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On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Design and Demonstration of an Improved Optical Multiplexer
for Vision-based Vibration Monitoring of Civil Structures

Matthew Whelan, Youngjin Park, and Timothy Kernicky

Abstract Computer vision-based approaches to measuring the static displacement and vibration of civil structures offer
the potential to reduce the cost and logistical complexity of structural health monitoring systems. However, the applica-
tion of computer vision for displacement measurement of many civil structures is challenged by the small magnitude of
displacements under operational loads relative to the physical size of the structure. Consequently, achieving sufficient mea-
surement resolution of displacement with conventional vision-based systems typically requires imaging of a small field of
view rather than the full expanse of the structure. As an alternative to costly synchronization of multiple cameras or the use
of reference-based methods, an optical multiplexer can be used to acquire multiple sub-fields of view with a single camera
to simultaneously acquire displacement measurements at several locations across a large civil structure. The authors have
previously presented a low-cost liquid crystal optical multiplexer assembly with 3D printed fixture and demonstrated the
ability of the multiplexer to track the displacement of optical targets within sub-fields of view. However, the opening and
closing time of the general-purpose liquid crystal shutter limited the utility of the optical multiplexer for vibration measure-
ment. This paper further explores the use of optical multiplexing for measurement of dynamic displacements by redesigning
the instrumentation with a fast optical shutter. The design and operation of the optical multiplexer is presented including the
selection and characterization of the optical shutter and imaged sub-fields of view. Additionally, translation of the technol-
ogy from the laboratory to the field is examined by acquiring vision-based measurements from a structure under ambient
conditions.

Keywords Optical multiplexing · Vision-based measurement · Vibration measurement · Full-field displacement measure-
ment · Structural health monitoring

Introduction

Vision-based methods for structural health monitoring of civil structures have received significant attention over the past
decade, driven by the potential to provide a convenient and relatively low-cost, non-contact approach to monitoring struc-
tural response. Significant improvements in image resolution of digital cameras have enabled accurate static and dynamic
displacement measurements with consumer-grade cameras [1, 2]. Recent studies have demonstrated the capability of vision-
based approaches to acquire structural responses and estimate system properties for structural health monitoring of full-scale
bridges or critical bridge components. For example, an influence line for the vertical displacement at a midspan location of a
continuous box-girder highway bridge has been constructed with a vision-based system [3], modal parameters of stay cables
of full-scale bridges have been estimated using phase-based motion magnification to enable inverse identification of tension
forces [4], and natural frequencies and damping ratios for several modes of a large cable-stayed bridge have been estimated
using an array of consumer-grade cameras equipped with long focal lenses [5].

The motivation for introducing an optical multiplexer into a vision-based approach for monitoring civil structures stems
from the inherent trade-off between field of view and spatial resolution. Wide field imaging is desirable to permit capture of
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as much of a structure into the image to maximize the sampled region. However, the spatial resolution is degraded by the
use of a large field of view, since the pixel area of the imaging sensor is applied over a large physical area. The use of long
focal length lenses, and subsequent reduction of the field of view to a small region of interest, is often necessary to produce
sufficient spatial resolution to measure dynamic displacement of bridges [6]. In the absence of optical multiplexing, multiple
cameras are required to acquire vision-based measurements at several regions of interest across a large civil structure. Al-
ternatively, a roving camera technique developed by Wang et al. [7] can be employed where a series of targets or regions of
interest are sequentially sampled while acquiring simultaneous images of a reference target with a second, stationary camera.
However, this approach requires linear, time-invariant response, either controlled and repeatable or white-noise excitation,
and independent compensation of camera motion for each camera. Optical multiplexing offers the potential capability to ac-
quire multiple sub-fields of view using a single, stationary camera, thereby reducing the number of cameras and eliminating
the challenges associated with roving techniques.

The current work builds on the design and demonstration of a low-cost optical multiplexer constructed with liquid crystal
(LC) shutters and a 3D printed fixture that was previously presented by Whelan and Park [8]. The optical multiplexer uses
the technique developed by Treeaporn et al. [9] that enables the superposition of multiple sub-fields of view onto a single
imaging sensor, while providing a means to reconstruct the images of the individual sub-fields of view. The superposition
of multiple sub-fields of view is achieved using a multiple beamsplitter arrangement, depicted graphically in Figure 1a.
A beamsplitter reflects light while simultaneously transmitting light. This allows for the transmission of light reflected by
any beamsplitters or mirrors positioned behind a beamsplitter, effectively superimposing multiple fields of view onto the
common image sensor of the camera. By adjusting the orientation of the mirror and beamsplitters, the individual fields of
view reflected to the camera can be controlled. To enable disambiguation of the composite image to facilitate reconstruction
of the images of the individual sub-fields of view, the multiplexer uses LC shutters to acquire a sequence of three non-
redundant measurements. This process is illustrated graphically in Figure 1b. First, an image is acquired with all shutters
open, resulting in a composite image formed by all sub-fields of view. Subsequently, images are acquired with shutters
sequentially closed, starting with the shutter in the first beamsplitter ahead of the mirror. If the shutters completely block
all transmitted light, then the individual pixels intensities of the acquired composite images are the simple sum of the sub-
image intensities and any measurement noise, which allows for direct inverse determination of the images of the individual
sub-fields of view. However, LC shutters are imperfect shutters and do transmit a small fraction of light in the closed state,
particularly if the orientation of the shutter is not perpendicular to the orientation of the camera lens. Treeaporn et al. [9]
detail a procedure for estimating leakage coefficients experimentally to construct a system model capable of accounting for
beamsplitter transmission and reflection coefficients as well as any absorptive losses.

Improvements to Optical Multiplexer Design

The low-cost optical multiplexer design presented in Whelan and Park [8] used two very low-cost 36 mm x 36 mm LC light
valves to serve as both shutters and beamsplitters in the multiplexer. Although the design produced a working prototype
that demonstrated the successful acquisition of static and dynamic displacement measurements from three sub-fields of
view, the LC light valves imposed several practical limitations on the performance. First, the 38 mm x 38 mm size of the
light valves was too small relative to the camera lens to acquire images from multiple fields of view with minimal overlap
without obstruction by the optical mounts. Second, the low-cost LC light valves had relatively long opening and closing
times, thereby limiting the practical switching speeds that could be used. At even a modest frame rate of 50 fps, a noticeable
reduction in transmitted light was observed for the fields of view behind the front shutter. The reduction in transmitted light
affected the ability to reconstruct the images for these fields of view at this frame rate, thereby limiting the ability of the
original multiplexer design to be used for dynamic displacement measurement.

To improve the optical multiplexer design, the low-cost LC light valves were replaced with fast optical shutters in a
larger format. Specifically, the 2nd generation fast optical shutter (FOS(G2)-IQ) manufactured by LC-Tec Displays AB with
a 45.6 mm x 47.6 mm clear aperture area was selected for the improved multiplexer design. The model selected includes
optical quality cover glass laminated to both sides of the shutter, which is recommended for imaging applications. These
fast optical shutters feature a specified minimum open state transmittance of 38.5%, minimum contrast of 2000:1, maximum
closing time of 1.8 ms, and maximum opening time of 6 ms when driven with a 4 VRMS signal. In theory, the opening time
of the fast optical shutter should permit the use of frame rates up to 150 fps without significant attenuation of the transmitted
light, provided that the ambient light is sufficiently high enough to limit exposure times to around 1 ms or less. This frame
rate was deemed sufficiently high for most envisioned civil structure applications of the optical multiplexer, as it results in
a maximum effective sampling rate of 50 fps for each sub-field of view. For other applications requiring higher frame rates,
one could use extra fast optical shutters, also available from LC-Tec Displays AB.
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Fig. 1 Optical multiplexer: (a) design; (b) conceptual operation

The LC shutters in the optical multiplexer in Whelan and Park [8] were driven directly by 5V counter outputs from a
National Instruments multifunction I/O device. However, driving an LC shutter directly from a 5V counter is not advisable
due to the introduction of a DC bias that can degrade the performance of the shutter. Furthermore, the current rating of
digital I/O channels is typically lower than the peak current required to achieve the specified switching speeds. To address
both of these issues, a small driver circuit was developed to interface the fast optical shutters to the multifunction I/O device.
The schematic for the circuit is shown in Figure 2a. The circuit relies on three synchronized counter output signals to
establish the timing of the waveforms driving each shutter. One side of each shutter is driven by inverter gates connected
to the first counter and wired in parallel to increase the potential to sink and source current. The other side of each shutter
is driven by 2-input exclusive-OR gates, also wired in parallel. The inputs to the exclusive-OR gates are the signal driving
the other leg of the shutter and additional counter signals that effectively control whether the shutter is driven closed or
restored to the open position. Figure 2b depicts the waveforms from the counter signals and the resulting drive voltage
across each shutter. Effectively, the Counter 0 signal establishes the polarity of the drive voltage across the shutters, while the
Counter 1 and Counter 2 signals control whether a voltage potential is developed across each respective shutter to close the
aperture. The SYNC signal is a simple digital output used as a start reference to synchronize the counters. This signal is also
connected to the digital camera to synchronize the acquisition of frames. For the prototype developed for this work, a Texas
Instruments SN74AC04N was used to provide the inverter gates and a Texas Instruments SN74AC86N was used to provide
the 2-input exclusive-OR gates. Both integrated circuits are capable of providing ±24 mA current output at the supply
voltage of 5V.

Lastly, the 3D printed fixture for the optical multiplexer prototype was redesigned to greatly improve the ease by which
the arrangement of optical components can be established for a given experimental setup. Figure 3 presents renderings of
the 3D printed fixture design in both an assembled view and an exploded view. The design of the slotted fixture that holds
the optic mounts, while permitting for adjustment of the position and orientation of the mirror and LC shutters, is largely
unchanged from the original design, except for increased sizing to accommodate the larger mirror and shutters. However,
a horizontal guide and longitudinal guide were designed and fabricated to allow for the fixture to be secured directly to
the camera rather than being independently supported. The adjustments permitted by the guides significantly reduce the
time required to establish the positions and orientations of the optics to sample the desired sub-fields of view with the
multiplexer.
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Fig. 2 Driving LC shutters with counter outputs: (a) schematic; (b) waveforms
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Fig. 3 Rendering of redesigned 3D printed fixture for optical multiplexer prototype: (a) assembled view; (b) exploded view

Field Demonstration

A preliminary field experiment was conducted with the new optical multiplexer prototype to demonstrate its performance
in monitoring the dynamic response of a geometrically large structure under ambient conditions. Specifically, a light pole
for the football stadium on the University of North Carolina at Charlotte campus served as the structure of interest for this
demonstration. Figure 4a presents a photograph of the stadium light pole taken at the time of the testing. A Phantom VEO
640L high-speed color camera was used to acquire the images with a frame rate of 150 fps and 4 Megapixel resolution. A
Nikon AF Micro-Nikkor 200mm f/4D IF-ED lens was used with the camera to focus the sub-fields of view on three local
regions of the pole: one near the groundline, one around the midheight of the pole, and one containing the supported lights at
the top of the pole. Figure 4b provides a photograph of the optical multiplexer configured directly below the long focal length
lens attached to the high-speed camera. The multiplexer was supported secondarily by a small tripod to mitigate vibration of
the fixture.

A series of composite images obtained from one of the recordings is presented in Figure 5. It is critical to note that a
linear polarizing filter of appropriate size was not available for the lens of the camera at the time of the testing and could
not be sourced before the submission deadline. Consequently, the image reflected from the front-most LC shutter during
the test was comprised of non-collimated light, while the images reflected from the mirror and middle LC shutter were
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(a)

Point A
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Fig. 4 Photographs of field demonstration: b) stadium light pole; (b) tripod-mounted camera with optical multiplexer

linearly polarized by their transmission through the open LC shutters. As a result, the intensity of light from the sub-field
of view reflected by the front-most LC shutter, X3, was significantly higher than that produced by the other sub-fields of
view. This imbalance caused the X1 and X2 images to be less apparent in the composite images and degraded the quality
of the reconstruction of the individual sub-fields of view. Consequently, reconstructed images of the individual sub-fields of
view are not presented in this paper and will be reserved for future publications after the authors repeat the experiment with
a linear polarizing filter to improve the relative balance of the sub-field of view image intensities. This future work will be
presented at the conference and will serve to formulate conclusions and recommendations related to the performance of the
revised optical multiplexer design.

(a) (b) (c)

Fig. 5 Composite images obtained with prototype optical multiplexer: (a) all shutters open: X1 + X2 + X3; (b) middle
shutter closed: X2 +X3+leakage; (c) both shutters closed: X3+leakage

Despite the issue related to the relative intensities of the sub-fields of view that arose due to the lack of a polarizing
filter, the images recorded with the optical multiplexer assembly were post-processed to extract displacement time history
estimates to demonstrate the ability to track features from different sub-fields of view. The Sandia National Laboratories
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(a)

(b)

Fig. 6 Displacement time histories obtained from tracking of natural features: (a) with optical multiplexer ; (b) without
multiplexer

Digital Image Correlation Engine (DICe) software application [10] was used to extract displacement time histories from
regions with natural features using the tracking analysis mode. For all analyses, the gradient-based optimization method was
used after Gauss filtering the images with a 13 pixel filter window. The two locations, denoted as Point A and Point B in
Figure 4a, which originate from two different sub-fields of view were tracked over the duration of one of the recordings.
Point A originates from the sub-image reflected from mirror, while Point B originates from the sub-image reflected by the
front-most LC shutter. During the testing, the weather was mild and the wind speed was estimated to be only around 8
km/hr (5 mph) based on observations from a local weather station. As a result of the limited ambient excitation, the vibration
amplitude in the light pole was expected to be low. Figure 6a provides the time histories obtained from tracking natural
features of the pole at the locations of interest. The displacements amplitudes are generally less than a pixel in amplitude, but
the relative amplitudes at the two locations suggest vibration of the light pole in its fundamental mode. By Fourier transform,
the fundamental natural frequency of the pole was estimated to be 0.39 Hz. For comparison, the multiplexer was removed
from the camera and the top region of the pole was monitored using a conventional configuration of the high-speed camera
with the same long focal length lens. A horizontal displacement time history obtained by trajectory tracking of Point B
without the multiplexer is presented in Figure 6b. Since this motion was captured at a different instance in time than the data
in the corresponding Figure 6a, the waveforms are not expected to be identical in either amplitude or phase. However, the
dominant period of the response is very similar to that observed with the optical multiplexer and Fourier transformation of
the data confirmed that the frequency component of greatest amplitude occurred at 0.39 Hz.

Conclusion

Optical multiplexing has been previously shown to provide a practical means of sampling multiple regions of interest across
geometrically large civil structures while maintaining the improved spatial resolution obtained with the use of long focal
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length lenses. This paper discloses improvements to a preliminary low-cost optical multiplexer design to improve the capa-
bilities for monitoring dynamic displacements. Specifically, the general purpose LC light valves were replaced with large
format LC fast optical shutters to significantly reduce the opening and closing times to enable faster frame rates to be used
without attenuating the intensity of light from the sub-fields of view transmitted through the LC shutters. A circuit for ef-
ficiently driving the LC shutters without introducing DC bias was presented and modifications to the 3D printed fixture to
improve the usability of the optical multiplexer assembly were described. A preliminary field experiment was conducted
where the vibration of a stadium light pole was monitored with high-speed camera equipped with a long focal length lens
and the prototype optical multiplexer assembly. The images acquired during the testing confirm proper functionality of the
LC shutters at a frame rate of 150 fps and enabled displacement measurements through feature tracking within different
sub-fields of view. Due to the absence of a linear polarizing filter, a significant imbalance of light intensity across the images
from the three sub-fields of view was present, which compromised the quality of reconstruction of the individual sub-fields of
view. Remedy of this issue is straightforward and will be presented in conference presentation as well as future publications.
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