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Abstract: This work focused on demonstrating the use of dynamic time warping (DTW) as a metric
for the elementary effects computation in Morris-based global sensitivity analysis (GSA) of model
parameters in multivariate dynamical systems. One of the challenges of GSA on multivariate time-
dependent dynamics is the modeling of parameter perturbation effects propagated to all model
outputs while capturing time-dependent patterns. The study establishes and demonstrates the use of
DTW as a metric of elementary effects across the time domain and the multivariate output domain,
which are all aggregated together via the DTW cost function into a single metric value. Unlike
the commonly studied coefficient-based functional approximation and covariance decomposition
methods, this new DTW-based Morris GSA algorithm implements curve alignment via dynamic
programing for cost computation in every parameter perturbation trajectory, which captures the
essence of “elementary effect” in the original Morris formulation. This new algorithm eliminates
approximations and assumptions about the model outputs while achieving the objective of capturing
perturbations across time and the array of model outputs. The technique was demonstrated using
an ordinary differential equation (ODE) system of mixed-order adsorption kinetics, Monod-type
microbial kinetics, and the Lorenz attractor for chaotic solutions. DTW as a Morris-based GSA metric
enables the modeling of parameter sensitivity effects on the entire array of model output variables
evolving in the time domain, resulting in parameter rankings attributed to the entire model dynamics.

Keywords: multivariate dynamical systems; system identification; functional data analysis

1. Motivations

Sensitivity analysis (SA) is important in the development and application of dynamical
models due to several reasons [1,2]: (i) understanding model behavior—SA helps in
understanding how changes in model parameters affect the overall behavior of the system;
(ii) identifying critical parameters—sensitivity analysis identifies which parameters have
the most significant impact on model outputs, allowing modelers to focus on accurately
estimating these critical parameters, improving the model’s reliability; (iii) model validation
and confidence building—SA aides in building confidence in the model by demonstrating
the robustness of the model and highlighting areas where more precise data is needed;
(iv) guiding data collection—SA informs data collection efforts by determining which
parameters require more accurate measurements, resulting in more efficient use of resources
and time during data collection; (v) exploring uncertainty—SA allows modelers to explore
the effects of uncertainty in parameter values on the models’ predictions.
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A widely accepted definition of SA, written in one of the foundational works on the
topic by Saltelli, Tarantola, et al. [3], is as follows: “Sensitivity analysis (SA) is the study of
how uncertainty in the output of a model (numerical or otherwise) can be apportioned to
different sources of uncertainty in the model input”. Given a model y = g(p), SA explores
the relationship between the model’s k input variables, which are the model parameters
p = [p1,P2 --.,pxl, and n output variables, y = [y1,V2,...,Yn|, where g is the model
that maps the model’s inputs to the outputs [3,4]. There are two broad categories of SA:
global SA (GSA) and local SA. Local SA involves adjusting model parameters near certain
reference points to examine how minor changes in the inputs affect the model’s prediction
performance. Although widely used because of its low computational demand, local SA
is limited in its capability to accurately account for the entire model’s behavior, especially
if there are several nonlinear terms in the model [5,6]. This is solved by performing GSA
that allows for the sampling of model parameters from their entire range of possible
values [4,7]. There are two main steps in GSA: (1) sampling of model parameters from the
space of allowed values and this results in the perturbation of the model parameters; and
(2) computation of the effect of model parameters perturbation. Despite progress in refining
various aspects of the GSA workflow for various applications, there are new challenges
in GSA when applied to more advanced applications, such as SA of high-dimensional
dynamical models [2], and this current work aimed to contribute a solution.

Performing SA on high-dimensional dynamical models has been a challenge due to the
functional nature of data, i.e., information is a sequence of data [2]. Handling such functional
data during SA has been the focus of numerous studies that can be grouped into two main
categories: (1) elementary effects of the coefficients of basis functions [8-10], and (2) variance
decomposition [10,11]. However, it is computationally prohibitive to apply these prior
SA techniques separately on each time-dependent output in high-dimensional dynamical
models [12]. This work provides a solution to this challenge by establishing the theory and
demonstrating the use of dynamic time warping (DTW) as a metric of elementary effects
in Morris-based GSA. Originating in time series analysis, the DTW algorithm measures
the similarity between two sequential data by determining their optimal alignment or
matching via dynamic programming [13]. The sequences are “warped” non-linearly in the
time dimension to determine a measure of their similarity, which is the alignment path with
the minimal cost [14]. This makes DTW a fitting technique to be the generalized metric of
the Morris GSA for dynamical models that exhibit a range of linear and non-linear effects
of the parameters. We propose DTW as an elementary effects metric for Morris-based GSA
of high-dimension dynamical models.

2. The Proposed DTW-Based Metric of Elementary Effects for Dynamical Systems

Our proposed SA scheme, which we call DTW-based Morris GSA, can be visualized
using Figure 1 and Algorithm 1. Due to determination of the minimal cost of alignment,
DTW determines not only the path to align the paired sequences, but also the optimal
cost value to align the sequences [13]. After alignment via dynamic programming, the
difference between the two sequences (or perturbation in the context of SA) is computed
using a distance measure, like Euclidean distance, and aggregated by taking the mean of
the distances we denote as Cprw as shown in Equation (1), where a,, is the length of the
m™ alignment path and M is the total number of paired alignment paths. This makes the
optimal cost of alignment Cpryy as a measure of perturbation between the two sequences,
which is equivalent to the “elementary effect” in the original Morris GSA [15]. This leads
us to the following proposition:

1 M
Cotw = 37 Y. am 1)
m=1
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Proposition 1. We take the dynamic time warping (DTW) cost of alignment between pairs of sequen-
tial model outputs as the “elementary effect” to be used in the Morris GSA. By adding conditioning on
the multiple outputs, e.g., via normalization along each output dimension, the DTW cost of all model
outputs may then be aggregated together, e.g., via summation, averaging, etc., to compute a single
metric of model perturbation between two parameter settings; hence, a single metric of perturbation
across all model outputs is computed per parameter trajectory in the Morris GSA.

This proposed SA scheme implements a functional computation of the elementary
effect because DTW takes into account the entire sequential data in every model output
pair to compute the cost of alignment. In contrast to the prior algorithms implementing
basis functions approximation [8] and variance decomposition [11], DTW-based Morris
GSA does not approximate the model outputs, nor make assumptions on the sequential
data (normality of residuals, independence, etc.) in computing SA index. This makes our
proposed algorithm to be the first GSA on dynamical models that does not approximate
the model perturbations. We show in this paper the workflow on how to implement a
DTW-based Morris GSA.

(A) Dynamical model output trajectory
Generate Params. Levels:

i A/ 1 = F0r.6) A p=p, p=p, Cost matrix .
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(B) DTW: Curve alignment via dynamic programming
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(C) Graphical illustration of the meaning of DTW cost computation results
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Figure 1. Schematic on how DTW is implemented for each pair of model parameter perturbations.
(A) The resulting data sequences (time curves) of model output between two pairs of parameter
settings constitute one trajectory of perturbation (deviation). (B) Each pair of perturbed curves
undergoes DTW alignment computation, achieved by applying dynamic programming. (C) The
DTW cost of alignment, Cpryy, represents the deviation between the curves.
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Algorithm 1: DTW-based Morris GSA

This is the core DTW-based Morris GSA. Note: The algorithmic innovations in this current work from the base Morris

algorithm are in Step 3.
Steps:

1. Initialize the grid jump (A), and the number of trajectories (r) of each parameter.
2. Simulate model for each trajectory and collect all model output vectors:
2.1. Randomly generate a starting point in the input parameter space.
2.2. Simulate model across random trajectories of input parameter:
2.2.1. Perturb the parameter by A, keeping others constant.
2.2.2. Run the model with the original and perturbed inputs and collect sequential data of model outputs.
3. Calculate the elementary effect of each parameter per trajectory step via DTW:
3.1. Normalize model output vectors according to each model output’s high and low values.
3.2. Calculate the elementary effect for each parameter per trajectory step via DTW:
3.2.1. Compute DTW cost (Cprwy) then the elementary effect in each pair of original and perturbed model outputs.
3.2.2. Compute the average of the elementary effects of each parameter across all model output dimensions.
4. Calculate the mean (¢) of the elementary effects for each parameter across all trajectories. This number is the SA
index for each model parameter subject to GSA.
5. Rank the parameters based on the mean y to identify the most influential model parameters.

3. Notations and Formulations for DTW-Based Morris GSA

We first present the original Morris formulation to have a reference for the new
approach in our proposed DTW-based Morris GSA. Then we show the modifications of the
formulations to implement the DTW cost as the new elementary effect metric.

3.1. Original Morris GSA Formulation

The Morris GSA involves the computation of the SA index using the fundamental
measure of “elementary effect” as a representation of model output perturbations relative
to the corresponding parameter perturbations. Let us denote the n model outputs (high-
dimensional) of the system of differential equations to be X = [X1, X3, X3,...,Xy], and the
k model parameters to be P = [p1, p2, P3,--., Px)- So, the system of ordinary differential
equations (ODEs) for the dynamical system evolving in time f is represented as follows

with the function f:
ax

= fXP @
Note that we are generalizing the ODE model by assuming f to be composed of
coupled ODEs where the X;,’s may exhibit relations among each other via the mathematical
definition of f. To compute the “elementary effect”, each parameter in P is varied across
r levels in the space of the parameters according to the Morris sampling approach [7,15].
The region of Morris sensitivity sampling is a k-dimensional r-level grid. Each parameter
pi being perturbed by an amount A has its own elementary effect EE; (Equation (3)) on
the model outputs [7], but the original Morris formulation is valid only at a particular jth
time-point ¢; in the time-sequence.

[EEi(P)), = X(p1,- -, Pi-1,Pi + AA Pit1, -, Px) — X(P) )
L/ [EE(P)], |
pi=—— (4)

r

The Morris sensitivity index for ith parameter p; is then computed and we denote
the SA index as y; (Equation (4)). High level of y; indicates high SA index, which means
very sensitive model outputs relative to parameter p; perturbations. Note that several
prior works were conducted to extend this original Morris formulation to try to capture the
elementary effects across the entire sequence of ¢, but these works implemented approxi-
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mations of the sequential data of model outputs, as pointed out in the Introduction Section.
This paper proposes the DTW-based Morris GSA that eliminates the approximations while
achieving the goal of capturing the perturbation patterns across t.

3.2. DTW-Based Morris GSA Formulation

Our proposed DTW-based Morris GSA builds on the formulations of the original
Morris GSA, as shown above, by replacing the computation of elementary effect with
the DTW alignment cost, which captures the perturbations in the model outputs across
the time sequence ¢. This means that the model outputs X are now functions of both P
and t, i.e.,, X(P, t), when computing the elementary effect. We simplify the notation by
replacing the numerator expression representing the perturbation in the model outputs
X(p1,---,Pic1, Pi + D, piv1,---, Prt) — X(P,t)] with the DTW cost when the parameter
p; is perturbed by A, which we simply denote as Cpryy; (see Figure 1 also). That is, we
define the new elementary effect [EE;(P)] 7y as measured by the cost of DTW alignment
as shown in Equation (5). The SA index, yuprw;, is computed in the same manner as the
original Morris approach but using the [EE;(P)]py as shown in Equation (6). For correct
aggregation of the costs across all model outputs into a single Cpy; value, model outputs
are normalized within each dimension in X (see Algorithm 1) prior to computing Cpryy;;
hence, prior to computing [EE;(P)]ry-

[EE(P)] g — X(p1,--- Pic1, pi £ B, §i+1,- P t) = X(P) 1) def CDATWi )

UDTWi = Zr|[EEl(rp)]DTW| (6)

3.3. Assertion: The Original Morris GSA Is a Special Case of DTW-Based Morris GSA

This new formulation of SA index computation from the DTW-based elementary
effect is a generalization of the original Morris elementary effect when the DTW-based
Morris is applied on a single time point ¢;. This naturally follows from the definition of the
DTW-based elementary effect [EE;(P)]ryy as discussed above. This means the original
Morris GSA is a special case of one time-point implementation of our proposed DTW-based
Morris GSA.

4. Methodology
4.1. Pseudo-Code of Implementing DTW-Based Morris GSA

The implementation of DTW-based Morris GSA in this study was conducted by setting
different levels of a random number generator index, which varies the sampling trajectories
for the model parameters. Algorithm 2 summarizes the workflow for this implementation.

Algorithm 2: Implement DTW-based Morris GSA at Varying Randomization

This is the implementation-level algorithm for the DTW-based Morris GSA. Note: RNG seed randomization affects
step 2.1 and 2.2 in Algorithm 1.

Steps:

1. Generate a set of seed index for the random number generator (RNG)
2. Collect instances of parameter sensitivity ranks via Algorithm 1
2.1. Implement Algorithm 1 for each seed index.
2.2. Append each parameter ranking results until all RNG seeds are implemented.
3. Apply descriptive statistics and aggregation on the all-parameter sensitivity ranks.
4. Apply a set of rank-aggregation techniques to computationally determine the overall ranks of the parameters

4.2. Python Code Implementation: DTW-Morris GSA Python Module

The popular programming language Python was used to implement the computations
for this DTW-based Morris GSA. The code scripts are maintained in the open-access online
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GitHub repository of the paper [16]. For ease of use and readability of the codes and
workflow in this paper, the Python codes were also organized in Jupyter Notebook files,
which are also available in the same repository. See the Data Availability Section for more
information.

4.2.1. Model Parameter Sampling via Morris

The generation of the model parameters was achieved by using an existing Python
code implementation of the Morris sampling written by a prior study [17]. To maintain
good integration of our proposed DTW-based Morris GSA, this prior code implementation
of Morris sampling was adopted into the Python module we created for this work.

4.2.2. ODE Integration

The ODE integration method implemented was the ‘RK45": Explicit Runge-Kutta
method of order 5(4) [18]. This was carried out using the Python package ‘Scipy’ [19] via
the function ‘solve_ivp()” under the ‘integrate’ method class: scipy.integrate.solve_ivp().
After testing other integrating methods in the Scipy module, it was found that the RK45
simulated the ODEs in the same fidelity as the more computationally demanding methods
in the module (e.g., ‘Radau’, ‘BDF’, ‘DOP853"). The effect of step size was evaluated in
preliminary computations (at 50 runs, 100 runs, and 500 runs) and it was found that the
best step size was achieved when the integrating function is run in its default setting of
“inferring the best step size”, based on the error tolerances, relative error (or “rtol” in the
module code), and absolute error (or “atol” in the module code) when running the RK45.
It must be noted, however, that the another argument in the “scipy.integrate.solve_ivp()”
function the “t_eval” is different from the step size. The “t_eval” specifies the time-points
to “store” the computed solution values, but the step size of evaluation is separate and is
based on the specified “atol” and “rtol”, as explained above. The defaults values of rtol
and atoll are: rtol =1 x 1073 and atoll = 1 x 107 [19].

4.2.3. GSA Index Computation

The computation of the GSA index was achieved via the proposed DTW-based Morris
(Algorithms 1 and 2) implemented in a Python module developed for this study. This
module we call ‘DTWMorrisGSA’ is available as an open source code written in Python
hosted in the online repository of the paper [16]. This module is also being packaged for
deployment in the PyPi repository (currently the module is in the TestPyPi repository) for
easier installation by interested users.

4.3. Example Time-Series Dynamical Models Tested

The set of examples chosen for the testing of the proposed algorithm showcases a
progression of the complexity of the dynamical models. The first example involves a single
model output, the second example involves three model outputs, and the third example
involves a set of solutions to chaotic systems. This progression allows the evaluation of the
advances the proposed algorithm brings and also allows for the elucidation of potential
limitations.

4.3.1. Example 1: Mixed-Order Adsorption Kinetics—Single-Output Dynamics

The first example tested is the mixed-order adsorption kinetics model involving a
single differential equation of the adsorption capacity (q) [20,21]. Following is the set of
ODE system (Equation (7)) for this adsorption dynamics. There are three parameters in
the model and all are subjected to GSA via the proposed algorithm: k; = first-order rate
constant, kp = second-order rate constant, and g. = adsorption capacity at equilibrium [22].

d
;z =ki(ge — q) + ka(qe — 9)° (7)
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4.3.2. Example 2: Microbial Growth Kinetics—Multiple-Output Dynamics

The second example tested is a Monod-type microbial kinetics that models the growth
of microbial cells (C), the depletion of the substrate (S) during biogrowth, and the pro-
duction of extracellular product (P) during biogrowth. Thatis, X = [C S P] T having three
dimensions with each variable expressed in its ODE form with respect to time t. The spe-
cific model used is for the conversion of glucose to ethanol by Saccharomyces cerevisiae [23].
Following is the set of differential-algebraic ODE system for this biogrowth dynamics.
There are six parameters in the model and all are subjected to GSA via the proposed al-
gorithm: k; = cell natural death rate constant, Y;,, = substrate-per-cell yield coefficient,
Y,/ = product-per-cell yield coefficient, Ks = substrate saturation constant, ks, = cell main-
tenance utilization coefficient, and p,x = maximum specific growth rate. The model is
shown in Equations (8)—(14).

dac

i g =74 8)
ds

E = 7rgYs/c — Tsm (9)

dp
=Y (10)

where: S
T’g = kobSCm (11)
P 0.52

b = o (1= 55 12)
rg = de (13)
Tsm = ksmC (14)

4.3.3. Example 3: Lorenz Attractor—A Set of Chaotic Solutions

The third example tested is the Lorenz attractor ODE system [24] that is commonly
used as a benchmark ODE for similar works on the analysis of dynamical models due to its
characteristic chaotic behavior that occurs with certain combinations of model parameter
values [25]. The Lorenz system is a foundational dynamical model in the areas of chaos
theory and weather modeling such as atmospheric convection [26]. The Lorenz ODE system
consists of three variables we denote as X; = rate of convection, X, = rate of horizontal
temperature variation, and X3 = rate of vertical temperature variation. Following is the
set of differential-algebraic ODE system for this chaos dynamics. That is, X = [X; X, X3] T
having three dimensions with each variable expressed in its ODE form with respect to time
t. There are three parameters in the model and all are subjected to GSA via the proposed
algorithm: «, B, and -y, which are parameters respectively proportional to the Prantl number,
Rayleigh number, and certain physical dimensions of the atmospheric layer itself [25]. The
model is shown in Equations (15)-(17).

4,

it = lX(Xz - Xl) (15)
ax
=X Xs) - X (16)
X
= = XiX2 1% (17)

4.4. Analysis and Aggregation of Model Parameter Sensitivities

Existing data analysis and data aggregation techniques are used to evaluate the per-
formance of the proposed DTW-based Morris GSA, and to make conclusions about the
sensitivities of the model parameters in Example 1, Example 2, and Example 3. For each
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run of the DTW-based Morris algorithm, the parameter sensitivity values are used to rank
the parameters, with Rank 1 assigned to the most sensitive (highest value). With the seed
index of the random number generator (RNG) varied in the study of each model, a set of
parameter ranking is created for every RNG index. After running the set total of varied
RNG index (Algorithm 2), a set of parameter rank list is consequently created. Graphical
analysis on the parameter rank list is conducted to evaluate sensitivity trends. Finally, a set
of rank-aggregation techniques is implemented on each model parameter rank list to com-
putationally determine the overall ranks of the parameters. The techniques include: Borda’s
rank aggregation method (Borda), and the Cross Entropy Monte Carlo rank aggregation
method (CEMC), which are all implemented using an existing R-package “TopKLists” [27].
These methods were selected based on their long-established performance and their suit-
ability according to the data structure of the sensitivity indices from the DTW-based Morris
GSA. Furthermore, the Borda method is a popular type of non-optimization-based method
and the CEMC is a type of optimization-based method [28].

5. Results and Discussion

The results show the successful implementation of our proposed DTW-based Morris
GSA for high-dimensional dynamical models.

5.1. Example 1: Mixed-Order Adsorption Kinetics—Single-Output Dynamics

The results are shown in Figure 2. The sample adsorption kinetics curves in Figure 2A
follow the typical patterns of adsorption of various adsorbate-adsorbent pairs. The rank-
aggregation results (Figure 2B,C) on the parameter SA index rankings show consistent
overall rankings of the parameters with k; as Top1 indicating it is the most sensitive model
parameter. Parameter k; is Top2 and g, as the least sensitive parameter being Top3.

((A) Example schematic for DTW computation per Morris parameter sampling trajectory: Adsorption
god X(0=qa(t ] 2
Trajectory 1: P,
p=p, —@— p
3 - s
p=p, —— q(9) ot Y S
Trajectory 2: Py ; DTW hA
P=p4 - Ip 7\1
12 Pd
P=P; 0- A -
0 t 20 0 t 20
(B) Parameter Ranking Summary (C) Rank List Aggregation Results
Frequency Plot: Rank: 100 203 303 Borda Method: CEMC Method:
-oa_—)! qe- 1 I 2 | 3 Aggregation | Top1 [Top2|Top3 Topk: T(?p1=k1,-T0p2=k2,T0p3=q,_)
o Probability Matrix:
% kz T 1 | 2 | 3 Mean ki | k2 | qe Top1 Top2 Top3
s kL1 [ 2 [3 Geom Mean | &, |5, (.| x[0-9895 0.0052  0.0052
a : i . ] d k2| 0.0052 0.9895 0.0052
0 250 500 750 1000 L2-Norm [k, [k [ q.L00052 00052 0.9895
\_ Count )

Figure 2. Results in implementing the DTW-based Morris GSA on a single-output dynamics us-
ing the example of mixed-order adsorption kinetics: (A) example natural curves from the simu-
lated adsorption kinetics showing sample two trajectories among several trajectories during runs;
(B) descriptive summary of the model parameter ranking based in SA index; (C) Borda method and
CEMC method rank-aggregation results. First, the Morris sampling approach was applied to create
the set of model parameter values that represent the perturbation in the parameter values creating the
sampling trajectory such that p; =[0.2, 0.0, 37.65862069] to p, =[0.2, 0.0, 57.65862069] perturbation
creates the Trajectory 1 and p; =[0.2, 0.0, 37.65862069] to p3 = [0.2, 0.05655172, 37.65862069] (where
pi = [k1, k2, ge]) perturbation creates the Trajectory 2 as shown in (A). Then, the model is simulated
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using these model parameter values and the DTW alignment cost is computed for each pair of curves
in a trajectory, and the graphics in (A) show the DTW; as alignment cost for Trajectory 1 and DTW,
as alignment cost for Trajectory 2. The DTW alignment cost for each trajectory was then used to
compute the elementary effects, as shown in the DTW-based Morris GSA equations above, and the
resulting GSA index values were used to rank the model parameters, with Rank 1 assigned to the
parameter with highest GSA index. Finally, the parameter rankings were analyzed graphically as
shown in (B) and aggregated using rank-aggregation methods Borda and CEMC as shown in (C).

5.2. Example 2: Microbial Growth Kinetics—Multiple-Output Dynamics

The results are shown in Figure 3. The sample microbial kinetics curves in Figure 3A
follow the typical patterns of cell growth (C), substrate consumption (S), and product
accumulation (P). Evident in Figure 3B is the effect of normalizing the model outputs along
each output dimension. That is, C consists of curves of C normalized based on the lower-
bound C,,;;, and upper-bound Cy,x values of C: C = C/(Cax — Cpin)- The same was
performed on the other model outputs: S = S/ (Syax — Spin ) and P = P/ (Puax — Ppin)-
This normalization is a critical step to make sure the succeeding aggregation of the Cpry;
across all model outputs is correct. This normalization step has been coded in our Python
script implementing DTW-based Morris GSA.

The rank-aggregation results (Figure 3C-E) on the parameter SA index rankings show
consistent overall rankings of the four most sensitive parameters via the Borda method
(Figure 3D): pmax as Topl, ksy as Top2, Ks as Top3, and Y,/ ¢ as Top4. On the other hand,
the lower-rank parameters Yp, ¢, and k; changed overall ranking depending on the rank-
aggregation metric—mean, geometric mean, and L2-norm (Figure 3D). The CEMC method
results in almost the same overall parameter ranking aggregation as Borda except for the
parameter ks, as Topl, and pyax as Top2 (Figure 3E).

r(A) Example natural curves for two trajectory of parameters for the microbial kinetics A
C(t) 5(t) P(t)
Trajectory 1: p=p ) p=p;
151 15 -110.0 6
Trajectory 2: =
] p=p
1.0 2| 504
2 .
2.5
0.5 1 i
: ; : 0.0 0 . ;
0 1 2 t 1 2
B) Microbial kinetics normalized & DTW for trajectory 2 (DTW,= DTW, .+ DTW, ;+DTW
2 2C 2,8 2P
C(t) 5(t) P(t)
1.00 - DTW,: 7] 1.00 1.00 - Rt
AN DTW,, .=
0.75 1 0.75 0.75 A ’
0.50 - 0.50 - 0.50
0.25 0.25 0.25 -
0.00 . . 0.00 0.00 . .
. 0 1 2 ¢ 1 2

Figure 3. Cont.
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(C) Parameter Rank results summary and aggregation (E) Rank Aggregation: CEMC Method

Frequency Plot:
Rank Legend: 10 2300405063 TopK:
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o fsm - 1 | 2 | 3 4 | 5 | 6 T _ _ _
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K- 1 [ 2 [ 3 | 4 [5]6 s/ Fre ¢
EVppe- 1213 [ 4 [ 5 6
5 Y- (1123 4 [ 5 | 6 Probability Matrix:
o kd T L 2 - | 3 | 4 | ,5 | 6 Top1 Top2 Top3 Topd Top5 Topb
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(D) Rank Aggregation: Borda Method
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Mean Umax | Ksm Ko | Yssc | Yore | ka Kom | 0992 5x107 2x107 8x107* 3x107 3x107

Geom. Mean Mmax | ksm | Ks | Ysse | ka | Yeic Hmax|6x107 0992 1x107 4x107* 3x107% 3x10~*
L2-Norm Hmax ksm KS YS/C YP/C kd

Figure 3. Results in implementing the DTW-based Morris GSA on a multiple-output dynamics
using the example of microbial growth kinetics. (A) Example natural curves from the simulated
Monod-type microbial kinetics with color lines blue for py, red for p,, and yellow for p3. (B) Example
of the normalized model outputs annotated with the optimally aligned path for each trajectory.
(C) Descriptive summary of the model parameter ranking based in SA index. (D) Borda method
rank-aggregation results. (E) CEMC rank-aggregation results with highlights in blue color for the
highest probability value per TopK rank.

5.3. Example 3: Lorenz Attractor: A Set of Chaotic Solutions

The results are shown in Figure 4. The sample Lorenz attractor curves shown in
Figure 4A,B follow the typical patterns of Lorenz chaotic solutions. An example of the
normalized model output X3 is shown Figure 4C. The rank-aggregation results (Figure 4D,E)
on the parameter SA index rankings show consistent overall rankings of the parameters,
with « as Top1 indicating it is the most sensitive model parameter. Parameter 3 is Top2 and
7 as the least sensitive parameter being Top3. Being a complex dynamical model due to its
chaotic nature, the Lorenz Attractor was conveniently subjected to the DTW-based Morris
GSA. After a careful search of the literature, we concluded that this is the first time that the
parameters sensitivities were computed for the Lorenz Attractor dynamical model, which
is an indication of the potential of our proposed approach.
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Figure 4. Results in implementing the DTW-based Morris GSA on a set of chaotic solutions using the
example for the Lorenz Attractor. (A) Example natural curves from the simulated Lorenz Attractor.
(B) Three-dimensional rendering of the model outputs. (C) Normalized curves prior to computation
of DTW alignment cost. (D) Descriptive summary of the model parameter ranking based in SA index.
(E) Borda method and CEMC method rank-aggregation results.

6. Conclusions

DTW-based Morris GSA can successfully determine parameter sensitivities of high-
dimensional dynamical models. The results verify the capabilities of our proposed DTW-
based Morris GSA. The findings also open the possibilities of extending the technique
to more complex dynamical systems and to other areas that may benefit from the com-
putational capabilities of the technique. Here are potential future research directions to
further evaluate the capabilities and limitations of our proposed method: (1) Analysis of
deep neural networks (DNNs), which are crucial components of many popular advanced
deep learning (DL) models, to develop explanations of predictions and the behavior of
DL models during training and prediction [29]. A popular topic in this area currently is
the examination on how large language models (LLMs) learn through their DNN compo-
nents [30]. Since LLMs learn using sequences of data, the DTW-based Morris GSA can be
applied to examine the model parameters inside DNNs as sequential data are assimilated
by LLMs. (2) Sensitivity analysis of discrete chaotic maps, such as adaptive symmetric
Hénon maps [31]. A Hénon map provides a way to conduct more detailed exploration of
the chaotic dynamics and there are open problems in this research area [32]. (3) Analysis of
chaos-based communication systems that use chaotic systems as an efficient, deterministic
high-entropy source that can mask information signals for safe transmission through public
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channels [33]. Finally, the immediate next directions from this current work will also
involve the further refinement of the Python module ‘DTWMorrisGSA’ [16] so it will allow
easy integration with existing modules in open-source repositories (e.g., PyPi, Conda, etc.),
ready for use by various users.
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