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Introduction
Traditional motion capture studios utilize 
depth sensing and object tracking hardware 
and software systems to record motion. These 
motion capture systems are expensive and 
typically require a dedicated and specialized 
space, as well as trained technicians to record 
the data. The depth sensing and motion tracking 
capabilities of the Kinect sensors have created a 
more accessible method for motion capture.

In addition to motion capture abilities, 
these sensors, also referred to as depth mapping 
cameras can be used for both scene and object 
mapping. Since the release of the Kinect 
sensors, software has been developed that 

allows additional depth mapping sensors from 
multiple perspectives to be combined into a 
single data set. Using multiple sensors has the 
benefit of both extending the area in which 
motion can be recorded, as well as creating a 
more complete data set.

Utilizing these technologies, the Kinect 
sensors have been used for a variety of 
applications in a variety of industries including 
film, gaming, gait and posture analysis, 
physical therapy, assistive robotics, ergonomics, 
kinesiology, biomechanics and forensics [1, 2, 
3, 4, 5, 6]. Specific to forensics, depth mapping 
and motion capture technologies are useful 
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Depth mapping sensors, such as those found in contemporary entertainment systems, can be used for record-
ing three-dimensional human motion. This recorded motion can then be transported to a three-dimensional 
human model whereby creating 3D animation with accurate human motion. These sensors and recording 
software create a cost-effective alternative to more traditional motion capture studio solutions. In addition 
to recording human motion, the depth mapping of any captured motion as well as the surrounding environ-
ment can be recorded and exported as a point cloud. This paper assesses the accuracy of three-dimensional 
depth mapping data recorded using multiple Microsoft Kinect v2 sensors at three different sites. Point clouds 
exported from the Kinect v2 sensors depth mapping were extracted from single points in time and compared 
to LiDAR collected by a laser scanner. An average of 82% of the depth sensor data was found to be ±1 inch 
(2.5 cm) of the laser scanning data with a standard deviation of 1.5%, and an average of 93% was found to 
be within ±1.5 inches (3.8 cm) of the laser scanning data with a standard deviation of 1.1%.
Keywords: metrology, mapping, depth mapping, 3D modeling, laser scanner, crime scene reconstruction, 
forensic science
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in evaluating witness-based statements that 
include specific timing and positioning. The 
ability to document accurate human motion 
can also be useful in understanding use of force 
cases, especially those with complex interactions 
that are difficult to understand or evaluate 
without 3D modeling and visualization.

Microsoft Kinect Sensor (Version 1)
The first version of the Kinect sensor was initially 
included with the Microsoft Xbox 360, which 
helped the sensor to gain popularity. In 2011 
the sensor received notoriety through Guinness 
World Records by becoming the fastest selling 
consumer electronic device. Microsoft sold 
more than 8 million sensors within a 60-day 
timeframe and temporarily outpaced the Apple 
iPhone and iPad [7]. The first Kinect sensor 
uses structured light to achieve depth mapping. 
Structured light technology is also used in cell 
phones for facial recognition and hand-held 
scanners such as the FARO Freestyle and Dot 
Product DPI-10. Structured light mapping is 
accomplished by projecting a pattern of light 
and analyzing changes in the pattern as the 
light is projected onto objects [8]. The Microsoft 

Kinect sensors use an infrared (IR) light pattern 
making it invisible to the naked eye (Figure 1).

The original Kinect sensor or v1 has been 
used dynamically for scanning objects by 
moving the sensor around the object, as well 
as statically to record motion of objects [6, 9]. 
In 2012, Khoshelham compared the depth 
mapping accuracy of a single, static, Kinect v1 
sensor to LiDAR from a FARO LS 880 laser 
scanner and found that 84% of the point pairs 
were ±1.2 inches (3 cm) of the laser scan data 
[9]. In 2015, González compared a fixed Kinect 
sensor v1 to laser scan data collected with both 
a Faro Focus 120 and a Trimble GX 3D laser 
scanner and found that “the values appear 
acceptable for crime scene documentation, 
being all below 5 mm.” [6]

Microsoft Kinect Sensor (Version 2)
The Microsoft Kinect v2 was released in 2014 
and initially shipped with the Microsoft Xbox 
One entertainment system. It has a number of 
improvements over the original Kinect sensor. 
It is capable of recording 1080p video at 30 
frames per second and the depth sensor has a 
70.6°, horizontal field of view (FoV) with a range 

Figure 1: The Kinect sensor v1 uses a structured infrared (IR) light pattern for depth mapping.

Figure 2: Kinect sensor v2 uses a pulse light pattern for depth mapping.
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of 1 ft 8 in to 14 ft 6 in (0.5m - 4.5m) [10]. It is 
capable of recording more than 300,000 three-
dimensional data points with a frequency of 30 
Hz [9]. Unlike the structured-light technology 
used in the first Kinect sensor, the Kinect v2 
sensor uses laser-based, time-of-flight (ToF) 
technology; sending a pulse of  IR light from an 
array of laser emitters and calculating distances 
based on time for the light to return to the 
camera sensor (Figure 2).

The Kinect sensor v2 has also been used 
dynamically for scanning objects by moving the 
sensor around the object, as well as statically to 
record motion of objects [11, 12, 13]. In 2015, 
Lachat compared depth mapping data from a 
single Kinect v2 sensor to data from a FARO 
Focus3D laser scanner. They found that depth 

mapping points recorded within a 4.5 m range 
had a variation of approximately 1 cm [11]. 
In 2016, Lachat investigated the possibility of 
combining laser scan data and Kinect sensor 
data to create a more complete model and in 
interest of time savings. This work was focused 
on Building Information Modeling (BIM) 
and a single Kinect v2 sensor was moved 
dynamically around the objects of interest. A 
comparison of laser scan data from a FARO 
Focus3D X330 and Kinect v2 depth sensor 
data of a window frame after iterative closest 
point (ICP) processing, produced an overall 
error of 3 to 4 mm [12]. In 2017, Wasenmüller 
and Stricker compared the depth mapping 
accuracy of the Kinect v1 and v2. They found 
that the accuracy of the v1 sensor data decreased 
over distances, while the v2 sensor data had 
a constant accuracy. They concluded that the 
Kinect v2 had a higher accuracy but found that 
it was important to pre-heat the device for 25 
minutes for reliable results [13].

There are several depth sensors or 3D sensors 

on the market today. The Microsoft Azure 
Kinect DK was released in March of 2020. This 
sensor includes a 1 megapixel-depth camera 
and a 12 megapixel RGB camera with an 
introductory price of four-hundred dollars [16] 
(Table 1).

While Kinect v2 sensors were used based 
on their accessibility and depth mapping range 
offering, there are other depth mapping sensors 
on the market compatible with iPi and similar 
motion tracking software all with unique 
advantages and disadvantages depending on 
desired application. Future sensors with greater 
depth mapping resolution, data collection 
frequency, field-of-view, and recording distances 
will show increased accuracy and usability for 
many applications.

Methodology
Kinect v2 sensors were positioned at three 
indoor sites along the perimeter of the chosen 
capture areas to be consistent with placement 
for the purpose of capturing human motion. 
The approximately 15 ft (4.5m) depth mapping 
range also dictated the placement such that 
good overall coverage could be obtained from 
multiple vantages within limited space. These 
three sites were chosen for comparing the 
depth sensor point cloud data to laser scanner 
data, commonly referred to as LiDAR (Light 
Detection and Ranging) [14]. The first site was 
a hallway with half-walls on one side. This site 
was documented using four Kinect v2 sensors. 
The second site was within a smaller office space 
with a desk and credenza. The size of this space 
did not require the use of four sensors but was 
also documented using four Kinect v2 sensors 
to ensure complete coverage, where furniture 
was present. The third site was within a 
relatively empty conference room. This site was 
also smaller than the first site, and two Kinect 

Kinect v1 Kinect v2 Azure Kinect

Color 640 x 480 px (30 fps) 1920 x 1080 px (30 fps) 3840 x 2160 px (30 fps)

Depth 320 x 240 px (30 fps) 512 x 424 px (30 fps) 640 x 576 px (30 fps)

FoV 57° x 43° 70° x 60° 75° x 65°

Range (Max) ~13 ft (4 m) ~15 ft (4.5 m) ~12.5 ft (3.9 m)

Type Structured Light Time of Flight Time of Flight

Table 1: A comparison of Microsoft depth camera sensors.
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v2 sensors were found to be sufficient for area 
coverage. (Figure 3).

Kinect v2 sensors were placed at all three 
scenes and were calibrated and registered in IPi 
Motion CaptureTM software to other Kinect 
sensors in pairs. The registration process was 
completed using a square whiteboard and 
rotating the board within the view of multiple 
sensors. Once registered in pairs and calibrated, 
the sites were documented using depth sensor 
data from the Kinect v2 (Figure 4).

The sites were also documented with LiDAR 
using FARO laser scanners. Each scan was a 
full 360° scan covering the general area where 
the Kinect sensors were set to record depth 
mapping, as well as extended areas beyond 
where the Kinect sensors were recording data. 
These laser scans were then registered in FARO 
Scene. The type of scanner, number of scans, 
scan points used for comparison at each scene is 
noted in Table 2.

To compare the depth mapping from the 

Figure 3: Sites 1, 2, and 3 in order from left to right.

Figure 4: Site 1–Kinect v2 Depth mapping with color gradations based on distance (left) and a video frame 
RGB (right).

Site Kinect v2 
Sensors

Laser Scans
FARO

Comparison 
Points

1 
(ave.)

4  430340

 S350, X330 5790342

2
4  346283

 S350, F120 14088923

3
2  343372

 S350 36578843

Table 2: Data collection per site.
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Kinect v2 data sets, point clouds were exported 
in .pts file format from the IPi software. 
Similarly the baseline data from the laser 
scans were exported from FARO Scene in .pts 
format. Both the depth mapping point clouds 
and laser scan point clouds were brought into 
CloudCompare for alignment and comparison. 
The point clouds were aligned using multiple 
point pairs, and the cloud-to-cloud distance was 
then calculated using nearest neighbor. Figure 
5 shows the Kinect v2 data on the left and the 
alignment of the same data (colorized based on 
distance) to the laser scan data on the right.

The Kinect v2 sensor has a frequency of 30 
Hz. To assess the accuracy of the Kinect v2 depth 
mapping at single points in time, no temporal 
filtering of the Kinect v2 depth mapping data 
was used. Each of the Kinect depth map data 
sets were recorded in approximately 1/30th of a 
second.

The general procedure used for recording the 
depth mapping data can be described as:

1. Perform site analysis and determine the 
number of sensors needed.

2. Setup computer hardware and Kinect 
sensors with overlapping coverage in 
capture area [15].

3. Power up the Kinect v2 sensors and allow 
approximately 25 minutes of warm up to 
achieve consistent results [13].

4. Calibrate the depth mapping sensors.

5. Record using iPi Recorder application.

6. Export sequence of time as individual 
point clouds (.pts file format at ~1/30th of a 
second).

Results
For site 1a Kinect v2 depth map point cloud 
representing approximately 1/30th of a second 
was exported and compared to laser scan data. 
An average of 80% of the points were found 
to be within ±1 inch (2.5 cm) of the laser scan 
data, with a standard deviation of 1.5%, and 
an average 94% of the points were found to be 
within ±1.5 inches (3.8 cm) of the laser scan 
data, with a standard deviation of 0.7% (Figure 
6).

For site 2, one Kinect v2 depth map point 
cloud, representing approximately 1/30th of a 
second was compared to laser scan data. 84% of 
the points were found to be within ±1 inch (2.5 
cm) of the laser scan data, and 93% of the points 
were found to be within ±1.5 inches (3.8 cm) of 
the laser scan data (Figure 7).

For site 3, one Kinect v2 depth map point 
cloud, representing approximately 1/30th of a 
second was compared to laser scan data. 82% of 
the points were found to be within ±1 inch (2.5 
cm) of the laser scan data, and 92% of the points 
were found to be within ±1.5 inches (3.8 cm) of 
the laser scan data (Figure 8).

To assess any temporal accuracy differences, 
depth mapping from Site 1 was analyzed at two 
additional times for a total of three distinct 
points in time. These data sets were labeled as 
Site 1A, Site 1B, and Site 1C. Table 3 contains 
the number of comparison points from the laser 

Figure 5: Site 1 – Kinect depth map (left) and alignment to laser scan data (right).
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scan data and the Kinect depth map data, as 
well as the points in time when the Kinect 
sensor data was collected.

The location of the depth mapping sensors 
was static, and the same alignment was used 
for all three Kinect depth map data sets for 
comparison to laser scan data. An average of 
80% of the points were found to be within 
±1 inch (2.5 cm) of the laser scan data, with 
a standard deviation of 1.5%, and an average 

95% of the points were found to be within ±1.5 
inches (3.8 cm) of the laser scan data, with a 
standard deviation of 0.7% (Table 4, Figure 9).

The resulting accuracy of Kinect v2 depth 
map sensor data when compared to LiDAR 
data from the laser scanners was similar across 
all depth map data sets. For all three sites, an 
average of 82% of the points were found to 
be within ±1 inch (2.5 cm) of the laser scan 
data, with a standard deviation of 1.4%, and 

Figure 6: Site 1 – Kinect depth data point count at distance (absolute inches) from laser scan data.

Figure 7: Site 2 – Kinect depth data point count at distance (absolute inches) from laser scan data.

Figure 8: Site 3 – Kinect depth data point count at distance in absolute inches from laser scan data.
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Figure 9: Sites 1A, 1B, 1C – Kinect depth data point count at distance in absolute inches from laser scan data.

Site Kinect v2 Laser Scan
Data

Time (min: sec: 
frames)

Comparison 
Points

1A
X  0:27:13 435403

 X NA 5790342

1B
X  0:28:03 429838

 X NA 5790342

1C
X  0:28:15 425779

 X NA 5790342

Table 3: Kinect v2 depth mapping for site 1A, 1B, and 1C, is compared with the 
number of comparison laser scan data points.

Site 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0

1A 25% 45% 64% 80% 89% 94% 97% 98%

1B 23% 42% 62% 79% 89% 94% 97% 98%

1C 25% 46% 65% 82% 92% 96% 97% 98%

Average 24% 44% 64% 80% 90% 95% 97% 98%

STDEV 1.1% 1.9% 1.1% 1.5% 1.2% 0.7% 0.4% 0.2%

Table 4: The percentage of Kinect v2 depth map data is based on distance (absolute inches) from laser scan 
data.

an average 93% of the points were found to be 
within ±1.5 inches (3.8 cm) of the laser scan 
data, with a standard deviation of 1.1% (Table 
5, Figure 10).

To assess the accuracies of using an array of 
Kinect depth mapping sensors for recording 
positions of characters that might also be 
used in motion capture, a participant that 
was included in both the depth mapping and 
laser scan data sets from site 2 was analyzed. 
During the process of recording both the 
depth mapping data and during the laser scan 
data capture, the participant was instructed to 
remain still. The depth mapping data set was 
captured in approximately 1/30th of a second, 

while the laser scan data took approximately 10 
seconds to record. The depth mapping points 
recorded on the participant were separated 
from the complete depth mapping data set and 
totaled 40,128 points. The laser scan points 
recorded on the participant and were separated 
from the complete laser scan data set and 
totaled 462, 560 points. The depth mapping 
data was then compared to the laser scan data 
collected on the participant. For the participant 
biped data captured, 87% of the points were 
found to be within ±1 inch (2.5 cm) of the laser 
scan data and 99% of the points were found to 
be within ±1.5 inches (3.8 cm) of the laser scan 
data (Figure 11).
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Site 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0

1 (ave.) 24% 44% 64% 80% 90% 95% 97% 98%

2 26% 52% 73% 84% 90% 93% 95% 96%

3 35% 58% 72% 82% 88% 92% 95% 96%

Average 29% 51% 70% 82% 89% 93% 95% 97%

STDEV 4.7% 5.6% 4.3% 1.4% 0.8% 1.1% 1.1% 0.8%

Table 5: The percentage of Kinect v2 depth map data is based on distance (absolute inches) from laser scan 
data.
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Figure 10: A comparison of Sites 1, 2, and 3 with the percentage of Kinect depth map data displayed at 
distance (absolute inches) from laser scan data.

Figure 10: The Kinect depth data for Biped is shown with point count at distance (absolute inches) from laser 
scan data.
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Conclusions
The Kinect v2 depth mapping sensor collects 
3D data at a rate of 30 Hz. This data can be 
separated into individual point clouds each 
representing 1/30th of a second and each 
containing hundreds of thousands of individual 
3D data points.

The accuracy of Kinect v2 depth map sensor 
data was compared to LiDAR data from laser 
scanners at three different sites. An average of 
82% of the points were found to be within 
±1 inch (2.5 cm) of the laser scan data, with 
a standard deviation of 1.4%, and an average 
93% of the points were found to be within ±1.5 
inches (3.8 cm) of the laser scan data, with a 
standard deviation of 1.1%.

The accuracy of Kinect v2 depth map sensor 
data was also compared to LiDAR data from a 
Laser scanner on a biped (person). The biped 
data had results similar to the site data sets. An 
average of 87% of the points were found to be 
within ±1 inch (2.5 cm) of the laser scan data 
and 99% of the points were found to be within 
±1.5 inches (3.8 cm) of the laser scan data.

The ability of the Kinect v2 to record 
hundreds of thousands of 3D data points 
every 30th of a second with these accuracies 
makes this technology uniquely suited for 3D 
analysis and visualization. This technology 
has proven useful for, evaluating witness-
based statements including specific timing and 
positing, evaluating use of force scenarios with 
complex interactions, evaluating the accuracy 
of other positional determination technologies 
and methodologies, and creating accurate 
human-based motion used in 3D visualizations 
prepared for the trier of fact [17, 18].

There are other contemporary forensic 
applications for this technology and the 
advancement of this technology with increased 
accuracy, increased sensor depth mapping 
distances and increased FoV, will open doors to 
additional applications.
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