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Chapter 4
ForceFinder: A Python Package for Inverse Source Estimation

Steven Carter

Abstract Inverse source estimation (ISE) is a common technique in structural dynamics, with applications in transfer path
analysis (TPA), multiple-input / multiple-output (MIMO) vibration control, and force reconstruction. Unfortunately, ISE is
an ill-posed process, which makes it sensitive to measurement noise and modelling errors. Many techniques have been pro-
posed to mitigate the issues related to the ill-posed nature of the problem. However, it can be difficult for the practitioner to
implement and use the techniques, limiting their adoption. Simple bookkeeping mistakes can also lead to significant errors
in the estimated sources. ForceFinder was created to mitigate these problems and make ISE easier to perform. It does this
with a SourcePathReceiver object that automatically performs the bookkeeping without intervention from the user. Several
advanced ISE techniques have also been implemented as methods for the SourcePathReceiver object, which gives non-expert
practitioners access to the techniques. ForceFinder also has functions to benchmark and compare the different ISE techniques
on a simple academic problem. It is hoped that ForceFinder can become a common framework for ISE problems, making it
easier for researchers and practitioners to collaborate and accelerate the adoption of advanced ISE techniques.
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Introduction

Inverse source estimation (ISE) is a common technique in structural dynamics, with applications in force reconstruction
[1], transfer path analysis (TPA) [2], and multiple-input / multiple-output (MIMO) vibration control [3]. Unfortunately, ISE
is known to be an ill-posed process that is sensitive to measurement and modelling errors [4—-6]. Many techniques have
been developed to improve the robustness of ISE to these errors [7-17] but very few of them have been implemented in
commercial software, limiting their adoption. Further, most of the proposed techniques are algorithmically complex, which
makes it difficult for the practitioner to implement and use them. The implementation difficulties are further compounded
by the strict bookkeeping requirements in ISE. Consequently, it is difficult for the practitioner to use advanced ISE methods
in “production” work, where the software must work “out of the box”, as compared to research work where in-situ code
modifications are acceptable.

These implementation details may stifle advancements in ISE, since researchers and practitioners may not be able to use,
benchmark, and compare all the available ISE methods. The ForceFinder Python package [18] was created to mitigate these
issues and make ISE easier to perform, this package can be found at https://github.com/sandialabs/forcefinder. The project
has two main goals:

1. Advance the state of the art in ISE via frequency response function (FRF) matrix inversion by creating a common
framework to implement and review different ISE methods.

2. Make it easier for non-expert practitioners to use advanced ISE methods through the creation of a simple object-
oriented framework that can be used with a “low code” approach.

This paper will briefly introduce the ForceFinder ISE theory and framework, describe the ISE methods that have been
implemented in the package (at the time of writing), describe some benchmarks that are included with the package, and show
a simple example of using the package.
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ISE Framework in ForceFinder

ForceFinder introduces an object oriented framework for ISE problems that is based on the SourcePathReceiver (SPR) object,
which leverages the objects in the SDynPy [19] Python package. The SPR object holds all the fundamental information for
an ISE problem that is based on FRF matrix inversion. The fundamental parameters that create a SPR object are (some
parameters are required while others are not):

* FRFs —required for object initialization
» Responses — required for object initialization
* Forces — not required to initialize the object, but will be stored in the object once they are estimated

* Response and reference (force) transformations — not required for object initialization, but may be used for a virtual
point transformation (VPT) [20, 21], etc.

These parameters are passed to the object initializer/constructor as SDynPy objects, which allows ForceFinder to auto-
matically organize the data. The data is stored as NumPy arrays [22] in the object, which reduces overhead and makes it easy
to perform calculations. As a result, the data is prepared for fundamental ISE operations upon object creation, meaning that
the practitioner does not need to consider any bookkeeping when performing an ISE problem. Further, the practitioner does
not need to consider the application of transformations to the FRFs and responses since they are automatically applied to the
data in the ISE method call. Note that the individual pieces of data (FRFs, responses, etc.) can be recalled as SDynPy objects
through SPR object attributes. For example, the FRFs can be recalled by typing spr-object.frfs, where the FRFs would be
output as a SDynPy TransferFunctionArray.

The automatic bookkeeping also simplifies the process of implementing a new ISE method. This is because the practi-
tioner simply needs to provide code that takes FRF and response arrays as arguments, which are then used to estimate the
forces. No consideration needs to be made in the ISE code for any pre or post processing, such as transformations or tran-
sient data constant overlap and add (COLA) processing. The pre and post processing (that is consistent to all ISE methods)
is applied in so-called inverse_processing decorator functions, which are applied to every ISE method in the package.

Additional organization methods exist in the SPR object to enable sample splitting for so-called “training” and “vali-
dation” response degrees of freedom (DOFs). The sample splitting is applied to both the responses and FRFs. The training
response DOFs are used in the force estimation, whereas the validation DOFs are held out and only used after the ISE for
optional quality evaluations. The training and validation DOFs are concatenated to create a superset of “target” response
DOFs, which are response DOFs in the FRFs that have accompanying response data. Note that accompanying response data
is not required for all the response DOFs in the FRFs, meaning that responses can be predicted at locations where measured
data is unavailable. The difference between the training and validation data is intuited by the initializer/constructor function
in one of two ways:

1. The user can supply the target and training response data as separate SDynPy objects. The function will determine the
validation DOFs based on the DOFs that are not in the intersection between the target and training data.

2. The user can supply a SDynPy CoordinateArray of training response DOFs and the function will perform the sam-
ple splitting accordingly. The function will determine the validation DOFs based on the DOFs that are not in the
intersection between the target and training CoordinateArrays.

Note that the target and training data (for either the FRFs or responses) does not need to have the same ordinate, for
cases where the data has been processed differently. Further, the user is not required to explicitly provide both training and
target response data/DOFs. The initializer/constructor function will assume that the target and training DOFs are the same
(i.e., there are not any validation DOFs) if the training response DOFs are not explicitly defined per the above methods.

Basic ISE Theory in ForceFinder

SPR objects have been created for three main response types:

1. LinearSourcePathReceiver — this SPR object type is intended for responses that are formatted as linear spectra,
which are supplied as a SDynPy SpectrumArray
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2. PowerSourcePathReceiver — this SPR object type is intended for responses that are formatted as cross power spec-
tral densities (CPSDs), which are supplied as a SDynPy PowerSpectralDensityArray

3. TransientSourcePathReceiver — this SPR object type is intended for responses that are formatted as time traces,
which are supplied as a SDynPy TimeHistoryArray

All the SPR object types perform ISE with FRF matrix inversion in the frequency domain. However, the exact implemen-
tation is dependent on the response type. The LinearSourcePathReceiver uses a normal inverse problem. As an example,
the standard pseudo-inverse method for linear spectra is shown in (1).

{F}y=[H]" {X} (1)
In this equation, { F'} is a vector of force spectra, [H] is a matrix of FRFs, { X } is a vector of response spectra, and [- - -]t
indicates a pseudo-inverse of the given quantity. Note that all these functions are 3D arrays with a frequency dependency,
but this notation was excluded for brevity. The PowerSourcePathReceiver uses an inverse problem that has been adapted
for CPSDs. As an example, the standard pseudo-inverse method for CPSDs is shown in (2).

+ +*
[Gsl = [H]" [Gae] [H] )
In this equation, [G¢] is a square matrix of force CPSDs, [G,] is a square matrix of response CPSDs, and [ - -]
indicates the conjugate transpose of the given quantity. Note that a vector of power spectral densities (PSDs) can be supplied
to the PowerSourcePathReceiver object instead of a matrix of CPSDs. However, a so-called “buzz CPSD” array [3] must
be supplied when initializing the object since the inverse processing function needs the responses to be organized as a square
matrix.

The TransientSourcePathReceiver uses the same inverse problem format that the LinearSourcePathReceiver uses,
except additional pre and post processing is required to handle the deconvolution aspects for the time domain force estima-
tion. The pre and post processing is similar to the COLA procedure that is described in [23] and is applied to the data in the
associated inverse_processing decorator function. An abridged description of the process is:

1. The full response time trace is zero padded to avoid any spoilage from the windowing in the COLA procedure.

2. The response time trace (from step one) is split into overlapped and windowed segments. The practitioner can set the
segment block time, overlap, and window. The default block time is set to match the frequency resolution of the FRFs.
The default window is a Tukey with an alpha parameter of 0.5, which uses a 25% overlap for a COLA condition. An
example of this segmentation is shown in Figure 1.

3. The segmented time responses (from step two) are zero padded to avoid any convolution wraparound errors [24, 25].

4. The windowed, segmented, and zero padded time responses (from step three) are converted to the frequency domain
with a discrete Fourier transform (DFT).

5. The FRFs are (sinc) interpolated to match the frequency domain responses from step four.

6. The frequency domain response (from step four) and interpolated FRFs (from step five) are used to estimate the forces
with a frequency domain ISE method. The same methods as the LinearSourcePathReceiver can be used, an example
of the standard pseudo-inverse method is shown in (1).

7. The frequency domain forces (for each time segment) are converted to the time domain using an inverse DFT.

8. The segmented time domain forces are recompiled into a single time trace for the whole time.

This COLA procedure is used instead of pure deconvolution [26], adaptive filtering [27], or modal methods [28, 29] for
the following reasons:

1. The COLA procedure uses the same force estimation methods as linear spectra, which has been widely researched.
Further, this problem form is the same as the supervised learning approach for machine learning [30], where there has
been a dramatic amount of research on inverse problems.

2. Pure deconvolution can be extremely computationally inefficient, especially for long time responses.

3. The COLA procedure directly uses FRFs, which eliminates the need for additional assumptions and data processing
to develop a modal description of the system (when the FRF data is based on experiments).



42 S. Carter

Frame 1
Frame 2
Frame 3
Frame 4
Frame 5
Frame 6
Frame 7

60

40 -

Acceleration

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (s)

Fig. 1 Example signal segmentation for COLA procedure

It is important to note that while the force estimation is being performed in the frequency domain, it is still a deconvolu-
tion process where the FRFs can be viewed as finite impulse response (FIR) filters. As such, the practitioner must be careful
to avoid issues related to non-causal filtering. The most significant of these issues are apparent non-causalities in the FRFs
[31, 32]. There are not any techniques in ForceFinder to mitigate these apparent non-causalities, but there are methods in
SDynPy that can be used to pre-process the FRFs before SPR object initialization.

Transformations in ForceFinder

Transformations have been implemented in ForceFinder for two main purposes:

* VPTs, like what is standard in TPA and substructuring [20, 21]

* DOF weightings [33] and normalization

The transformations are referred to as response_transformation and reference_transformation, depending on if they
are applied to the response or reference DOFs (for the FRFs, responses, and forces). The transformations must be supplied
as SDynPy Matrix objects, where the transformed quantities are on the rows of the matrix and the physical quantities are
on the columns of the matrix (i.e., the transformation should be formatted to convert physical quantities to transformed
quantities). Like everything else, the transformations will be automatically organized to match the DOFs in the SPR object.
The practitioner can choose whether to apply transformations to the ISE problem by setting the use_transformation kwarg
to true or false when estimating sources. The default argument is true, meaning that the transformations will be applied to
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the ISE problem. Note that the SPR object defaults to an identity transformation matrix if one is not supplied. As such, the
practitioner has the option to supply only a response transformation, only a reference transformation, or no transformations.

The derivation for the transformations in ForceFinder is shown below to clearly describe the implementation. The most
basic transformations are applied to time traces or linear spectra of the responses and forces, as shown in (3) and (4),
respectively.

{X} = [Tresponse] {X} (3)
{F} = [Treference] {F'} 4

In these equations, - - - indicates a transformed quantity, [Tresponse] is the transformation that is applied to the response
DOFs, and [Tre ference] is the transformation that is applied to the reference (force) DOFs. The transformations are adapted
to CPSDs, as shown in (5). For brevity, this derivation is only shown for responses. However, the same method is used for

both force and response CPSDs. - R s
@)= {1 (%)

i
[é;r} = ([Treszwnse] {X}) ([Tresmnse] {X})*
3 (&)
(G| = Drecsponsel {XHXY [Tresponsel
I

|Gz | = Dresponse] [Gaal [Trcsponse]

Inserting the FRF equation of motion into (3) shows how the response transformation is applied to the response DOFs in
the FRF matrix, as shown in (6).

{ X} = Wrcoponsel {X} = Trcaponse [ {F}
! 6)
{X} - [H] (F}, where [H} = [Tresponse] [H]

The reference transformation is applied to the FRFs in a similar manner, except the transformed forces are applied to the
FRF equation of motion, as shown in (7).

{F} = [Treference) {F}

!
{F} = [Treference) " {F}
‘ @)
{X} = [HI{F} = [H] [Treference] {F}
!

{X} = {I—if} {F} , where [}AI} = [H] [Treference]+
The reference and response transformations are simultaneously applied to the FRFs by combining (6) and (7), as shown
in (8).
(7] = Frcoponse) L] B erence] ®

As previously mentioned, DOF weightings can also be applied to the reference and response transformations. This is
done by supplying a vector of weights to the apply_response_weighting or apply_reference_weighting methods for the
SPR object. The weights are applied to the transformation matrix through the method that is shown in (9).

[Tweighmd} = diag ({Wtransfo7‘77led}) [Torigmal] diag ({Wuntransfm‘med}) (9)
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In this equation, [T“’eighmd] is the transformation matrix with the weightings applied, diag (- - - ) is the operator that
converts a vector to a diagonal matrix, {Wirans formed } 18 a vector of weightings that are applied to the transformed DOFs,
[Teriginal] is the unweighted transformation matrix, and {Wnirans formeal is a vector of weightings that is applied to the
untransformed DOFs. Note that the practitioner can choose to optionally supply weightings for the either the transformed
DOFs, untransformed DOFs, or both.

The transformations are applied to the ISE problem in the associated inverse_processing decorator function for all the
SPR object types with the following process:

1. Apply the response transformation to the target responses using (3) or (5), depending on the response type.
2. Apply the reference and response transformations to the FRFs using (8).

3. Estimate the transformed forces using the selected ISE method.
4

. Convert the transformed forces to physical forces by inverting the transformation equation as shown in (10) for linear
spectra and time traces or (11) for CPSDs.

{F} = [Treferencel” {F} (10)
Gyl = [Tregerence]” [C/;f\f} [Treference) T (11)

Note that the SPR object always stores the FRFs, responses, and forces as physical quantities, but that the transformed
quantity can be called by the associated “transformed” class attribute. For example, the training response with the trans-
formation applied can be called via spr_object.transformed_training_response. Also note that transformations are only
defined in ForceFinder for the “training” quantities of an SPR object.

ISE Methods in ForceFinder

Several ISE methods have been implemented in ForceFinder, including methods with and without automatic hyperparameter
tuning. The ISE methods with manual hyperparameter tuning include: standard pseudo-inverse, truncated singular value
decomposition (TSVD) [7, 8], and Tikhonov regularization [9]. The manual methods have been implemented for all the SPR
object types and leverage the existing FRF matrix inversion code from SDynPy.

The ISE methods with automatic hyperparameter tuning include: TSVD, Tikhonov regularization, and the elastic net
[15, 34]. Note that not all the ISE methods have been implemented for all the SPR object types. Different hyperparameter
tuning methods have been implemented for the different ISE methods. The implemented tuning methods for the different
ISE methods are detailed in Table 1.

Table 1 Hyperparameter tuning methods for the different ISE methods

Tuning Method TSVD | Tikhonov Regularization | Elastic Net
L-curve [11, 35]
Cross Validation [36, 37]

Information Criterion [38]

Note that ForceFinder is under active development, so additional methods may be available at the time of reading.
Additionally, the technical details for the tuning methods out of the scope of this paper and will not be described here.
However, references are included in the docstrings for many of the ISE methods in ForceFinder, so the interested party can
find technical details on the associated method. Lastly, it should be noted that the automatic tuning methods will typically
perform the tuning for every frequency line and every time segment in the ISE problem unless otherwise noted.

Benchmarks in ForceFinder

Standardized and high-quality benchmarks are an important tool when developing and evaluating ISE methods. The value of
benchmarks can be seen in a variety of engineering fields, including vehicle crash safety testing, vehicle efficiency ratings,
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benchmarks for different large language models, etc. Some benchmarks have been implemented in ForceFinder to evaluate
and compare the different ISE methods that have been implemented in the package, to help establish some standardized
benchmarks for ISE.

At the time of writing, only two benchmarks have been implemented and they have only been applied to the LinearSour-
cePathReceiver object type. The goal for these benchmarks is to estimate a set of pseudo-forces acting on one version of a
system (referred to as system A), then the estimated forces are used to predict the vibration response on a different version
of the system (referred to as system B). Both benchmarks are based on finite element (FE) models of beams, where the data
has been corrupted in one of two ways (depending on the benchmark):

* Modeling errors (for the mass, stiffness, and damping) are applied to the FRFs that are used to estimate the pseudo-
forces

* Response noise (random noise and quantization error) is applied to the responses that are used to estimate the pseudo-
forces.

Sketches of the A and B beam systems are shown in Figure 2 and Figure 3, respectively. These systems are composed of
four components:

1. Source beam - this is the brown (bottom) line and dots in Figure 2 and Figure 3
2. Receiver beam — this is the turquoise (top) line and dots in Figure 2 and Figure 3

3. Ground springs — these are the yellow springs that connect the source beam to the ground, note that these are torsion
and translating springs even though the torsion spring is not shown in the sketch

4. Connector springs — these are the red springs that connect the source and receiver springs, note that these are torsion
and translating springs even though the torsion spring is not shown in the sketch

S EE &S O & 4 4F v O 4¥ 4 4 4¥ v 4 4v 4v 4

Fig. 2 Benchmark system A
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Fig.3 Benchmark system B

For compactness and portability, the beam models, FRFs, and response data are generated when the benchmarks are
performed. As such, no additional data is necessary outside of the benchmark scripts that are delivered with the package.
These benchmarks are documented in a Jupyter notebook that is delivered with the package (in the benchmark folder of the
root directory for the package). The general process for the benchmarks is as follows. Note that only major details will be
listed here. The interested reader is directed to the documentation in the package for more technical details.

1. Target response will be generated for both system A and B, where the same forces are applied to all the DOFs on the
source beam for both systems.
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The data for the force estimate is corrupted, as described above.

. Pseudo-forces are estimated on system A at the DOFs where the connector springs are attached to the source beam.
Two quantities of interest (Qols) are evaluated at this point:

a. The accuracy of the reconstructed response (computed by applying the pseudo-forces to system A) compared to
the training response (note that the corrupted data is used for this comparison)

b. The force amplitudes

The pseudo-forces from system A are applied to system B to compute a predicted response. A single Qol is evaluated
at this point:

a. The accuracy of the predicted response compared to the target response that was computed in step 1

Two metrics are used to evaluate the response Qols, since it is difficult to show the reconstructed/predicted response for
every DOF in the benchmarks. The first metric is simply the response RMS level error in dB that is averaged over all the
response DOFs in the benchmark. The second metric is slightly more complicated and attempts to show the spectral errors
for all DOFs in a single curve. It is called the “RMS ASD error” and is computed with the following process:

1.

The reconstructed/predicted spectra and truth spectra are converted to PSDs.

. The narrowband PSDs are converted to 1/3 octave bands. This conversion is used to make the plots less cluttered.

2
3.
4

The dB PSD error is computed for all the response DOFs in the benchmark.

. A single error spectrum is created by computing the RMS of the PSD error over all the response DOFs in the bench-

mark.

The force Qol is evaluated simply by comparing the RMS level for each force DOF. The RMS ASD error and force Qol
plots for the response noise benchmark are shown in Figures 4-6 below. Note that discussion about the benchmark Qols was
intentionally omitted (here and in the documentation that is included in the package) to eliminate any bias that is inherent to
analysis of the data.

RMS ASD Error (dB)

30 1 | I |
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Tikhonov with L-curve
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Tikhonov with Leave-one-out Cross Validation
Tikhonov with K-fold Cross Validation
Elastic Net with AICC

T T T
25 50 75 100 125 150 175
Octave Frequency (Hz)

Fig.4 RMS ASD error benchmark response Qol for system A
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It is recognized that no single benchmark can capture all the complexities that are experienced in ISE problems. As such,
the ultimate goal is to have a suite of benchmarks in ForceFinder, where different benchmarks evaluate different issues that
are experienced in ISE. However, it will take significant collaboration and community effort to develop these benchmarks. It
is hoped that the existing benchmarks in ForceFinder demonstrate a framework that can be used to kick-off such collaborative
efforts.

Basics of Using Forcefinder

This section will show some of the basic commands that are used in ForceFinder for completeness of the document. However,
examples are currently being developed and will be posted to the code repository (as Jupyter notebooks) once they are
available. As such, it is suggested that the reader use those examples to learn how to use the package. For brevity the
commands will only be shown for the LinearSourcePathReceiver. Most of these commands, except for the error metrics,
are applicable to any SPR object type (linear, power, or transient). The most basic commands are to import the package and
create an SPR object, as shown below.

import forcefinder as ff

target_response = test_response,

1

2

3 spr_object = ff.LinearSourcePathReceiver(frfs = system_frfs,

4

5 training response coordinate = training dofs)

In this code, system_frfs is a SDynPy TransferFunctionArray, test_response is a SDynPy SpectrumArray, and train-
ing_dofs is a SDynPy CoordinateArray. This code supplied the training response DOFs, which means that ForceFinder will
automatically split the test_response data into the validation and training responses, as necessary. Next, it might be desirable
to review the condition number and singular values of the FRF matrix to understand the conditioning of the ISE problem.
Note that this code leverages method chaining in Python where the training_frf property of the SPR object is a SDynPy
TransferFunctionArray. As such, the plotting commands are SDynPy methods, which are called by a SDynPy object, which
is an attribute of the ForceFinder object.

6 spr_oject.training_frfs.plot_cond_num()
7 spr_object.training frfs.plot singular values()

The ISE is done with a single line command, as shown below.

8 spr_object.auto tikhonov_by 1 curve(use transformation = False) |

As is obvious in the name, the ISE method that is shown above uses Tikhonov regularization where the regularization pa-
rameter is automatically selected with an L-curve technique. The use_transformation kwarg is shown simply to demonstrate
its use, the practitioner does not need to supply this parameter unless they wish to change its value from the default (which is
true). Note that the ISE is done “in place”, which means that the sources are estimated and saved into the SPR object without
needing to create a new object. The forces can be assigned to a SDynPy SpectrumArray via the “force” attribute of the SPR
object.

With the sources estimated, the reconstructed response (the response computed from the estimated sources) should be
compared to the supplied target response to ensure that the sources are capturing the dynamics of the system. This comparison
can be done many ways, with the most obvious being a DOF-DOF spectrum comparison, as shown below.

9 import sdynpy as sdpy
10
11 sdpy.GUIPlot(spr_object.target_response, spr_object.reconstructed_target_response)

The package also includes some summary metrics that turn the comparison across many DOFs into a single spectrum.
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A sample summary metric comparison is shown below for the RMS ASD error that was previously discussed for the bench-
mark.

12 rms_asd_error = spr_object.rms_asd_error(channel_set = ’training’)
13 rms_ads_error.plot()

In this code, the summary metric is computed for the training response DOFs with the transformation applied. This
summary metric could also be computed for the validation and target response DOF by changing the selected option for the
channel_set kwarg. Also note that the summary metrics are returned as a SDynPy PowerSpectralDensity Array with a single
entry for the one metric. This means that method chaining could be used to plot the metric in one line of code. However, two
lines were used above so the metric could be saved to a new variable.

Lastly, it is sometimes valuable to have multiple copies of the of the SPR object so different ISE methods (or method
options) can be evaluated. To do this, a copy of the SPR object must be explicitly made, as shown below. Note that the copy
method must be used to obtain a copy of the object. Otherwise, much of the data in the objects will share the same memory
and changes to one SPR object will result in changes to the other SPR object (because of the pass-by-reference mechanism
in Python).

‘ 14 spr_object copy = spr_object.copy()

Rattlesnake Integration

ForceFinder has also been integrated into a random vibration control law for the Rattlesnake vibration controller [39, 40].
Note that this control law is included as part of the ForceFinder package rather than the Rattlesnake package. As a result,
the practitioner can use all the advanced inverse methods from ForceFinder in a MIMO vibration control problem. This
integration also means that the practitioner can use the same code to perform offline predictions as the online control problem,
which was challenging to do previously. It should be noted that the Rattlesnake integration is being actively improved, with
a GUI control law is currently under development, so it will not be discussed in more detail here.

Conclusions and Future Work

ForceFinder introduces a framework that dramatically simplifies the ISE process by automatically organizing and storing all
the data that is related to the ISE process in a single source path receiver object. As a result, many functions that may have
previously taken several lines of code were simplified to single line method calls. An example of this simplification was
shown above, where an SPR object was created, the FRFs were evaluated, sources were estimated, and response reconstruc-
tion accuracy was evaluated in thirteen lines of code.

Some benchmarks have also been implemented into the ForceFinder package to provide a standardized way to evaluate
different ISE methods. The current benchmarks were primarily implemented to demonstrate what a benchmarking process
might look like. It is hoped that members of the structural dynamics community will collaborate to develop high quality
benchmarks that could be implemented in the package to better evaluate the different ISE methods.

Note that ForceFinder is being actively developed with work underway to add new ISE methods, benchmarks, ex-
ample problems, quality assurance testing, and workflow improvements. Any community support for the development of
ForceFinder is welcomed. This support could be in many forms, from code development to simply using the package and
reporting bugs or workflow pain points. It is hoped that ForceFinder will provide a catalyst for improved collaboration and
advance the state of the art in the ISE community.
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