Fe and 2 % C. The other object was a water bottle
with a height of 241 mm and a diameter of 144 mm, consisting of a solution of hydrogen H, oxygen O, and chlorine Cl. The
ground truth mass fractions for H, O, and Cl are 8%, 55,7%, and 36,3%, respectively.
The fractions were estimated from a single, polychromatic projection polluted with Poisson noise and an inhomogeneous dis-
tribution of photons over the detector pixels, to account for the inhomogeneous photon distribution in a cone-beam projection.
For both projections, the object-detector distance equals 500 mm, while the source-object distance for the rod was 30 mm and
5000 mm for the bottle. The detector pixels were binned for an equivalent of 3×3 mm. Experiments were run for various SNR
by varying the radiant intensity in the range 107 to 1013 ph/sr.

4 Results and discussion
Fig.1 shows the projections of the rod for the outer left (107 ph/sr), middle (1010 ph/sr) and outer right (1013 ph/sr) data points
for the radiant intensities. The median of the estimated mass fractions for each radiant intensity, together with their 2.5th (P2.5)
and 97.5th (P97.5) percentile are plotted in Fig. 2a and Fig. 2b. These graphs indicate that the method is able to accurately predict
the mass fraction for radiant intensities of 1010 ph/sr and higher. This is confirmed by the numerical values in Table 1, which
also shows the inter quartile range (IQR). The values of the IQR, P2.5 and P97.5 demonstrate that the accuracy increases with
increasing radiant intensity.
It can be observed that for the same radiant intensities, the projections of the hydrochloric acid bottle, shown in Fig. 3, are noisier
than those of the steel rod (Fig. 1). To magnify the rod in the images of Fig. 1, the distance between the source and the rod was
chosen to be significantly shorter than the distance between the source and the bottle, while the distance between the object and
the detector and the size of the detector elements were kept the same. The number of photons detected per detector element is
therefore higher for the images of the rod (Fig. 1) than for the images of the bottle (Fig. 3), resulting in a higher SNR for the
images in Fig. 1 than for the images in Fig. 3. This difference in the SNR affects the results, as can be seen in the graphs in
Fig. 4. For a radiant intensity of 107 ph/sr and 108 ph/sr, the stochastic gradient descent algorithm seems to be unable to find a
proper minimum. At 109, the stochastic gradient descent algorithm does converge to a minimum, but the predicted values for the
mass fractions significantly differ from the true mass fractions. As for the experiments with the steel rod, the higher the radiant
intensity is, the more accurately the mass fractions are estimated, as (cfr. Table 2). Based on the results from Table 2, the method
can accurately predict the mass fractions starting from 1012 ph/sr.

5 Conclusion
The proposed method is able to stably predict the mass fractions of two distinct homogeneous mixtures, namely steel and
hydrochloric acid, for different SNR of the X-ray projections. The accuracy and precision of the predictions increases for
higher SNR, reaching good performance when the imaging quality is well within the imaging quality used in regular X-ray
scans for baggage control or quality assurance. The method stands out as a promising technique to derive the mass fractions
of a homogeneous mixture of multiple elements, from a single polychromatic X-ray radiograph. It holds potential for future
endeavours to infer the material composition starting from a larger shortlist of elements.
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(a) 107 ph/sr (b) 1010 ph/sr (c) 1013 ph/sr

Figure 1: X-ray projections of the steel rod for a radiant intensity of 107 ph/sr (a), 1010 ph/sr (b) and 1013 ph/sr (c).

(a) Fe (b) C

Figure 2: Median mass fraction of Fe and C in function of the radiant intensity. The error band indicates the 2.5th and 97.5th
percentile.

Rad. int. Median (IQR) P2.5-P97.5 Median (IQR) P2.5-P97.5

[ph/sr] (Fe) (Fe) (C) (C)
107 0.932 (0.037) 0.889-0.977 0.0681 (0.037) 0.023-0.111
108 0.980 (0.010) 0.963-0.991 0.020 (0.010) 0.009-0.037
109 0.980 (0.004) 0.974-0.984 0.020 (0.004) 0.016-0.026
1010 0.979 (0.002) 0.976-0.981 0.021 (0.002) 0.019-0.024
1011 0.980 (0.001) 0.977-0.980 0.020 (0.001) 0.020-0.022
1012 0.980 (0.001) 0.977-0.980 0.020 (0.001) 0.020-0.023
1013 0.980 (0.001) 0.977-0.980 0.020 (0.001) 0.020-0.023

Table 1: Mean and standard deviation (SD), median and 2.5th (P2.5) and 97.5th (P97.5) percentiles of the optimal fractions for Fe
and C for different values of the radiant intensity (Rad.Int), expressed as the number of photons per steradian [ph/sr].
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(a) 107 ph/sr (b) 1010 ph/sr (c) 1013 ph/sr

Figure 3: X-ray projections of the bottle of hydrochloric acid for a radiant intensity of 107 ph/sr (a), 1010 ph/sr (b) and 1013 ph/sr
(c).

(a) H (b) O (c) Cl

Figure 4: Median mass fraction of H, O and Cl in function of the radiant intensity. The error band indicates the 2.5th and 97.5th
percentile.

Rad. int. Median (IQR) P2.5-P97.5 Median (IQR) P2.5-P97.5 Median (IQR) P2.5-P97.5

[ph/sr] (H) (H) (O) (O) (Cl) (Cl)
107 0.002 (0.001) 0.001-0.002 0.991 (0.001) 0.996-0.997 0.002 (0.001) 0.001-0.002
108 0.016 (0.005) 0.011-0.025 0.929 (0.010) 0.917-0.944 0.054 (0.012) 0.040-0.069
109 0.019 (0.006) 0.008-0.049 0.615 (0.012) 0.601-0.634 0.364 (0.017) 0.335-0.383
1010 0.081 (0.022) 0.055-0.112 0.556 (0.007) 0.545-0.564 0.363 (0.016) 0.342-0.384
1011 0.080 (0.006) 0.072-0.081 0.557 (0.002) 0.554-0.560 0.363 (0.004) 0.356-0.369
1012 0.080 (0.002) 0.077-0.083 0.557 (0.001) 0.556-0.557 0.363 (0.002) 0.361-0.365
1013 0.080 (0.001) 0.080-0.082 0.557 (0.001) 0.556-0.557 0.363 (0.001) 0.362-0.363

Table 2: Mean and standard deviation (SD), median and 2.5th (P2.5) and 97.5th (P97.5) percentiles of the optimal fractions for H,
O and Cl for different values of the radiant intensity (Rad.Int), expressed as the number of photons per steradian [ph/sr].
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