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Abstract

In the simulation of multi-component systems, we often encounter a problem with a lack of ground-truth data. This situation
makes the validation of our simulation methods and models a difficult task. In this work we present a guideline to design
validation methodologies that can be applied to the validation of multi-component simulations that lack of ground-truth data.
Additionally we present an example applied to an Ultrasound Image Simulation for medical training and give an overview of
the considerations made and the results for each of the validation methods. With these guidelines we expect to obtain more
comparable and reproducible validation results from which other similar work can benefit.

Categories and Subject Descriptors (according to ACM CCS): 1.6.4 [Simulation and Modeling]: Model Validation and Analysis

1. Introduction

Validation of simulation results is important to reveal the weak-
nesses and limitations of the applied simulation models and
method, so that this can be improved. In this work, we use val-
idation in two categories: method validation, which refers to the
validation of the simulation methods, models and assumptions and
their accuracy with respect to the ground truth; and use-case vali-
dation, which refers to the assessment of the degree in which the
simulation results fulfill their intended purpose.

In a wide sense, we define the ground truth of a system as the
set of measurable and reproducible inputs and system intrinsic pro-
cesses. Having access to the ground truth is an ideal case scenario,
where the results of the simulation can be directly compared against
the products of the real system; alternatively, the partial results of
each simulation component can be individually validated if the par-
tial results of the system’s components are known. However, when
the system’s ground truth is not available, method validation of the
simulation represents a challenge.This gets even worse in case of
the validation of multi-component simulations which are simula-
tions composed of various parts each comprising of an individual
simulation and model that interact with each other. Here, not only
the single components have to be validated but also their interac-
tion. Figure 1 shows systems I, /I and III with components A and
B and output C (shown in purple), and their respective simulation
with components X and Y and output Z (shown in green). For sys-
tem /, it is assumed that we can obtain quantifiable results from all
of its components (ground truth), which allows for a 1:1 validation
of the simulation components and the simulation models used to
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Figure 1: Validating a well-known system simulation with a
ground truth versus validating a system without a defined ground
truth. Purple components represent the system, green ones repre-
sent the simulation. The circles around the components represent
the mapping between system and simulation. The dotted lines rep-
resent uncertainty and lack of measurements that lead to a missing
ground truth.

implement them. However, in system /1, the results of all or some of
the components cannot be measured or the underlying phenomena
is not well understood; some simulation components might even
be missing or too simplified for a meaningful validation, which ob-
structs the validation of individual simulation models and thus of
the simulation results. System /I represents a hybrid case where
one pair of components were identified and one pair does not map.
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Figure 2: Layers of validation for multi-component systems.
Method validation is possible when ground-truth data is available,
if not, we must shift to use-case validation.

Note that in neither case, a simulation component has to necessar-
ily be mapped to exactly one system component which leads to
missing ground truth for the validation of a simulation component.
Indeed, this missing mapping is often the case, rendering the vali-
dation process even more complex.

In this work, we will focus on validation methods for systems
similar to System /I and /II, which are often the most difficult to
validate since there is limited or no data and ground truth against to
which objectively compare the results. In this cases, as illustrated
in Figure 2, we shift the focus of the validation from evaluating the
simulation method (inner white layer) to a use-case oriented valida-
tion (outer green layer). In other words, we will focus our attention
on how well the simulation results fulfill their purpose and design
our validation accordingly. Clearly, the validation metrics will de-
pend on the purpose of the simulation. For use-case validation, the
following options are possible:

1. Perform component-wise (partial) validation, against other sim-
ulations

2. Gather the opinion of experts in the field to validate the end
results (face validation)

3. Conduct user studies in specific use-case scenarios

We will go over these options and use an Ultrasound Image Sim-
ulation (UIS), modeled as a multi-component simulation, as a case
study to exemplify each of them. The UIS is a system of type 111
where no ground truth exits for the various components, such that
only a use-case validation is possible in this regard. We share our
different experiences —good and bad—regarding our efforts to ob-
tain objective, quantifiable and reproducible validation methods for
our simulation results following the presented conceptual classifi-
cation of the presented problem domain.

2. Related Work

As mentioned, before starting the process of designing a validation
method for a simulation, it is necessary to define the purpose of the
simulation results and the according metrics by which these will be
validated. In the case of a UIS for medical training, regardless of
the specific training scenario, a requirement that is often mentioned
is: Adequate or enough image realism. This alone is however not
enough to define meaningful metrics.

In computer graphics, the term photo-realism is often used as a

standard for image realism [Fer03]. Photo-realistic images are cre-
ated taking into consideration the limitations of the human eye and
the image capturing and display processes. Under this standard, a
photo-realistic image needs only to be as real as a photograph of
the scene and not the scene itself. Another standard for realism, is
functional realism, which measures how reliable is the information
that the image provides to complete a certain task. For example, an
assembly instruction booklet needs only to display the information
to enable readers to recognize the corresponding parts and their ori-
entation. While evaluating photo-realism is a matter of measuring
accuracy, functional realism is a matter of the perception of target
users. In [RLCWO1] an experiment was conducted to measure the
perception of visual realism. In the experiment, real and synthetic
images of scenes with simple objects were used. Here, the simula-
tion components matched the components in reality 1:1, which al-
lowed them to determine which components (shadowing, textures,
light sources) increased the overall realism of the images. It is how-
ever in many cases not possible to isolate the effects of individual
components so easily to study.

In the specific case of ultrasound image simulation, researchers
in the area tend to rely on expert opinions to validate the results
of their methods, and although this is in any case important and
useful input, the huge amount of variability in the experience and
equipment used by physicians across clinics and countries makes
it difficult, if not impossible, to generalize the validation results
and to compare the results of different simulation methods to one
another. Furthermore, existing approaches differ depending on the
goals and focus of the simulation. Solutions created for training fo-
cus on performance and are satisfied with images that look plausi-
ble. For example, Kutter et al. [KSN09] and Reichl et al. [RPAS09]
present similar approaches based on information from CT data.
Their focus was on performance and the presented tests and re-
sults reflect this. However, the evaluation of the photo-realism was
limited to visually comparing real US images with the simulated
ones. In [KWN10], Karamalis et al. present a work with focus on
photo-realism and quality of the simulation that models wave prop-
agation via the Westervelt Partial Differential Equation and solves
it explicitly. In their work a set of simulated images is presented to
the user for a visual evaluation of the realism.

Throughout the development of the simulation framework and its
components, we have proposed, in different stages, various valida-
tion methods depending on the specific component to be tested and
focused more on the functional realism, rather than photo-realism,
to follow a use-case oriented validation. The next section is a re-
count on the experience obtained on each of the methods used
applied to the Ultrasound Image Simulation approach, presented
in [LKHK12].

3. Validation

As mentioned in the introduction, we will review the validation
methods that we can use when ground-truth data is not available.
We will apply these to a concrete example, namely, an ultrasound
image simulation for medical training, presented in [LKHK12]. Re-
ferring back to Figure 1, for an ultrasound imaging system and its
simulation we roughly obtain the following components (shown in
Figure 3, and numbered accordingly):
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Figure 3: Ultrasound imaging system and its components (purple),
along with the corresponding simulation components (green,).
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1. The anatomy: the shape of the structures and the acoustic prop-
erties of the various tissues

2. The ultrasound beam formation

3. The wave propagation and interaction with tissue (including
scattering)

4. The image formation process (capturing, filtering and interpret-
ing echo signals)

In this case, ground-truth data is difficult to obtain due to two
main reasons. First, the characteristic noisy texture (speckle), part
of component 3, present in ultrasound images is the result of a
complex interaction between the ultrasound wave and particles
spread throughout the tissue that scatter the wave. This interaction
is not fully understood and cannot be modeled efficiently, which
leads to incomplete or overly simplified simulation models. Sec-
ond, anatomy and tissue properties (component 1) used to produce
real ultrasound images cannot be exactly reproduced. Naturally, by
removing these two components from the system and substituting
them with, for example, artificial phantoms with homogeneous ma-
terials, we would obtain a simplified system for which a ground
truth could be obtainable, as was done for example in [BBRH13].
This new system, however, has different outputs than the original
and does not represent our target system.

In the following subsections, we will go over the three vali-
dation options mentioned in the introduction in examples applied
to this concrete case, which suffers from the aforementioned lack
of ground-truth data. After these, we will present a set of general
guidelines to apply these validation methods in similar simulations.

3.1. Component-wise validation

The first validation option is to compare each of the components
for which other simulation results are available. However, this com-
parison must be done critically, since measuring the difference be-
tween two approximation models does not tell us if one model
is more accurate than the other with respect to the ground truth.
Nonetheless, a qualitative comparison will reveal advantages and
limitations of our simulation with respect to other approaches. We
used this method for our ultrasound image simulation mainly to
confirm that the models used simulate the ultrasound wave and its
propagation presented the characteristics that were needed to repro-
duce desired effects in the resulting image, such as side lobes and
focal area.

The proposed simulation approach used an analytic approxima-
tion of the beam profile combined with a geometrical acoustics ap-
proach to model the wave’s propagation. We compared these to nu-
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Figure 4: Comparison of simulation models and results. Left: nu-
merical approach; Right, analytic Approximation. Top: Beam Pro-
files; Bottom: Captured reflections.

merical FDTD simulation, which is a widely used and accepted
model. As a side note, the numerical approach was not used for our
simulation due to performance requirements. Figure 4 Left shows
an example of a 2D focused beam calculated with the numerical
solution. Comparing the result to the analytic solution (Figure 4
Right), differences are evident, for example, in the size of the cone
of the main lobes, the angles in which the side lobes propagate,
the intensity of the beam, and noise. However, it is also possible to
observe that the profiles of both beams have similarities, too: both
present a main lobe, two strong side lobes and some minor ones
and an area of low intensity in the near field.

To model the beam’s propagation and interaction with tissue, a
geometrical acoustics [Vor0O8] approach was used, where rays are
traced into the scene. Information from rays belonging to the same
virtual transducer are combined to create one scanline, i.e. a vertical
line of pixels scanned by one transducer. The resulting scanlines of
all the transducers in the virtual probe compose the final image, em-
ulating the actual image formation process. The results of this ap-
proach are again compared to the FDTD simulation, which includes
all reflections and other propagation effects. Figure 4 Left shows a
sequence of the 2D plot of the received echoes over time. Similarly,
Figure 4 Right shows the intensities recorded in the geometrical
acoustics approach. Differences are again clear, but a similar be-
havior of the main reflection is observable. Similarly, the models to
produce the scattering textures was tested against known distribu-
tion models [LTJK14]. Here, we were interested in evaluating how
well the histograms of the simulated textures matched against those
of real images. To further validate the models, motion analysis al-
gorithms designed for echocardiograms were applied to a sequence
of simulated images using a heart phantom, with satisfactory re-
sults.
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3.2. Face Validation

Face Validation considers the opinion of experts in the area and
applies mainly for the cases when only the final output can be vali-
dated. Face validation is helpful in the initial stages of development
since it can produce helpful insight on the main requirements of
the simulation results. In medical simulation, face validity is often
used to evaluate whether or not the simulator system behaves as ex-
pected; some examples can be found in [URK11] and [VHGJO08].
However, gathering the needed information is not an easy task.
From our experience in consultations with the experts, it became
evident that due to the lack of a common language, a method to
more precisely communicate ideas and avoid misunderstandings
was necessary.

For the specific case of the ultrasound simulation, we designed
a method inspired by calibration tests used for head alignment of
ink injection printers, where a series of similar images showing
lines and squares are printed out on paper and the users are asked
to select the best image of the sequence based on different crite-
ria, for example, in which image are the vertical lines straighter
[LUKK11]. In this case, different simulated images were generated
where only one or two parameters was slightly changed, having an
effect on image resolution, contrast and brightness, for example.
By choosing the most realistic image of each set, experts indirectly
calibrated simulation parameters without having to understand the
more technical details. Figure 5 shows some samples of the sim-
ulated images. The top row shows some of the images that were
rated as the best by the experts during the fine-tuning. The images
at the bottom show the improved images after applying the sug-
gested adjustments.

a.bone b. vein

c. needle (in-plane)

Figure 5: Simulated ultrasound images: Top: Before calibration.
Bottom: After calibration.

This method requires large amounts of preparation time, how-
ever, it facilitates the communication process, can be done offline
(e.g. via e-mail or online questionnaires), and can be easily tabu-
lated and documented for later reference. Compared to an informal
method, where experts gave feedback on the best possible image,
the calibration method used yielded better results and in the long
term, was less time-consuming.

3.3. User Studies

User studies can help assess the functional realism of simulation
outputs and answer the question to whether or not the simulation is
good enough to fulfill its objective, especially when photo-realism
is not achievable. To apply the user study effectively, the use-case
must be defined and the scope clearly delimited, thus inevitably we
will lose generality in our findings. In the case of our ultrasound
simulation, it was clear from the beginning that synthetic images
were not going to reach the level of realism to look like real images,
due to limitations in the anatomical models and performance.

A user study was performed to determine if the generated im-
ages were realistic enough to allow trainees to learn to recognize
important structures in ultrasound; the results can be found in de-
tail in [LKP*15]. The measurement of Learning was done two-
fold. First, we were interested in quantifying the knowledge the
participants posses on ultrasound and anatomy before and after us-
ing the learning application. The second dimension was the users’
perspective on their learning experience with the software, mainly,
if they felt they were able to learn by using the application. The
study was based on a 2 x 1 within-subjects design with a pre- and
post-test methodology to observe two dependent variables: (a) the
participants’ ability to identify structures in simulated images and
(b) their ability to identify structures in real ultrasound images. A
test was applied to every participant at the beginning of the study.
The exercises in this test were designed based on exercises found
in US textbooks and on input from experts in the area who evalu-
ated the difficulty and viability of the exercises. After the pre-test
was finished, participants had a 20 minute session to use and ex-
plore the application. After this session, the post-test, which con-
tained the same questions as the pre-test, was applied. Following
the post-test, the participants were asked to fill the USE [Bro96]
and SUS [LunO1] usability questionnaires.

4. Guidelines and Conclusions

From the case presented above, it is possible to abstract some gen-
eral guidelines and recommendation to apply this methodology in
similar systems. First, since we are performing use-case validation
(refer to Figure 2), it is of course important to specify the exact met-
ric by which the simulation will be validated. More specifically, the
exact application and scope of the results must be clearly defined
in order to design the corresponding validation tools. This will re-
duce the amount of variables to be tested, limit the scope and allow
the definition of concrete evaluation goals. As we have seen, for
our validation, each of the methods applied aimed to evaluate spe-
cific parts of the system and the validation process was designed
accordingly. Second, a decomposition of the system in its smaller
components will give more insight of which parts need validation
and which parts cannot be validated with the available data. This
will help to plan a comprehensive validation of the complete sim-
ulation, as opposed to only validating the final outputs. Finally, we
must be aware that limiting the validation in the way that is sug-
gested here, limits the results of the validation to the specific use-
cases it was designed for. However, we consider this is a trade-off
that must be done in order to obtain meaningful results.
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