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ABSTRACT 

Recently, The number and types of measurement devices that collect data that is used to monitor Laser-Based 
Powder Bed Fusion of Metals processes and inspect Additive Manufacturing (AM) metal parts have increased 
rapidly. Each measurement device generates data in a unique coordinate system and in a unique format. Data 
alignment is the process of spatially aligning different datasets to a single coordinate system. It is part of a broader 
process called “Data Registration”. This paper provides a data-registration procedure and includes an example of 
aligning data to a single, reference, coordinate system. Such a reference coordinate system is needed for 
downstream applications, including data analytic, artificial intelligence, and part qualification. 
 
Key words: additive manufacturing, data alignment, data registration, meta data modeling.  
 
1. Introduction 

The market value of parts fabricated using additive manufacturing (AM) continues to grow. Current projections 
estimate that by 2025 that value will be approximately $7.65B in North America and $21.5B worldwide [1]. Those 
estimates are based on overcoming several AM technology hurdles. These hurdles are causing AM part-quality 
problems that include pores, cracks, unmelted powders, soots, dimensional inaccuracies, poor surface finish, and 
inhomogeneous microstructures [2].  Research efforts to understand the impacts of those hurdles are focusing on 1) 
identifying the material-process-structure-property relationships and 2) using those relationships to improve process 
control and part quality [3]. These efforts rely on a variety of in-situ and ex-situ measurements that can be 
characterized using 4Vs: volume, variety, velocity, and veracity [4]. In this paper, the “data” was collected by 
sensors (Section 2) that are part of a Laser-based Powder Bed Fusion of Metals (PBF-LB/M) [5].  

 
1 Corresponding author: shaw.feng@nist.gov 
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PBF-LB/M machines fabricate AM parts by using laser beam(s) to melt and fuse metal powders in a layer-by-
layer fashion [6]. Fabrication is involves repeating a two-step process. First, a new, thin layer of metal powders is 
spread on the “build surface”. Then, that layer is melted using a high intensity, moving laser. This process involves 
multiple, complex, interacting, physical phenomena [7]. In this paper, we focus on one of those phenomena: melt-
pool formation, which is measured using temperature and geometry [8]. Temperatures are based on radiative, 
emission measurements collected by a photodiode or a pyrometer. The measurements can be single-color, multi-
color [9], or hyper/multi-spectral imaging-based [10]. Geometry is based on image data collected in real time from 
both coaxial and off-axial cameras [11]. AM data registration is needed before those different data types can be used 
as inputs to software applications that monitor the melt pool geometry. Each dataset has noises, distortions, delays, 
and misalignments, that must be reduced, corrected, and compensated [12] before they can be used as inputs.  

This paper has three contributions. First, we propose a procedure to correlate data from different sensors into a 
common coordinate system. Second, we propose methods to align related datasets. Third, we identify the need for a 
global, coordinate reference frame that users choose as the center for referencing all the registered data. Metadata 
elements and a metadata model for data alignment can be found in [13]. Section 2 reviews related publications in 
AM data. Section 3 describes a general procedure for AM data alignment with several examples. Section 4 provides 
a case study of data registration. Section 5 concludes the paper and identifies the future work. 
 
2. Review of Related Research 
2.1 Sensors for In-situ Process Monitoring 

In-situ process monitoring is enabled by several different sensor types [14]. Co-axial cameras generate 2-D images 
of melt-pool geometries. Off-axis Digital Single Lens Reflex (DSLR) camera can detect anomalies on each scanned 
layer [15]. A multi-color pyrometer can generate temperature data, photodiodes can provide discrete, point-wise 
measurements, and a spectrometer can analyze energy peaks and spatters during the melting process [16]. Everton et 
al. [17] described specific sensors and sensing techniques for monitoring part buildup, layer-by-layer. Bartlett et al. 
[18] correlated surface temperature with layer-wise, scanned surface images to identify potential anomalies. 
Consequently, there is a need to fuse the resulting data types before monitoring and controlling can take place. Foster 
et al. [19] collected and fused data from both staring-video cameras and coaxial cameras to monitor and predict melt-
pool characteristics. Reutzel et al. [20] fused geometric measurements based on images taken by a single-color camera 
in the infrared (IR) range and temperature measurements based on images taken from a dual-color camera.  

XCT instruments are used to quantify internal defects, such as pores. They came in several types, e.g., lack-of-
fusion pores, gas pores, keyhole-induced pores, and near-surface pores. Further, the lack-of-fusion pores, which 
occur due to incomplete melting, generally have irregular shapes, and can contain sintered but un-melted powders. 
Petrich et al. [15] used reference makers, built into the part, to align layer-by-layer images with an XCT model for 
defect location in the scanned part. Finally, Hirsch et al. [21] proposed a method to align the design model, the part 
slices, and layer-by-layer images to create a 3D composite model for defect analysis. 

 
2.2 Reference Coordinate Systems 

Earlier, we stated that data alignment is needed when two different data types must be aligned in a single 
Reference Coordinate System (RCS) to become the inputs to control software. In AM there are three possible 
choices: the machine, the workpiece, and the tool. Each can be viewed as right-handed, three-dimensional, Cartesian 
coordinate systems [22]. For AM, ISO/ASTM 52921 [23] defines build-platform coordinate system as the RCS. 
Figure 1 shows this build-platform coordinate system. 

 

 
Figure 1 Build platform coordinate system 
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The build-platform CS can be used as the primary reference CS in the layer-by-layer scanning process. Figure 2 
shows the coordinate system on the build platform. A staring camera is used to take an image of the build platform. 
The image is the X-Y plane. The Z-X plane can be established by the mid-plane of front and rear planes. For fitting 
the two edges, both lines must be parallel. The Y-Z plane can be established by the mid-plane of both left plane and 
right plane and must be perpendicular to both X-Y and Z-X planes. The intersection of three planes is the origin. 

 
3. Data Alignment  

All AM data types are related, but they are collected in a different local CS. The basis of our proposed, 
geometric data-alignment procedure is coordinate transformation. In this paper, the local CS is referred as the 
“from” CS, and the new CS to which the point is transferred is referred as the “to” CS.  

3.1 Melt pool image to scan path alignment 
A melt pool image is created using a co-axial camera. As shown in Figure 3, center of that laser spot is used as 

the alignment point. Melt pool images are captured and shown in the coaxial-camera CS. The laser-spot is in the 
scanning-laser CS. There are at least three ways to describe a scan path. First, the command position in the XY2-100 
or G-code file [24] can be used, although the command position and the true, laser-spot center may be different. 
Second, the intercepted, encoder position of the two galvanometers [25] can be used. Third, an interpretation method 
is used to predict the true laser position, which is based on the scanning speed and the time. If the motion blur is not 
significant, it is negligible. 

The relative orientation between the image (“from”) and the layer (“To”) can be computed using an appropriate, 
image-calibration method. Such a method uses a grid artifact to measure the relative difference between the orientation 
in the coaxial-camera coordinate system (CS) and the orientation of the laser-scanning CS.  To align the artifact to the 
build platform, one edge of the black-and-white-grid artifact must be aligned with one edge of the build-platform. 

 
Figure 2 Staring camera and build platform coordinate systems 

 
Figure 3 Melt pool images to scan path alignment 
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Once the grid is aligned with build platform, the relations between the laser spot center and the orientations in both 
coaxial-camera and scanning-laser coordinate systems are obtained from the various coordinate transformations. At 
this point, the melt-pool image is transformed to the scan-path (layer) CS. The scan paths are on the build platform; 
so, build platform CS must be created next. On edge fitting, an edge is an interface between a part and its surroundings, 
as shown in the top of Figure 4. Only geometrically linear edges are considered in this paper because straight edges 
are used for setting up a CS. The middle of the Figure shows that edge in pixels. The local coordinates of the image 

are Xim and Yim. The dark pixels represent the part while the white pixels represent the surrounding. Note that a 
threshold value must be specified for discerning the part and its surrounding in a gray-scale image. If the brightness 
is lower than the threshold, it is part; otherwise, it is surrounding.  

The center of each pixel of the discerned edge is used for line fitting. A solid dot indicates the center of the 
pixel in the bottom of the Figure. All the center points are needed for line fitting. A theoretical line can be created 
with a best fit algorithm, such as least-squares regression. The fitted line represents the edge. The line- and edge-

 
Figure 5 Staring camera and build platform coordinate systems 

 
Figure 4 Fitting a theoretical line to the edge with the image of the edge 
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fitting methods are developed for establishing coordinate transformation between laser coordinate systems and 
build-platform CS.  

The laser beam coordinate system (XL, YL), which determines the local laser-spot location, does not usually 
coincide with the build-platform CS (see Figure 5). Therefore, a laser-beam CS must be developed separately from 
the build-platform CS. Once the staring camera is setup, the laser beam scans a line segment along XL-axis and another 
line segment along the YL-axis. The camera then takes a picture, which shows two scanned lines of points in the build-
platform CS. The XL-axis can be established using a line-fitting method. The YL-axis can be established by fitting the 
laser-scanned line in the YL-direction. This line must be perpendicular to the XL-axis. The origin is (0,0) L. The laser-
beam CS (XL, YL) relative to the build-platform CS (X, Y) is thus established. We can use traditional coordinate 
transformation techniques to transform coordinates in the laser-beam CS (XL, YL) to the build-platform CS (X, Y). 

  If a rectangular part occupies a small region on the build platform, as shown in the upper right corner of Figure 
5, the field of view of the staring camera can show only part of the build platform. Establishing a local CS (Xlocal, 
Ylocal) is thus needed. The same method as above can be applied. Note that XL and Xlocal are parallel to each other, and 
YL and Ylocal are parallel to each other since they are all created by the same laser beam. The build-platform CS can 
be established from the build-plate shape. The laser CS is established from the platform CS. Finally, a local CS is 
established from the laser CS.  

In details, the data generated from a camera-based, coaxial Melt Pool Monitoring (MPM) system include a time 
series of melt pool images on a layer, which can be represented as Fm, n, where n represents the corresponding layer 
number when the series of images are taken, and m represents the index of the frame in that time series. Assuming the 
pixel window size of the camera is WxH, then any given pixel (i, j) of the image frame Fm, n can be represented as (Pxi, 
Pyj)m, n, where i=1…W and j=1…H.  

 
Thus, a camera based, coaxial MPM data registration method is needed to solve two problems:  
Problem 1: For any melt pool image Fm, n, find the corresponding laser beam location (xm, n, ym, n) 
Problem 2: For any pixel (i, j) of the Fm, n, named (Pxi, Pyj)m,n, find the corresponding build volume coordinate 

location (xi, yj)m, n.  Figures 6 (a) and (b) illustrate the two problems, respectively.  
 
3.2 Scan paths to layer-wise image alignment

 

(a) 

(b) 

Figure 6 Camera-Based Coaxial MPM Data Registration - (a) Registering an image fram   
(b) Individual image registration 
 



Journal of Computing and Information Science in Engineering JCISE-21-1184 

6 
 

 
Scan paths are defined in the laser-beam CS. If it is not always possible to identify unique features on the 

scanned layer, fiduciary markers must be created. A fiduciary marker is created during or after the layer-scanning 
process and on the layer but outside the designed part. Four fiduciary makers can be used (see Figure 7). By using 
such makers, it is possible to transform coordinate systems. In this case, the “from” CS is the laser-scanning CS, and 
the “to” CS is the layer-image CS. A two-step process is needed for the transformation. Step one transforms the 
laser-scanning CS to the build-platform CS. Step two transforms the build-platform CS to the layer-wise-image CS. 
After the coordinate transformation is completed, melt-pool images, scan paths, and the layer image are all in the 
same CS. 
 
3.3 Layer-wise images alignment 

The stack of aligned layer-wise images should then be aligned with the XCT 3-D model of the AM part. There 
are two purposes. The first is to relate defects found in the XCT 3-D model to abnormalities in the scanned layers. 
The second is to identify possible causes for those defects. There are three approaches.   The first creates reference 
datum features (e.g., plane, point, or line) in the part. The second creates fiduciary makers on last layer and aligns 
them with the fiduciary makers shown in the XCT 3-D Model2. The third uses mathematical algorithms to best fit 
layer images to the XCT 3-D model.  

The first method is based on geometric dimensioning and tolerancing standards, such as ANSI Y14.5 [26]. 
Figure 8 shows layer images alignment. The layer images must be aligned to represent the part building. For 
alignment, two alignment points are used for stacking the images in the build direction. An alignment point is a 
datum point that is a feature on the part for the purpose of alignment. In Figure 8 (a), Ai and Bi are alignment points 
for the ith layer image. These two alignment points are generated by intersecting three theoretical lines that represent 
three edges of the scanned layer. Alignment points A1 to Ai should be aligned, and, similarly, alignment points B1 
through Bi should be aligned. Note that Layer i is the top layer of the build. It is the last layer image that the staring 
camera takes.  

A stack of images thus can be generated by aligning points A1 through Ai and aligning points B1 through Bi. An 
alternative alignment method is to use fiduciary marks. If possible, they are generated in a layer-by-layer fashion for 
the purpose of alignment, as shown in Figure 8 (b). A fiduciary mark is generated by the laser beam with two 
intersecting lines on the layer. Two fiduciary marks suffice for a layer. Note that the fiduciary makers must be on the 

 
2 Note, the fiduciary makers must be on the part, not outside the part so that XCT can detect them. 

 
 

Figure 7 Scan path to layer image alignment 
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top of the part since the bottom few layers are not visible and are separated from the part when it is removed from 
the built plate. 
 

The top layer of the stack of the XCT images is the primary datum plane. Note that the bottom plane of the part may 
not be the bottom plane of the part. The secondary plane can be calculated using a best fit algorithm with the 
alignment points on the Zp-Xp plane. Similarly, the tertiary datum plane can be calculated suing the best fit 
algorithm with the alignment points on the Yp-Zp. The definitions of primary, secondary, and tertiary datum planes 
are according to ANSI/ASME Y14.5. Now, the part coordinate system (Xp, Yp, Zp) of the XCT-scanned part and the 
part coordinate system (Xp, Yp, Zp) of the stack of layer images from the staring camera are now established. Since 
they are the same, the stack of XCT images and the stack of the layer images can now be aligned. 
 

 

3.2.4 Aligning a stack of layerwise images to the related XCT 3-D model 
The stack of layer images can be aligned with an XCT model (see Figure 9). The purpose is to relate the part 

geometry found in the XCT model to the part geometry found in the stack of layerwise images and the aligned, melt 
pool images. Figure 9 (a) shows an XCT model generated from a stack of 2-D XCT images. An XCT model is a 3-D 
model of voxels extended from the pixels of 2-D XCT images in the stack of images. Like the layerwise image 
alignment described above, alignment points can be generated on XCT images for generating datum planes, as 
shown in Figure 9 (b). Use the top XCT image as the primary datum plane (X-Y plane on the top of the part), 
secondary datum plane (Z-X plane), and tertiary datum plane (Y-Z plane) to establish the datum reference frame for 
the part (Xp, Yp, Zp). Note that the 2-D images are in the XCT machine CS (XXCT, YXCT, ZXCT).  

 
(a) Layer outlines and layer images (b) Alignment with fiduciary marks 

  
Figure 8 Layer image to XCT 3-D model alignment 

 

 
(a) Layer outlines and layer images   b) Alignment with the part coordinates 

Figure 9 A stack of layerwise images and the related XCT 3-D model alignment 
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************************************************************ 
3.2.5 XCT model to CAD model alignment 

The XCT 3-D model must now be aligned with the CAD model of the AM part. The purpose is to relate the part 
represented by the XCT model to the CAD model. Figure 10 shows the XCT images are in the XCT machine CS 
(Xxct, Yxct, Zxct). The procedure to develop the part CS (Xp, Yp, Zp) of the XCT-scanned part has been described in 
above section and in Figure 9. The CS (Xp, Yp, Zp) of the XCT-scanned part is the same as the CAD-model CS. 
 

4. Case Study – NIST AMMT Co-axial Melt Pool Monitoring Data Registration 
4.1 Method Overview 

The NIST AM Metrology Testbed3 is a custom-built system with applications that control of L-PBF processes 
and collect data for melt-pool monitoring. An in-house developed AM software application, which is capable of 
stereolithography (STL) slicing, scan path planning, G code generation and interpretation [24], was used to program 
the different scan strategies for the experiment. The melt pool is monitored by a high-speed camera, which is optically 
aligned with the heating laser. The camera images of the melt pool then remain stationary within the camera’s field of 
view. The camera was triggered at every 0.5 ms (i.e. 2000 frames per second), with an integration time of 20 µs. The 
delays between the command signals and measured signals are calibrated and removed for the temporal alignment.  

Vector (1) shows a temporally aligned data matrix of scan commands, real measurement, and the camera control 
trigger based on xy2-100 format. The first and last items are the time stamp and camera-control trigger, respectively. 
The synchronization of these two items can guarantee that the data of each row to be fully aligned. Columns 2 to 4 are 
the original scan commands. Items 5 to 7 are the measured scan positions.  

{𝑇𝑇𝑖𝑖 , 𝑥𝑥𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑦𝑦𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑃𝑃𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶 , 𝑥𝑥𝑖𝑖𝑀𝑀𝑀𝑀𝑀𝑀,𝑦𝑦𝑖𝑖𝑀𝑀𝑀𝑀𝑀𝑀 ,𝑃𝑃𝑖𝑖𝑀𝑀𝑀𝑀𝑀𝑀 ,𝑇𝑇𝑇𝑇𝑖𝑖}    (1) 

where 𝑇𝑇𝑖𝑖  is the timestamp. 𝑥𝑥𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶 and 𝑦𝑦𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶 are the laser position in x and y axis at moment i. 𝑃𝑃1𝐶𝐶𝐶𝐶𝐶𝐶 is the laser power 
at moment i. Superscript “COM” indicates the variables are from digital command. 𝑥𝑥𝑖𝑖𝑀𝑀𝑀𝑀𝑀𝑀, 𝑦𝑦𝑖𝑖𝑀𝑀𝑀𝑀𝑀𝑀, and 𝑃𝑃𝑖𝑖𝑀𝑀𝑀𝑀𝑀𝑀 are similar 
variables but measured from encoder. 𝑇𝑇𝑇𝑇𝑖𝑖  is the trigger signal for the coaxial camera. The camera would take one 
image when this value switched from 0 to 2.  

Figure 11 shows an example of a time series of scan commands and the corresponding real scan positions. Note 
that the real scan position is not identical to the scan command because 1) the measured position is noisy compared to 
the command and 2) the inertia of a galvo scanner is substantial compared with the sample rate. However, the delay 
can be measured accurately [14]. 
 

 
3 ammt.nist.gov 

 
(a) XCT layerwise images and XCT model  (b) The CAD model  

Figure 10 XCT 3-D model to CAD model alignment 
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Figure 11: Scan commands vs. real scan positions 

 
4.2 Image Frame Registration Against Laser Spot Position 

The synchronized time stamps and camera triggers can be used to register the image frame against the laser-spot 
position in the build-platform CS. Each image frame is paired with its trigger command and the laser-position 
command correspondingly. However, it is preferred to register the melt pool with the real position measurement since 
it provides the most accurate spatial correlation with both the as-built part and the Computer-Aided-Design (CAD) 
model. To perform that correlation, a delay measurement must be conducted during the galvo-calibration process. If 
the control- and position-measurement sampling rate is Ts, the delay between the scan command and the scan position 
is td1, and the delay between the triggering command and the camera shutter opening is td2, Column 4-6 in Matrix (1) 
should be moved up for (td1-td2)/Ts rows to align actual laser-beam positions with melt-pool images.  After that step, 
at Trm of layer n, image frame Fm, n would be registered to point [𝑥𝑥𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀,𝑦𝑦𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀]n defined in [11]. 

 
4.3 MPM Image Pixel Registration 

Each image frame is registered as a geometric point with no area, which completes Step 3, as defined in Section 
4.2. This registered information can help the user to investigate the general, melt pool conditions. However, the image-
frame registration cannot provide enough details about melt-pool overlapping between tracks or a prediction of lack 
of fusion defects. To achieve this goal, each MPM coaxial image needs to be registered to the build platform coordinate 
system to provide a pixel-to-build plane projection.  

For coaxial cameras, the image is optically aligned with the laser beam such that the field of view moves with the 
laser spot. Consequently, nominal, stationary, melt pool images are obtained. The image window size is unchanged 
during the scan process. However, the pixel size can vary when the laser moves from the center of the build plane to 
the edge of the build platform [27, 28]. Research shows that the real, laser-spot size is elongated, not perpendicular. 
The pixel-size calibration over the build platform is requested before the registration process.  

To simplify this issue, the build platform can be divided into 𝑘𝑘 ×  𝑘𝑘 grids, where each grid should cover a 
maximum area with minimum deflection-angle change. Since each grid represents an area with a very small deflection 
angle range, it is reasonable to assume that the pixel size is the same within one grid. If the part is placed on the 
intersection area of multiple grids, the calibration would use the average size of the grids. It is assumed 
that 𝑁𝑁𝑥𝑥𝑥𝑥  µ𝑚𝑚 ×  𝑁𝑁𝑦𝑦𝑦𝑦 µ𝑚𝑚 is the calibrated real pixel size for grid (p, q), where x and y represent the pixel stretching 
direction. Specific to each machine, camera position and view angle can cause pixel distortion.  

Normally, melt pools and laser spots cover more than one pixel area. The registration of a melt-pool image 
assumes that the center of a melt pool is perfectly mapped to the center of the laser spot.  In this case, the center of the 
melt pool should be identified and registered to the laser spot position first. The pixel with the highest temperature is 
assumed to be at the laser-spot center. After the center pixel(𝑃𝑃𝑥𝑥𝑐𝑐 ,𝑃𝑃𝑦𝑦𝑐𝑐)m,n for Fm,n is located, that pixel is registered to 
the position [𝑥𝑥𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀,𝑦𝑦𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀]. The center pixel then can be used as the reference to register the remaining pixels. To 
register any pixel (i, j) of that image, the grid should be identified for this image frame, as (p, q). Using a lookup table, 
the pixel size is found as 𝑁𝑁𝑥𝑥𝑥𝑥  µ𝑚𝑚 ×  𝑁𝑁𝑦𝑦𝑦𝑦 µ𝑚𝑚.  Then, (𝑃𝑃𝑥𝑥𝑥𝑥 ,𝑃𝑃𝑦𝑦𝑦𝑦)m,n, the pixel at (i, j)  in the image, should be registered 
at 

[𝑥𝑥𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 + (𝑃𝑃𝑥𝑥𝑥𝑥 − 𝑃𝑃𝑥𝑥𝑥𝑥)𝑁𝑁𝑥𝑥𝑥𝑥,  𝑦𝑦𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 + (𝑃𝑃𝑦𝑦𝑦𝑦 − 𝑃𝑃𝑦𝑦𝑦𝑦)𝑁𝑁𝑦𝑦𝑦𝑦]    (2) 
 

4.4 An Image Registration Example of AMMT 
This section presents an example of the image frame and pixel registration based on the AMMT open platform. 

The experiment builds a 3 𝑚𝑚𝑚𝑚 ×  2 𝑚𝑚𝑚𝑚, single layer part from the IN625 powder located as marked in Figure 16. 
The experiment uses an orthogonal skywrite scan pattern with a constant laser power 195 W and a scan speed 800 
mm/s. The part was built by 24 646 timestamps with 10 µs time interval. The coaxial camera is triggered every 50 µs 
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to collect 1497 image frames. There is no laser input and image collected at the overshooting area. During the 
experiment, the encoder measures the real scan position.  

Table 1 lists the fully aligned data of the first 3 time-stamps. It roughly shows a 40 µs signal delay and a 0.05% 
position error. As shown in the table, the first image frame was captured at the beginning of the scan at the start point 
[-26.487 mm, 4.9985 mm].  

Table 1 XYPT command for galvo, laser, and camera control  

Time  
Stamp 

                         Scan 
                    Commands 

                        Real 
                 Measurements 

 Camera 
  Control 

Ti (µs) XCOM (mm) YCOM (mm) PCOM (W) XMEA (mm) YMEA (mm) PMEA (W) Tr 
0 -26.50 5.000 195 -26.487 4.9985 195 2 
10 -26.50 4.992 195 -26.484 4.9985 195 0 
20 -26.50 4.984 195 -26.484 4.9985 195 0 

 
 

 
Figure 12 Image frame registration against scan command (top) and real measurement (bottom) 

Figure 12 shows the image-frame registration result. The top plot shows the scan-path and trigger positions of the 
scan commands. The bottom plot shows the real position measured by the encoder. Both plots use the build-platform 
coordinate system. Three sample coaxial images are marked in a red, blue, and green frame. The corresponding 
timestamp is 28260 µs, 82620 µs, and 109410 µs, respectively. Both plots mark the trigger position by solid black 
dots. The figure extracts three example frames and marks their registered point on the plots. Each colored frame is 
registered to a point of the same color. 

 
For AMMT, the distance from the build platform (100 mm x 100 mm) to the galvo is 500 mm. Consequently, 

the laser-beam deflection range is between -5.7 Degree to 5.7 Degree. According to the pixel size of the AMMT, 8 
µm x 8 µm, coaxial image, the maximum distorted pixel is 8.04 µm x 8.04 µm. As a result, this example divides the 
build plane into a 5x5 grid, where the pixel size within each grid is assumed to be the same. For this build, the pixel 
would keep the original size in the y-direction and stretch in the x-direction. The calibrated pixel size is 8.0064 µm x 
8 µm.   

 
Figure 13 Coaxial image pixel registration example 
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Figure 13 visualizes a registered image on the build plane. The original coaxial image is shown on the right. From 
the image frame registration work, it is known that this frame is registered at [-24.361 mm, 3.664 mm]. The calibrated 
temperature image is shown under the original. The dark red area has a temperature of over 2200°C. The geometrical 
center of this area is assumed to be the laser-spot center. The center pixel is marked in black color and located at row 
60 column 70. The center pixel is registered to the [-24.361 mm, 3.664 mm]. The pixel represents an area of 
�−24.365 mm −24.357 mm

3.660 mm 3.668 mm � in the plot of build-platform coordinate system. The left figure shows the build-
platform coordinate system after registered all the pixels of this frame. 

Both an image frame and its pixels are registered within their uncertainties. The major uncertainty resources of 
the image-frame registration are the signal delay and position variation. Figure 14 (a) and (b) plot the error distributions 
of the scan in x and y directions, respectively. The error is evenly distributed on both axes over the entire part. When 
registering an image frame using the related scan command, this uncertainty persists. In this study, the real measured 
position is assumed to be the ground truth. However, it may include uncertainties from the measurement. The error is 
the difference between the command and measured positions in x and y axis, separately. 

 
Figure 14 Statistical analysis for melt pool image registration. (a) and (b) are the distribution of error between 
real measurement and scan commands.  

Image-pixel registration combines the uncertainties from the previous step and the uncertainties initiated from the 
coaxial images. First, the pixels registration refers to the frame position. The error of the position can be accumulated 
from pixel to pixel. Second, the pixel position depends on the laser spot found on the coaxial image, which is assumed 
to be close to the image center. In this example, the image (960 µ𝑚𝑚 ×  960 µ𝑚𝑚) center is at [480 µm, 480 µm].  

 
Figure 15 Heatmap of the center pixel frequency 

 
However, the laser-spot center is randomly distributed in a 100 µ𝑚𝑚 ×  100 µ𝑚𝑚 area at [534 ± 25, 454 ± 23]. The 
distribution is shown in Figure 15 as a heat map.  
 
5. Conclusions 

The use of laser powder bed fusion, PBF-LB/M, processes to fabricate complex AM metal parts in aerospace 
and medical industries has been increasing steadily. As a result, the demands on the quality and reliability of those 
parts have also increased. To respond to these demands, researchers and practitioners have started to implement in-
situ and ex-situ measurement devices to monitor processes and to detect potential anomalies in the parts. Types of 
in-situ data include melt-pool images, movies, and acoustic signals. Types of ex-situ data include XCT 3-D and 
CAD models. Correlation among related datasets is critical to detect anomalies and their causes. Correlated datasets 
can also be used to verify the quality of AM parts. However, al data must be transformed into a single CS before it 
can be used as inputs to data analytics and other predictive tools. 

In this paper, we developed a generic method for registering image-based in-situ and ex-situ monitoring of AM 
processes and parts. The method attempts to address the long-standing issue of how to align images taken by a 
coaxial camera, laser-scanning commands, and a staring camera that are related to in-situ monitoring. The proposed 
procedure also addresses the need to align in-situ and ex-situ monitoring data from XCT, coordinate measurements, 



Journal of Computing and Information Science in Engineering JCISE-21-1184 

12 
 

and the design model. Examples show how to relate in-situ and ex-situ data into a suite of correlated datasets that 
can be used for downstream applications, such as defect analysis, feature analysis, and decision making. 

Future work will be in two areas. One is to provide more examples of aligning time series data, such as acoustic 
signals, with geometric data. Second is to develop a new data registration procedure that includes microstructural 
material data for AM data analytics. The procedure will lead to standardization. We expect that these standards will 
lead to better implementations in the L-PBF user community. In addition, pilot implementations should show that 
data alignment can enable qualification of AM parts. Computational issues, such as a lack of computational 
resources, should be further explored what impacts to using registered data to control processes. 

 
Disclaimer 
      Certain commercial equipment, instruments, or materials identified in this paper are not intended to imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply 
that the materials or equipment identified are necessarily the best available for the purpose. Further, this material is 
declared a work of the U.S. Government and is not subject to copyright protection in the United States. 
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