Fast uncertainty quantification of fields and global quantities
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We introduce a technique for uncertainty quantification of fields and global quantities based on the Guide to the expression of
Uncertainty in Measurements (GUM). It is much faster than alternative approaches based on Monte Carlo or polynomial chaos
expansion while maintaining good accuracy when the materials uncertainty is moderate. The method is applied to electro-quasistatic
(EQS) problems arising in biomedical engineering. A good agreement is found with respect to the Monte Carlo method.
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HE aim of this paper is to introduce a method for

uncertainty quantification in numerical simulations of
electromagnetic problems based on the Guide to the expression
of Uncertainty in Measurements (GUM) [1]]. The proposed
method is an instance of the well known design of experiments
(DOE) method [2], that, to our knowledge, has never been
used for such uncertainty quantification. Its virtues are that it
is very fast and straightforward to implement while maintaining
good accuracy w.r.t. Monte Carlo or other methods based on
polynomial chaos expansion, see [3], [4] when the materials
uncertainty is moderate (i.e. at most a few tens per cent).

As an application, we consider state-of-the-art methods for
point-of-care diagnostics of the thrombotic risk profile which
are based on lab-on-a-chip microfluidic devices where whole
blood flows on a surface covered by a thrombogenic substrate
[S]. An accurate estimation of thrombus growth is obtained by
fusing optical and impedance data [6]. However, the electric
properties of blood are not precisely known and vary depending
on the individual, the hydration and other physiological param-
eters. This clearly affects the estimated thrombus growth and it
is just an example of application where the impact of material
parameters uncertainties is of fundamental importance.

I. UNCERTAINTY QUANTIFICATION BASED ON GUM

The Guide to the expression of Uncertainty in Measurements
(GUM) [1]] provides the general guidelines, valid for all the
fields of applications, to evaluate the uncertainty in measure-
ments. In indirect measurements, the uncertainty is evaluated
by means of the law of propagation of uncertainty. If the
quantity y is y = f(z1,®a,...,zn), then the uncertainty on
y, u(y), can be expressed as
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In case of uncorrelated input quantities, since u(x;,x;) = 0
for i # j, the law of uncertainty propagation reduces to
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The law of uncertainty propagation leans on two assump-
tions: the approximation of f with the Taylor’s polynomial
truncated at first order and the central limit theorem. Truncating
the Taylor’s polynomial of f at the first order means
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where the hat represents the linearization point; this first
assumption is valid if the uncertainty of input quantities is
small enough to neglect higher orders of nonlinearity of f.

The second assumption (the central limit theorem) assures
that the linear combination of a wide number of random
variables (each with unknown distribution) tends to a Gaussian
behavior, so the uncertainty on y in (E]) and @I) has Gaussian
Probability Density Function (PDF) with standard deviation
u(y), if we consider the square root of central moment of order
two for the input quantities u(z;).

If one or both of these two assumptions are not valid, the un-
certainty propagation does not provide an accurate estimation;
if none of them is valid, the only way for the GUM is the Monte
Carlo method [7l], which needs a very long computational
time. If only the first assumption is valid, i.e. that the number
of input quantities is small and they are not Gaussian, the
PDF of y can be evaluated observing that (3) is the sum of
N random variables weighted by their sensitivity coefficients
¢; = 0f/0z;; in this case, it is possible to determine the PDF
of y by means of the convolution of the PDFs of the input
random variables. Naming gx, (x;) the PDFs of the random
variable X;, the PDF gy (y) of y is

gy (y) = c19x, (T1) * 2 gx, (T2) % ... ¥ en gxn (TN). (D)

This is the approach used in the numerical experiments.

The sensitivity coefficients can be evaluated by perturbing
each input uncertain quantity; this means that in the simulation
of a model having N uncertain input quantities, we need to



Fig. 1. A portion of a microfluidic channel whose dimensions are
50pumXx50pumx 70pum. In the channel red blood cells flow at a low shear
rate. On the bottom of the channel, two gold electrodes 10pum wide are used
for impedance measurements.
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Fig. 2. PDF of the real part of the current.

perform N + 1 simulations to obtain the PDF of the output
quantity.

II. NUMERICAL EXPERIMENTS

As an example, we consider a blood sample flowing with
at a low shear rate in a microfluidic channel, see Fig. m We
compute the uncertainty quantification of the current between
the two gold electrodes placed in the bottom of the channel
when a known electro-motive force of 1V is enforced between
them. It is assumed that plasma has a conductivity uniformly
distributed in [0.9,1.1] S/m, the red blood cell (RBC) lipidic
membrane uniformly distributed in [10~7,1075] S/m and the
cytoplasm contained in the RBCs uniformly distributed in
[0.5,0.7] S/m. Concerning the relative electrical permittivities,
they are assumed uniformly distributed in [72,88], [8.1,9.9]
and [72,88] in the plasma, membrane and cytoplasm, respec-
tively.

A geometric formulation for EQS that includes a surface
model for the cell membranes, see [8], is used for the sim-
ulations. The domain is discretized with 979,640 nodes and
5,903, 234 tetrahedra. After the inclusion of the surface model
of cell membranes, the unknowns of the resulting complex and
symmetric system are 1,582, 788.
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Fig. 3. PDF of the imaginary part of the current.

Each problem is solved in about 128 seconds of wall time
including mesh loading, assembling of the sparse matrix, solv-
ing the linear system and post-processing for field computation.
The time required to perform 2000 simulations with the Monte
Carlo method is of roughly 3 days. The proposed method
requires 7 simulations for a total time of about 15 minutes.

Fig. [2] shows the behavior of the real part of the current
flowing between the electrodes. The histogram shows the
number of occurrences over 2000 Monte Carlo simulations and
the continuous line is the result obtained using the proposed
method. As it can be seen the PDF is trapezoidal since the real
part of the current distribution turns out to be dominated by
the uncertainties on plasma and cytoplasm conductivities. The
membrane conductivity has negligible effects on impedance
behavior, but, since the proposed method is very fast, also this
uncertain parameter has been simulated without a significant
computational effort. Fig. [3] shows the behavior of the imagi-
nary part of the current flowing between the electrodes. As it
can be seen the PDF turns out to be almost Gaussian since the
imaginary part of the current at this frequency is not dominated
by none of the conductivities or permittivities, thus resulting
closer to the central limit theorem hypotheses.

REFERENCES

[1] Joint Committee for Guides in Metrology. Jcgm 100: Evaluation of
measurement data - guide to the expression of uncertainty in measurement.
Technical report, JCGM, 2008.

[2] D.C. Montgomery. Design and Analysis of Experiments. John Wiley &
Sons, 2006.

[3] R. Gaignaire, R. Scorretti, R.V. Sabariego, and C. Geuzaine. Stochastic
uncertainty quantification of eddy currents in the human body by poly-
nomial chaos decomposition. IEEE Trans. Magn., 48(2):451-454, Feb
2012.

[4] L. Codecasa and L. Di Rienzo. Stochastic finite integration technique
formulation for electrokinetics. IEEE Trans. Magn., 50(2):573-576, Feb
2014.

[S] A. Affanni, R. Specogna, and F. Trevisan. Combined electro-optical
imaging for the time evolution of white thrombus growth in artificial
capillaries. IEEE Trans. Instrum. Meas., 62(11):2954-2959, Nov 2013.

[6] A. Affanni, G. Chiorboli, L. Codecasa, M.R. Cozzi, L. De Marco,
M. Mazzucato, C. Morandi, R. Specogna, M. Tartagni, and F. Trevisan. A
novel inversion technique for imaging thrombus volume in microchannels
fusing optical and impedance data. IEEE Trans. Magn., 50(2):1021-1024,
Feb 2014.

[7] Joint Committee for Guides in Metrology. Jcgm 101: Evaluation of
measurement data - supplement 1 to the “guide to the expression of
uncertainty in measurement” - propagation of distributions using a monte
carlo method. Technical report, JCGM, 2008.

[8] A. Affanni, R. Specogna, and F. Trevisan. A discrete geometric approach
to cell membrane and electrode contact impedance modeling. /EEE Trans.
Biomed. Eng., 59(9):2619-2627, Sept 2012.



	Uncertainty quantification based on GUM
	Numerical experiments
	References

