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Research Needs 

Measuring the dynamic displacements of a bridge provides a comprehensive understanding of 
the structure, especially when subjected to different types of dynamic loading (i.e., wind, traffic, 
impact loads, etc.). Once the measured dynamic displacements are available, the data is valuable 
for structural health monitoring and can be used to identify dynamic properties of the structure 
[1, 2, 3, 4], abnormal patterns of structural response [5], and/or excessive loading. However, 
despite the benefit of providing critical information and maintenance guidance, direct 
displacement are typically not measured due to the logistical issues of sensor placement and 
maintenance and the impracticality of instrumenting contact-based sensors across all significant 
structures. Stationary, contact-free remote sensors, such as cameras or laser Doppler, have been 
studied in the literature to more efficiently measure displacements directly [6, 7, 8, 9, 10, 11]; 
however, finding a safe placement area for the stationary system is a barrier in some 
applications. 

Remote sensing using uncrewed aerial systems (UAS) has been increasingly studied as a more 
affordable and convenient alternative for measuring displacement in hard-to-reach locations. One 
of the major challenges of using a UAS-based sensing system is that there is still a level of drift 
and rotation of the UAS as it hovers and may introduce measurement errors. To correct these 
errors, the motion of the UAS must be measured. Although the UAS can hover precisely in the 
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air using GPS and other sensors, these existing technologies cannot provide position data with 
enough precision for dynamic displacement measurements (typically only on a cm level). 
Although some site-, sensor-, or outcome-specific techniques were able to overcome the UAS 
drift issue (i.e., [12], [11], [13], respectively), correcting the movement of the UAS in a more 
general approach is still a challenge for UAS-enabled dynamic displacement measurements. In 
addition to the need to precisely track the UAS movements, many of the previously mentioned 
camera-based techniques implement an artificial pattern or target to provide accurate 
measurements (such as [12, 14, 15, 16]); however, such a technique would prove problematic in 
the field as accessibility might be an issue. In addition, when using an artificial/targeted area, the 
entire field of view (FOV) of the camera is not utilized, limiting its functionality. A more 
feasible and user-friendly approach would be to use the natural features of structures or their 
surroundings. 

In this context, this project examines developing a novel UAS-based dual stereo vision system. 
The system employs four total optical sensors; two cameras are directed toward a specific region 
of interest (ROI) to capture the movement of the structure, while the other two cameras are 
aimed at a fixed reference point to track the UAS’s movement. The cameras operate using 
passive stereo vision to record the 3C dynamic displacements. Implementing a dual stereo vision 
system on a UAS in a large-scale application presents four major challenges, each addressed in 
the Research Methods. First, a novel four-camera calibration technique will be developed to 
measure the precise location (i.e., the offset of each camera relative to another camera) and 
rotation of each camera. This dual stereo calibration will be performed in addition to typical 
camera calibration (i.e., solving internal camera parameters) and stereo vision rectification (i.e., 
solving external camera parameters between a camera pair) to relate each camera pair together. 
This work’s four-camera calibration is Challenge #1. Increasing the distance between the UAS 
and the bridge would allow for a safer and easier flight with a larger measurement FOV (as 
compared to previous works). Affordable hardware without needing zoom lenses, which would 
restrict the FOV, is also required. Therefore, Challenge #2 is to study the effect of increasing the 
baseline (i.e., the distance between a camera pair) and implementing higher-performing (and 
affordable) cameras. Third, instead of artificial targets, the system will identify and track natural 
features in the structure. This will provide a more straightforward process in the field. Challenge 

#3 is to explore and test using only natural features as measurement targets. Lastly, the 
measurement system will have to correct for the random drift (i.e., x, y, and z displacements) and 
rotations about all axes. Challenge #4 is to precisely measure the drifts and rotations based on 
the reference target area and compensate for these movements in the measurements of the ROI. 

Research Objectives 

We aim to develop a robust system to measure the dynamic displacements of a structure. The 
research objectives of this study are to: 
1. Provide a non-contact 3C displacement measurement system for an inspector to perform 

short-term structural surveillance. 
2. Develop a technique to calibrate all four cameras together precisely. 
3. Build the 3C displacement measurement system on a UAV to provide a portable platform for 

inspection and account for displacements and rotations of the UAV during its flight. 
4. Apply the proposed UAV-enabled measurement system in a real-world application. 
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Research Methods 

1. Double pair calibration: The implementation of four cameras onto a UAS is novel; therefore, 
a technique to precisely measure the location of each camera relative to the other must be 
developed. For instance, the camera's rotation and offset must be known to transform the 
measurement between the two camera pairs. To find the relative positions of the cameras, the 
camera's poses will be measured using a calibration plane. The workflow and best practices to 
achieve the highest accuracy will be developed. 

2. Increased measuring distance from the UAS to the structure: An increased working distance 
between the UAS and structure will make the proposed technique more viable for practitioners. 
The system must also implement more affordable hardware with a large field of view (i.e., no 
extended zoom lenses). High-performing, cheap action cameras should provide the best trade-off 
between working distance, accuracy, and costs. In addition, the baseline, or distance between the 
cameras, will be increased to the limits of the UAS. Increasing the baseline theoretically 
increases the accuracy of the measurements. This theoretical assumption will be practically 
tested, and the best practices based on the measuring distance and accuracy will be developed. 

3. Identification and tracking of only natural features: Although using artificial targets to track 
displacements may provide a more straightforward technique and possibly more accurate 
measurements, it is not as practical for implementation. Therefore, this study will focus on the 
more practical approach of not requiring any artificial targets on the structure. The tradeoff 
between accuracy, ease of implementation, the number of features identified based on the type of 
material and distance, and the reliability of using only natural features will be investigated. 

4. Measurement rotation correction: As the UAS hovers during field measurement, there is 
slight random drift (i.e., x, y, and z displacements) and random rotations about all axes. The 
proposed system will need to correct these rotations. A technique to precisely measure the 
location and rotation of the UAS as it hovers will be developed using a stationary reference 
target. This target could either be an artificial target (i.e., GPS-referenced marker) or natural (i.e., 
pier, ground, etc.). The best practices will be identified. 

Expected Outcomes 

The proposed UAS-enabled dual-stereo vision measurement technique will be able to measure 
the 3C dynamic displacements of bridges. A pilot will be able to hover the UAS next to the 
structure with the two camera pairs measuring the displacements of the structure and the 
displacements and rotations of the UAS without the need for artificial targets. A novel technique 
to calibrate the four cameras with respect to each other will be presented along with the end-to-
end workflow to obtain the displacement measurements. 

Relevance to Strategic Goals 

This study is most closely related to the strategic goal: State of Good Repair. The research in this 
MPC project is intended to provide bridge managers with a resource efficient method to provide 
understanding of existing asset condition so they can better plan for maintenance and renewal 
activities. 
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Educational Benefits 

One graduate student will participate in the project including writing one paper and a report, 
which will result in part of his/her dissertation. The student will gain valuable experience in the 
field of asset management and infrastructure inspection/evaluation. 

Technology Transfer 

We will prepare journal article(s) about the findings and methods. We anticipate working with 
local officials to apply this measurement framework on a bridge. 

Work Plan 

This research project will consist of four main tasks: 

Task 1: Develop the proper calibration of the four cameras through camera calibration, 
rectification, and pair calibration. Task 1 is expected to be completed in 3 months. 

Task 2: Determine the end-to-end process to obtain the measurements with the four-camera rig 
and correct for the rotation and displacements of the camera rig. Task 2 is expected to be 
completed in 5 months. 

Task 3: Apply the measurement technique in a lab setting to determine the accuracy and best 
practices for application. Task 3 is expected to be completed in 3 months. 

Task 4: Perform a measurement task with the camera rig attached to a UAS. This task will be the 
real-world demonstration of the proposed technique. Task 4 is expected to be completed in 1 
month. 

Project Cost 

Total Project Costs: $121,000 
MPC Funds Requested:  $ 55,000 
Matching Funds:  $ 66,000 
Source of Matching Funds: Colorado State University 
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