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Summary

Robust monitoring of bridges is necessary to ensure its serviceability and traffic safety. A reliable sensing system
to measure bridge responses is the key to such monitoring approaches. This research discusses the resilience of
vision-based monitoring (VBM) for accurate and reliable bridge monitoring. VBM deploys cameras to capture the
movement of bridges and uses suitable image processing algorithms to derive information on bridge health. VBM
as a low cost and user-friendly monitoring system for accurate response measurement, simultaneous multiple
target tracking and hardware adaptability is assessed based on literature. Measures to make VBM resilient in
adverse field conditions are also discussed. Overall findings emphasise the accuracy and reliability of VBM for
holistic and cost-efficient monitoring of bridges.
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1. Introduction

Bridges are important assets of civil infrastructure that enables mobility and has both economic and
social significance. However, most of the existing bridges are ageing. For example, the majority of the
currently operating bridges in Europe were built in the 1950s and are reaching the end of their design
life (Gkoumas et al., 2019). With continuously increasing traffic loads, it is becoming increasingly
important to monitor and maintain these ageing infrastructures. Recent tragic incidents like the Genoa
Bridge Collapse (O’Reilly et al., 2018) further highlights the need for efficient bridge monitoring.
Traditionally brides are monitored periodically through a visual survey of its accessible parts. Such
visual inspections are subjective and susceptible to human error. Structural health monitoring (SHM)
systems are more frequently introduced in bridge condition assessment. Robust and continuous
measurement of bridge responses such as displacement, strain, etc. under applied loads (e.g., traffic
load, temperature and wind) provide information on bridge performance. A general bridge SHM
framework is illustrated in Figure 1. Bridge responses are measured with contact sensors such as a
linear variable differential transducer, Fibre Bragg Grating sensors, etc. or non-contact sensors such
as cameras. Response time-histories are analysed for anomaly such as damage in the bridge.
Thereafter, bridge management authorities intervene in maintenance work, if required, based on the
outcome of analysed data.

This research discusses the resilience of vision-based monitoring for accurate and reliable bridge
monitoring. VBM is a non-contact, non-destructive system that measures structural responses using
advances in camera technology and computer vision. These systems pose competitive advantages
over contact sensors. For example, cameras can be found at low-cost; VBM is non-destructive, offers
measurement collection of multiple targets, and has simple instrumentation and installation (Xu and
Brownjohn, 2018). This abstract aims to analyse the performance of VBM for bridge response
measurement in terms of accuracy, distributed monitoring, hardware adaptability and identifies means
to make VBM resilient by addressing its limitations based on literature.
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Figure 1: A general framework of Bridge health monitoring (Borah et al., 2020)
2. Vision-based monitoring of bridges

Vision-based monitoring (VBM) systems consist of hardware components such as cameras, lens,
tripods, etc for image collection and image processing algorithms for measurement of structural
responses. These are non-contact sensors and measure structural responses such as deflections and
strain which are analysed for structural performance. Figure 2 shows a schematic arrangement of VBM
used for monitoring the mid-span structural response of a truss bridge. VBM measures displacements
of targets (structural features) under loading using suitable image processing algorithms (Feng and
Feng, 2018). The targets can be natural targets such as bolts and nuts or artificial targets attached to
the bridge. In Figure 2, sequential image frames, In (n =0,1,2,3,...,n) of the mid-span joint are captured
corresponding to time t, (n = 0,1,2,3,...,n). to represents the time of no loading. Position of targets in the
sequential images is tracked over time to generate its displacement-time histories. VBM commonly
uses the concept of digital image correlation to track the position of targets. Digital image correlation
compares images of the structure in reference (un-deformed) and current (deformed) frames to provide
full-field displacements and strains (Bing et al., 2009). The algorithms are a combination of suitable
sub-pixel registration, template matching and camera calibration techniques. Template matching is the
principal component of the algorithm. Commonly used template matching approaches are area-based
matching, feature-based matching, optical flow estimation and shape-based matching. Structural
responses such as strains and natural frequency are then derived from the measured target
displacements (Brownjohn et al., 2017).
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Figure 2: Schematic of a vision-based monitoring system
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3. Resiliency of VBM

A resilient monitoring system provides accurate and reliable structural safety information with simpler
instrumentation, minimal health and safety hazard and at optimal cost. It should also be able to sustain
errors induced by environmental factors and mechanical malfunction in long-term monitoring. This
section discussed VBM as a resilient monitoring system for bridge monitoring.

3.1. Accuracy

The measurement accuracy of vision-based technology is dependent on parameters such as camera-
to-target distance, target pattern features, lighting conditions, camera mounting stability and video-
processing methods (Xu and Brownjohn, 2018). Khuc et al. (2017) suggested a measurement accuracy
of 0.04 mm based on a vision-based laboratory experiment in a short-range distance (<14 m). A sub-
pixel accuracy of 0.5 to 0.01 pixel had been reported in algorithms used for vision-based monitoring
(Bing et al., 2006). VBM system has shown promising evidence in providing reliable information on
bridge performance such as its deflection profile, load carrying capacity, damage detection, vibration
serviceability assessment, etc. (Dong and Catbas, 2020).

3.2. Distributed monitoring

Most contact sensor-based SHM systems require numerous sensors for distributed monitoring of
bridges. However, multiple targets in the bridge can be tracked using a single camera or a combination
of a few cameras in VBM. Lydon et al. (2018) developed a vision-based monitoring system using two
modified GoPro cameras for distributed displacement measurement in Verner bridge, Northern Ireland.
Kromanis et al. (2019a) created super-resolution images of the entire laboratory beam by stitching
images captured by a robotic camera which can provide high-resolution data points for distributed
monitoring of the structure. Xu et al. (2018) achieved measurement accuracy of £0.037 mm for camera-
to-target distance of 5.70 m using a GoPro camera fitted with a wide-angle lens to measure the
displacement of several targets in a laboratory beam. Thus, VBM can enable holistic monitoring of
bridges at a low overall cost and with simpler instrumentation.

3.3. Hardware adaptability

VBM system is adaptable with multiple camera types thereby facilitating a flexible and cost-effective
monitoring system as per user’s requirement. Lydon et al (2018) achieved high accuracy in measuring
the displacement of a laboratory beam using a Nikon D180 (approximate cost £2500) as well as a
modified GoPro (approximate cost £500) camera. Unmanned aerial vehicles are emerging hardware
used in VBM to collect visual information of damages in structures (Perry et al., 2020). Moreover,
promising accuracy of response measurement has been recorded by researchers using readily
available advances in the in-built camera of smartphones (Kromanis et al., 2019b; Orak and Ozturk,
2018).

3.4. Making VBM resilient

VBM has easy instrumentation that can enable accurate distributed monitoring of structures at a low
cost. The resiliency of VBM can be further improved by mitigating its common errors sources such as
camera-movement, environmental factors, etc. Camera unsteadiness can induce an error in
measurement, especially in long term field applications due to motion induced by wind, traffic vibration,
etc. Camera-motion induced errors are usually compensated in VBM by using stationary objects in the
background as a reference. Lee et al. (2020) proposed a dual-camera system where the main camera
tracks the target and the sub-camera, tightly attached to the main camera, measured the 6-DOF motion
of the main camera. Motion induced error calculated from the 6-DOF motion of the main camera
compensated the error from 44.1 mm to 1.1 mm. The camera assembly is often sheltered in tents to
avoid error due to wind in field implementations (Ribeiro et al., 2014). Environmental factors such as
illumination level, fog, background disturbance can interfere with field implementation of VBM. Ye et al.
(2016) encountered difficulty in pattern matching when the illumination level was below 75 lux and the
vapour level was high. Such error due to bad weather can be enhanced by applying suitable image
processing algorithms. Artificial lights are also used to illumination the targets (Ribeiro et al., 2014).
Vasileva et al. (2018) successfully adapted VBM to sustain the extreme cold climate of Russia by
incorporating an auto-heating unit and a drying cartridge in the camera unit.
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4. Conclusions

Frequent monitoring and timely maintenance are crucial to ensure the serviceability of bridges and
avoid catastrophic failures such as Genoa Bridge Collapse. Cameras and computer vision technology
comprises the vision-based monitoring (VBM) system to provide accurate non-contact monitoring of
bridges. This abstract evaluates the performance of VBM as a resilient monitoring system based on
literature. Following conclusions can be drawn:

(&) Measurement accuracy of about 0.04 mm or sub-pixel accuracy of 0.5 to 0.01 pixel has been
reported in the literature.

(b) The required accuracy of VBM has been achieved for simultaneous monitoring of multiple
targets using one or a combination of a few cameras.

(c) The monitoring system is adaptable with a range of low-cost and expensive cameras, thereby
enabling a flexible monitoring system as per users’ need.

(d) The resiliency of VBM can be improved by incorporating innovative measures to eliminate
common errors sources such as camera-movement, environmental factors, etc.
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