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New approaches that allow a logical link to be established
between body parameters and the dynamics of locomotion
are attracting increasing interest. We propose a method
that obtains knowledge from a biomechanical system. The
speed of human gait transition from walking to running was
investigated. Employing soft clustering and fuzzy logic
principles, we derived the most influential body parameters
and logical rules between them which define the preferred
transition speed (PTS). The first-order PTS determinants are
mass, tibial height and thigh length, while those of the
second order are lateral malleolus height and body height.
Four logical rules allow PTS values to be predicted with an
accuracy of 0.03 m/s when using first-order parameters,
and of 0.01 m/s when additionally second-order parameters
are included. Compared to previously published studies,
these accuracies are the best obtained to date, making our
method a promising tool for practical applications.

KEYWOTdS: Transition speed; Knowledge acquisition;
Anthropometric parameters; Physiotherapy; Sport training

Introduction

This work seeks to answer the question of how knowledge
about a biomechanical system can be acquired. Comprehending
a system means to answer the following questions:

Which parameters are most closely related to certain dynamic
characteristics? What are the logical connections between
them? Which parameters contribute most to the dynamics of
interest and how?

We provide definitions of:

e First-order parameters, which contribute most to system
dynamics

e Second-order parameters,
important but not critical

the influence of which is

We address these questions in the context of a specific
biomechanical problem, namely the prediction of the preferred

transition speed (PTS) in humans, to illustrate the potential of
the method.

Human locomotion is considered to take two primary forms:
walking and running. Walking is a form of locomotion defined by
a double support phase in which both feet are on the ground at
the same time. Running is a form of locomotion defined by a
double float phase. When humans run, the feet are never in
contact with the ground simultaneously, and there is a phase
when both feet are temporarily airborne.

The PTS is the speed at which an organism typically changes
gait. Humans spontaneously switch from walking to running as
speed increases; the PTS is typically around 2.0 m/s [1]. Early
research indicated the "energetic trigger", according to which
the transition minimizes metabolic costs. The predicted
transitions speeds of 2.2-2.3 m/s were higher than those
observed (2.1 m/s) [2,3]. Recently published investigation
proposes that the transition happens as the stride frequency of
walking attractor shifts slowly to the frequency of running
attractor [4]. These observations seem to indicate that gait
transition must be triggered by factors that are unrelated to
metabolism. They could be mechanical, sensory or behavioral.
Mechanical factors would prevent overloading or overexertion
of structures such as bones, tendons and muscles.

The speed at which a gait transition occurs and its
determinants has triggered the interest of many researches.
Changing gait is not a matter of choice, but rather one of
convenience, even if it remains unclear what is to be optimized.

According to the inverted-pendulum model, when the
2
centrifugal force, % becomes greater than the gravitational

force, mg, and contact with the ground is lost and it is no longer
possible to walk [5]. Therefore, maximum walking (or transition)
speed can be defined as PTS =+/g - TrH, assuming that leg
length (TrH) is typically around 0.9 m for adult, PTS corresponds
to 2.97 m/s, which is much higher than what was normally
observed. The empirically obtained coefficient 2.2 m/s is usually
used to assess PTS, and the formula PTS = 2.2\/TrH m/s is
applied [6]. What exactly contributes to the empirical value of
2.2 m/s is not yet clear [6].
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On the basis of a statistically derived regression model it has
been suggested that lateral malleolus, thigh length and sitting
height measurements are the main determinants [7]. A recent
publication has reported a decreasing PTS when the feet are
loaded with additional mass [8].

Several attempts have been made to describe the walking-
running transition process based on kinematic factors,
considering each mode as a non-equilibrium phase between two
attractors: walking and running [9]. The synergetic model builds
on acceleration of the body’s center of gravity as a primary
determinant of mode shift [10].

A natural approach to solving the knowledge acquisition
problem is to employ Fuzzy Set Theory, which suggests models
in the form of fuzzy rule-based systems, as developed by Zadeh
[11]. Fuzzy logic (FL) has already been applied successfully to a
wide range of problems in various fields dealing with uncertainty
and vagueness including human gait recognition [12,13]. Two
main components of FL models are:

¢ An inference system, which provides a method for mapping
input data to outputs

* A knowledge base, which represents the knowledge about a
problem in the form of a collection of fuzzy rules

There are two kinds of FL-Mamdani and Takagi-Sugeno (TS)
types [14].

Many research groups investigated how an optimal set of
rules describing system behavior can be obtained. Three
methods are available: ad hoc data covering neural networks
and genetic algorithms [15-22]. Depending on the technique,
the number of rules or the number of membership functions
(MFs) is optimized, which might result in suboptimal solutions
[23]. Although the algorithms are very sophisticated, these
publications deal with predefined datasets, and selecting inputs
is not the primary task. Using a Neuro-Fuzzy Designer (NFD)
application which is the most common approach and which
allows models to be obtained in two ways. One is clustering a
large number of clusters from a dataset is organized; in other
words, a large number of strongly overlapping MFs is built. The
other is grid partitioning a large number of rules are generated

Table 1: Objects biomechanical parameters.
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according to the number of output clusters, using only a few
input MFs. The two options entail that a rule is created for each
output dataset or a cluster for one or several data input points.
Since this is a black-box approach, it is difficult to gain an
understanding of the underlying logic of the system under
consideration (despite the high accuracy achieved), as either,
the number of MFs or the number of rules is too high. Adaptive
Neuro Fuzzy Inference System (ANFIS) is a recently introduced
Matlab function (Matlab R2017a, MathWorks), that can partially
solve the problems mentioned above [18]. The number of MFs
can be defined, which automatically defines the number of
rules.

An advantage of ANFIS models is that they are
comprehensible. If one wants to find main determinants of the
system and make out the most important parameters related to
a given dynamic characteristic many can be found (Figure 3).
According to Jang, “[..] ANFIS has unlimited approximation
power to match any given dataset” [18]. This technique provides
highly accurate models based on almost any input parameters
by adjusting the shapes of input/output MFs of FL models:
therefore it is difficult to identify influential parameters.

We propose a feasible approach to “zooming out” the FL
models systematically with the aim of deriving generic system
properties. To cope with the diversity of human body
measurements, we employed FL as the core tool.

The model is sufficiently simple to allow:

e The body characteristics related to the determination of the
transition speed to be identified

e Logical rules to be formulated, that provide knowledge about
the biomechanical system

Methods

Experimental PTS values and body parameters (Table 1) were
taken from the publication [7].

ID Mass BF LM TiH TrH TL Height SH PTS
™ 73.5 8.3 7.4 442 88.3 441 174.3 93.7 2.13
2M 73 9.6 6.6 45.2 89 43.8 174 91.2 2.09
3M 86.2 13.8 6.9 49.7 97.5 46.5 187.5 97.6 2.1

4M 52 6.1 4.2 40.1 82.2 43.6 162.2 87.3 1.92
5M 86.9 9.8 7.2 49.9 99.6 47.8 185.9 96 2.19
6M 71 9.1 6.2 45.6 86.1 421 174.2 92.8 1.89
™ 70 9.1 7.8 44.6 86.6 42.6 179.3 95.1 2.01
8M 81.5 8.7 6.7 49.6 94.8 42.6 179.4 90.1 2.16
oM 715 1.2 6.9 46.9 84.2 50.2 172.3 91.6 2.13

2 This article is available from: http://www.imedpub.com/british-biomedical-bulletin/
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10M 85 10.8 7.7 49.8 99.7 49.7 190.7 95.1 2.29
1M 83.5 15.9 7.7 46.9 92.5 40.5 185.4 97.8 2.1
1F 53 17.6 5.7 41.8 88.3 37 165.9 87.8 2.1
2F 54.5 12.3 6.9 42.7 86.3 37.6 161.2 84.2 2.21
3F 49.5 10.1 5.2 38.4 77.2 42.7 154 83.9 1.85
4F 51 14.9 6.8 44.2 86.8 42 161.9 84.5 2
5F 55.5 15.6 54 433 85.9 41 164.4 85.2 2.03
6F 74.4 251 6.4 46.6 96.8 452 1771 100.6 2.03
TF 50 20.5 5.1 39.2 76.2 39.8 153 84.9 1.88
8F 57 16.9 7 44.9 82.5 40.7 165 87.7 1.93
9F 66.5 15.4 4.9 41.4 82.4 42.4 164.8 87.1 2.07
10F 59.5 16.4 71 44.9 84.7 37.3 162.8 84.9 2.03
11F 56.5 15.2 7.2 42.4 83.1 49.9 164.4 86.8 2.1
12F 54 15.9 6.9 414 83.8 41.2 161.5 81 2.16
13F 56 20.6 6.9 38.1 79.3 45.6 159.8 86 213
14F 54 15.3 54 38.8 80.5 417 163 88.1 2.1
15F 64.5 18.9 6.1 421 82.4 40.3 168.1 89.8 1.91
Corr 0.45 -0.12 0.54 0.43 0.58 0.35 0.48 0.22 1
Note: Corr=the correlation coefficients between PTS and the parameters. M=males; F=Females; BF=% Body Fat; LM=Lateral Malleolus Height; TiH=Tibial Height;
TrH=Trochanteric Height; TL=Thigh Length; SH=Sitting Height. Mass is given in kg, PTS in m/s, all lengths in centimeters. The experimental data for males and females
was taken from [7].

While a variety of definitions of the term PTS have been
suggested, we use that first suggested by Hreljac, who defined
PTS as the average of the walk-run and run-walk transition
speeds. Hreljac obtained data using a motor-driven treadmill,
and the experimental protocol is described in detail [7].

First, we constructed all possible pairs, triple, quadruple and
quintuple combinations of the eight body measurements shown
in Table 1.

Second, we built FL models for each combination with clusters
of two, three, four and five (more is also possible, but with a
subject numbers of 26 larger numbers of clusters do not make
sense).

We then chose the threshold accuracies. TS fuzzy if-then rules
were used to build FL models [18]. The output of each rule is a
linear combination of input variables plus a constant term, and
the final output is a weighted average of each rule output.

To provide a general understanding of the operation of TS
inference systems with a linear output MF, we provide an
explanation using the example of the following FL models.

Consider an example model with mass and height as the two
input parameters and the PTS value as output. Suppose we run
simulations with two clusters that produce the rule base
containing two TS if-then rules:

Rule 1: If xis M1 AND y is H1, then PTS1=ax+by+c
Rule 2: If xis M2 AND y is H2, then PTS2=px+qy+c @)

© Under License of Creative Commons Attribution 3.0 License

Where, M1 and H1 are labels of fuzzy sets characterized by
appropriate MFs [11].

In Figure 1, M1 is an MF of mass, and H1 is an MF of height.

Calculating PTS values based on the FL model requires the
following steps:

e Fuzzification step: obtain membership function values of
each linguistic variable. For example, if x=70 kg, the MF
degree is 0.90 and y=165 cm, then the membership degree
for height is 0.17 in the first rule. In the second rule, it is 0.85
for mass and 0.82 for height (Figure 1).

e Using a specific operator (AND in this case), combine the
membership degrees on the premise part to obtain a weight
for each rule. The weight of Rule 1 is w1=0.17, which is the
logical outcome given by the AND operator or a minimum
between MF degrees (MemDM1 and MemDH1 for mass and
height, Figure 1). The weight output for Rule 2 is 0.82.

Generate the qualified consequent of each rule depending on
the rule weight. Outcome MFs of TS fuzzy interference system
are introduced by linear functions, and strictly speaking a
consequent part is described by a non-fuzzy equation of input
variables.

The linear functions for the first and second rules are PTS1=ax
+by+c and PTS2=px+qy+r, respectively. The weights of rules 1
and 2 are wl and w2, as indicated in Figure 1.
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Figure 1: Takagi-Sugeno fuzzy interference system with two rules and two input parameters. The weights of the first and second
rules are wl and w2. The calculation of predicted PTS values from TS fuzzy logical models is shown.
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e Aggregate the qualified consequents to produce a crisp input-output data processing, as shown in Figure 1, but differ in

output: the way in which MFs are obtained.
pTS = WL PTSi + wg PTSZ _ 1. PTS1 + w2 - PTS2 qu ANFIS models, jche iniFiaI FL m<?dels are created using the
wl+w genfis command, which builds starting FL models (Figure 2A)

TS models were obtained using the ANFIS Matlab command, based on a number of clusters defined in the form (1,3) by the
therefore we call them ANFIS models, and CoreFL (Core FL) user [3].
models are obtained by our technique. Both perform the same
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Figure 2A: Rules of fuzzy logic models using the parameters mass, tibial height and thigh length using ANFIS models having
estimation error=0.02 m/s.

\ J
The ANFIS command tunes FL models to the dataset values 100 optimization steps that were performed using the ANFIS

via a hybrid learning procedure [18]. Details of the ANFIS hybrid command.

leaning algorithm can be found in Jang et al. [18]. There were

4 This article is available from: http://www.imedpub.com/british-biomedical-bulletin/
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CoreFL models possess less well-tuned MFs to the data. These
models were built based on clusters that are defined with
stricter restraints, and only information about the cluster
centers and their ranges was provided. A detailed description is
given below.
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In zoomed out/core FL models, clustering is performed more
rigorously and MFs overlap less compared to ANFIS models and
therefore only one rule has non-zero weight (Figure 2B).
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Figure 2B: Rules of fuzzy logic models using the parameters mass,

estimation error=0.03 m/s.

Note that MF constructs use only the information about
cluster centers and ranges and are not fit to the data.

CoreFL models were built as follows:

e Fuzzy c-means clustering was employed for every parameter
combination and the number of clusters. This technique
groups a dataset into n clusters, where every data point in
the dataset has a certain degree to which it belongs to each
cluster. Data points that are close to the center of a
particular cluster therefore have a high degree of belonging
or membership to this cluster, and others that lie further
away from the cluster center have a low degree of belonging
or membership

e The clusters were filtered to obtain smaller datasets for
further MF construction as described below. Only the points
with the highest membership degree to cluster i were taken
to construct MFs for cluster i. For example, if point j has a
membership degree of 0.6 to Cluster 1, 0.3 to Cluster 2, and
0.4 to Cluster 3, it is used to build the MF for Cluster 1 only.
Hence, we performed stricter clustering

e The average, minimum and maximum of redefined clusters
was calculated

e C(Cluster i consisted of the selected values xj of input body
measurements from Table 1.

e Input Gaussian MFs were built using

© Under License of Creative Commons Attribution 3.0 License
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where Ci is an average of {xj} C cluster i, and
o; = ZoomF - (C; — min{xj} (2).

The zooming factor (ZoomF) was chosen to be 0.4, but results
remained similar for other choices 0.3, 0.5. One can vary this
factor in dependence from a need getting the information and
models which describe more (ZoomF is smaller) or less (ZoomF
is bigger) denced points distribution around the center in the
clusters.

The parameters for output linear MFs of cluster i form a
vector A obtained by solving the optimization problem
A{xj} = {PTSj}. Such a matrix for a model as described above

abc
(Figure 1) would have the form( ) Even though we
pqr

obtained parameters of output MFs by optimization, the model
predictions were calculated with input membership function
degrees that were not optimized to the input data. Employing
different shapes of input MFs based on clusters range one can

5



obtain additional knowledge about data distribution in the
clusters.

For example, if triangular or bell-shape MFs suggest models
with better estimation one can conclude that the data
distribution is closer to these shapes.

The standard deviation (SD) was calculated using
N
1 2
5 E (PTS, — FLM)
n=1
Where, PTS, is the value obtained for subject n in

experiments (Table 1), FLM is the prediction of the FL model,
and N is the size of the set of experimental values (26 points).

Figure 3 shows the combined results from simulations with
different parameters. We employed two criteria:

e Pre-established error (0.07 m/s):

If model precision is higher, then the model is discarded,
which is why Figure 3A (case of two clusters) shows no
successful models and no parameters are highlighted.

e Minimum error of the most successful model:
Models whose estimation deviates by less than 15% from the
minimum error of the most successful model are considered.
The results for four clusters can be found in Table 2.

In general, the methodology is aimed to be employed for
problems with a dataset where a number of interconnected
variables are present, so the data acquisition becomes a rather
tedious process. Therefore, further experiments are needed to
be designed consciously. These situations are often in biology.

For such cases, it is feasible to build testable hypothesis by
extracting the logical rules refer to different criteria-varying type
of MFs and its parameters, for example, a zooming factor.

The highest score as defined by threshold error criteria get
models which possess largest number of well-defined (that is,
well packed and equally distributed around the center) clusters
connected by logical operation “AND”. One of the outputs is the
number of clusters for which this is the case.

If one seeks to find models with high density data in
attributed clusters, one can employ the zooming factor 0.1-0.2.
Since it is almost impossible to have data that ideally satisfy the
criteria of a well-defined cluster, the highest score obtain those
models which include most of such clusters or which data have a
closest distribution to the demanded criteria introduced by MFs
of CoreFL models.

Illustrating models as shown in the Figure 1* in
Supplementary material one can conclude, for example, which
rules are more valid based on the current dataset. On the Figure
1*(supplementary material) one can see that cluster 2 (mf2 or
rule 2) has only a few number of points (two points) in
comparison with other clusters. Therefore, the clusters (or rules)
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one, three and four are more valid. To validate the rule two
ideally, on needs to get new statistics on this range of data from
new experiments. Nevertheless, for the present dataset such a
model gives the best prediction.

One can suggest that taking the densest region in the clusters
as the centers of MFs for CoreFL models would bring better
estimation of PTS. The aim here was to build MFs unbiased to
data and therefore only the clusters range and its center (C;)
were employed.

Results

Two practical questions that arise when general rules

underlying a system are to be found:

1) What are the main (two, three, and four) parameters
(determinants) that have the greatest influence on system
behavior?

2) What are the primary rules or tendencies in the systems
that define its logic? We suggest several main determinants for
PTS and provide some primary rules with a prediction error
comparable to those of other methods. The models that satisfy
these criteria offer comprehensible knowledge about the
system. In our case, a table of subjects’ body measurements was
the starting point for answering these questions. The PTS values
obtained are presented in Table 1.

To build FL models, we first ran simulations employing the
ANFIS method. The colors in Figure 3 indicate how often a
parameter participated in successful models that satisfied the
threshold criteria. As can be seen in Figure 3A mass, LM, TiH, TL
and body height had the highest scores in simulations with three
MFs. It is indicated in the second row of Figure 3A since the
number of MFs is equal to the cluster number.

For four MFs, six parameters out of eight can be considered as
influential (refer to threshold error criteria, see Methods), and in
the five-cluster case, the whole parameter set is highlighted
(Figure 3A).

Based on the simulation results (Figure 3A), one can identify
system determinants by applying various criteria. We suggest
summing the scores obtained from successful models for all
clusters and for each parameter.

This means aggregating the scores over each column (each
parameter) in the result matrix (Table 1 in the Supplementary
Material). The results are shown in Figure 3B: four parameters
out of eight contributed significantly. This indicates that mass,
LM, TiH and TL fulfill the formal criteria to be system
determinants, although trochanteric and sitting heights also
score highly.

The ANFIS method has the property of “[..] unlimited
approximation power to match any given dataset” therfore
conclusion may be fallacious [18]. The concern is the following:
Models are obtained by parameter fitting of MFs to the dataset
(Table 1), yielding low estimation errors with a variety of
parameter combinations, which is reflected in a large number of
successful models obtained (see the list of models obtained in
the case of four clusters in the Supplementary Material).

6 This article is available from: http://www.imedpub.com/british-biomedical-bulletin/
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Hence, we suggest recasting the results using a different
approach that can be considered a “zoom out” of ANFIS models.
MFs built by the methodology proposed below overlap less, and
therefore the FL models are in a sense less fuzzy.

We built models that are less “tuned” to the dataset. We call
these models CoreFL, since MFs hardly overlap and based on
cluster center and range only (Figure 2).

With the help of CoreFL models, influential parameters can be
identified more easily, and the results from ANFIS modeling can
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be corroborated or disproved. Note that the precision of
successful CoreFL models does not deviate much from that of
ANFIS FL models, but the number of models that satisfy the
threshold criteria is smaller due to their more generic nature
(see results for four clusters in Table 2 with CoreFL models.

One can compare the results with ANFIS successful models in
the Table 2" of Supplementary material).

Table 2: Simulation results using core fuzzy logic models in the case of four clusters/MFs. Threshold error criteria are defined in the
proximity to the minimum error for each parameter combination (see Methods). The summarized score is the sum of scores for each
parameter. Standardization using the maximum summarized score was performed to compare simulation results of different
clusters. Color map values were generated to illustrate the results graphically and highlight the contrast (Figure 3).

Threshold Error Criteria Mass BF LM TiH TrH TL Height SH Estimation error [m/s]
+ + 0.059
0.062 + + 0.058
+ + 0.054
+ + + 0.033
0.038 + + + 0.036
+ + + 0.036
0.02 + + + + 0.018
+ + + + 0.02
0.007 + + + + + 0.006
Summarized Score 9 0 1 6 4 5 3 0 {Scorek}, Max(Scorek)=9
Score Standardization 1 0 0.1 0.67 0.44 0.56 0.33 0 Scorek/Max(score)
Values for color map 100 0 1 67 56 33 0

For example, the ANFIS model with mass, TiH and TL had an
estimation error of 0.02 m/s, while the CoreFL model had 0.03
m/s (Figure 5, Table 2).

The results are illustrated in Figures 3C and 3D. They indicate
that the output linear membership functions for each rule relate
rather to the cluster ranges than to the data specifically. The
matrix of the numerical values illustrated in Figures 3C and 3D
can be found in the Supplementary Materials (Table 1B).

To clarify how we obtained the color maps, Table 2 shows the
simulation results for four clusters of CoreFL models. Scores for
these models are illustrated in the fourth row in Figure 3C.

Table 2 presents how the summarized score and the color for
each parameter were obtained. Based on the CoreFL models,
the system determinants are mass, TiH and TL can be thus called
first-order parameters (Figure 3D).

One can also track first-order parameters as the cluster
number increases. They stay conserved in the different

© Under License of Creative Commons Attribution 3.0 License

parameter combinations (this is also the reason why these
parameters appeared to have a highest score). In Table 2, mass,
TiH and TL occur in all parameter combinations.

When simulations were run:

e with pairs, successful models were obtained for: mass+TiH
and mass+TL

e with three parameters: mass+TiH+TL

e with four clusters: mass+TiH+TL+either LM or height

Last two additional parameters increase model accuracy and
can therefore be called putative second-order parameters (the
additional parameters appear most often in successful models
with more than three inputs).

The models obtained have, as shown below, the following set
of rules for models with four MFs and four rules.
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Figure 3: Graphical illustration of the results of simulations using two, three, four and five membership functions (or clusters). A)
ANFIS and C) core fuzzy logic models. Summarized score for each parameter in the case of ANFIS (B) and core fuzzy logic (D)
models. The yellow color palette highlights results with the highest score and darker colors indicate the opposite. The
corresponding numerical values are shown in Supplementary material.

For example, the model for mass, TiH and TL (Figure 4) is:

LIf (Mass is MFI™) AND (TiH is MF1"™¥) AND (TLis MF1%), then (PTS is MF1°)

2.If (Mass is MF2™) AND (TiH is MF2™ ) AND (ILis MF2™), then (PTS is MF2™" )
3.If (M'a.s's is MFS”““) AND (TiH is MFB”’)AND (n is nmff-),aﬁm (Prs is MFB"“)
4. If (Mass is MF4™*) AND (TiH is MF4™ ) AND (IL is MF4™), then ( PTS is MF4™T)

Figure 4: Depiction of models having four MFs and four rules.

A graphical representation of ANFIS and CoreFL rules for MPFs due to stricter cluster membership criteria and can be
mass, TiH and TL is illustrated in Figures 2A and 2B. It can be written following way (Figure 5):
seen that in many cases the core MF (Figure 2B) has narrower

PIS is
1If [ﬁcﬁrﬁ is va’y_{s:;iz-{{)m 53?@) AND [TEH is vay_s;i(ngg;s 4].cm] AND (TI is smafafﬂigsr%Sm} then {)_06-mass+O_OL-TSH+0_02-H—0_O?]
(MF17% )
PIS is
2 If | Mass is small ~ 5%kg | AND (TEH is smaHm43cm) AND | TLis  very _smdl=~3%m |, then
[ AEFT=) ] (MET) ~aEr —0.01-mass—0.0&£;§[—0.03 -TL+46
PIS is
I (ﬂcw:s is ava’gﬁe;ﬁ;'mg) AND [TEH is averc(:fg;ﬁi;%flcm] AND [TL is brgaﬁﬂgm} then 0.03- mass—0 .06 . TiH ~ 0.04 -TL <16
3 3 o
5 PIS is
4.If (M’ass is big=84ig | AND | TiH is big = 48cm | AND | TL is average = 45am |, themn .
ME4~s ) AFSE AFF —0_03-mass—0_0m4§$g;§}'+0_04-ﬂ +51
Figure 5: lllustration of narrower MFs due to stricter cluster membership criteria.
MFs parameters for CoreFL and ANFIS models from the Figure To gain an understanding of the system, the principal laws can
2 are given in the Supplementary material. be formulated by reading the graphical rule representation of

8 This article is available from: http://www.imedpub.com/british-biomedical-bulletin/
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the core FL model (see Supplementary Material). The first two
rules suggest that objects with a low mass (<60 kg) and short
tibial height (<44 cm) have a tendency towards lower transition
speeds = 2 m/s. The PTS seems to be independent of thigh
length, since the range of its MFs is very broad. The fourth rule
suggests that people with a high mass (= 85 kg), long tibial bone
(= 50 cm) and average thigh length have a relatively high PTS
value = 2.2 m/s. Objects with average mass (= 70 cm), tibial
height (= 44 cm) and long thigh length have a PTS = 2.15 m/s
(third rule). These formulations describe only tendencies, which
one can see by varying parameters around MF centers. Varying
the values more exact gives more precise prediction.

How strong ANFIS and CoreFL models relate to the data can
be seen in Figures 6 and 7.
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Figure 6: Predictions of the core fuzzy logic (FL) model based
on mass, tibial height and thigh length with a standard
deviation of 0.03 m/s; statistical data and the prediction
based on the expression PTS= 2.2 VITH taken from 5 with
SD=0.09 m/s are also shown.In Figure 6, the predictions of
CoreFL models for mass, TiH and TL are shown. Figure 7
presents the predicted PTS values when ANFIS and CoreFL
were obtained excluding the data point being predicted,
which means that each time the FL models were trained on a
new dataset consisting of 25 data points. The results show
that for ANFIS models 30% and for CoreFL 54% of the
predicted PTS values achieved an estimation error below 0.05
m/s. In general, CoreFL predictions are close to the statistical
data, as can be seen in Figure 7. These simulations show that
CoreFL is less sensitive variations to the statistical data.

A possible alternative approach to detecting the determinants
is Principle Component Analysis (PCA). This suggests
PCA1=-0.684 x Mass-0.323 x TrH-0.564 x Height-0.25 x SH and
PCA2=0.939 x BF as first and second PCA. Employing PCA1 and
PCA2 as inputs to the FL model yields 0.07 m/s when using
CoreFL models and 0.05 m/s when using ANFIS FL models. The

variables suggested by the PCA method were therefore not
considered.
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Figure 7: Validation results for the core and ANFIS fuzzy
logical models. Each data point was predicted using fuzzy
logic models that were built on the remainder of the
statistical data. The standard deviation for the core fuzzy logic
(CoreFL) model was 0.2 m/s and for ANFIS 0.3 m/s due to the
small size of the statistical dataset. Nevertheless, the CoreFL
model predicted the PTS with an estimation error below
0.05m/s for 54% of the statistical data, and ANFIS did it for
30% of the dataset. FL models were based on mass, tibial

height and thigh length. The statistical data is also shown
(Table 1).

Discussion

The main issue addressed in this work was how-from a
number of anatomical parameters-detect those that relate most
to the dynamical characteristic of interest. This is part of the
larger task of acquiring knowledge about a system. We
addressed this question in the context of a biomechanical
system. We consider our approach useful in practice, as it
provides a simple assessment of the factors that are most
involved in a specific dynamic activity. Our approach cannot only
be applied to body parameters, but also to any measurements
that are related to a movement under investigation.

In this work, we applied our technique to the PTS problem.
Investigating this initially apparently simple-problem, one can
consider multiple factors that influence the dynamics, such as
individual variability in the human skeleton, training experience,
age and even emotional state. All these factors make accurately
predicting human dynamics difficult and the problem fuzzy, a
characteristic of all biological systems.

Our results indicate that mass, tibial height (TiH) and thigh
length (TL) are first-order determinants of the PTS. The second-
order determinants are presumably lateral malleolus height (LM)
and body height. Our findings partially corroborate earlier

theoretical findings which suggest the following PTS
determinants: trochanteric height PTS = 2.2/TrH or thigh
length, sitting height (SH), lateral malleolus height

9



PTS = 0.76 + 1.9241 + 6.0LM [5,7). A comparison of the

predictions presented in these publications to those of FL
models based on the first-order determinants is given in Figure
6. The CoreFL model estimation error is 0.03 m/s, that of
Alexander’s model 0.09 m/s and that based on Hreljac’s
regression equation is 0.10 m/s [7]. A low estimation of the
obtained CoreFL models approves its validity. One can see that
despite its simplicity the model of inverted pendulum predicts
PTS values rather well [5]. Since TrH = TiH 4+ TL our models
agree most with Alexander’s model and reflect that the ratio
between TiH and TL can define the PTS [5]. We also assume that
the empirically offered coefficient 2.2 m/s can originate from the
mass value as it is suggested by our models [6]. Mass parameter
has the highest score (Table 2).

The indication of mass as a new main determinant is
supported by recently published experimental data [8]. It has
been shown that the mass loading on the feet lowers the
transitional speed. Our results obtained on the basis of a
statistical set indicate the opposite. There is a tendency towards
an increased PTS as mass increases. However, the body
proportions here have a tendency to increase along the mass in
the dataset (Table 2) which differ from those in the experiments
of MacLeod et al. where additional mass was introduced on the
feet [8]. To our knowledge, our model is the first to include mass
in predicting PTS (Figure 2B). The defined determinants suggest
that a physical model based on coupled oscillators with lengths
of TiH, TL and distributed mass over limbs could be a good
option. By means of such a model the influence of an additional
mass, introduced on the body’s center or feet, would indicate
how the PTS depends on mass location. Then the above
comparison can be made more rigorously.

In the work of Zielinska et al. walking trajectories were
generated by coupled Van-der-Pol oscillators [24]. It was shown
that oscillators’ parameters, which are indirectly related to the
mass, generate different joint angular velocities and therefore
different gait trajectories. However, the influence of a mass
location for PTS case is to our knowledge not investigated
enough and can be a matter of a future research. It was shown
in a number of works that an additional mass changes the gait
patterns [25-29].

More importantly, we provide a basis for discussing this issue
and mean of comparing the tendencies of various subject
groups using validated models. Based on our predictions, we
argue that the proposed approach allows comprehending
system behavior suggesting system determinants and logical
rules in the form of FL model. Moreover, one can design more
efficiently further experiments based on obtained models.

As mentioned above, ANFIS FL models can be tuned to the
dataset with very high precision. Distinguishing between
influential and non-influential parameters is therefore difficult,
since small estimation errors can be achieved for a large number
of parameters and their combinations. To overcome this
problem, we have proposed an approach to making predictions
less independently of precise data. The “zoomed out” or CoreFL
models suggested here instead are based on cluster range and
are therefore more general.
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The concept of core FL models becomes clearer when
considering the following example: imagine a detailed portrait of
a person. Applying our approach, we seek to draw a less detailed
sketch by extracting the main features and logical rules between
them. Ideally, the rules could be applied to any portrait, and
therefore rules incorporate an understanding of how to draw a
sketch from a photo while keeping its subject recognizable.

The Greek philosopher Plato suggested that knowledge is
more than just information and data, and comes from how to
ask and answer questions. Our approach seeks to answer the
question of what are the main system determinants and to
detect logical connections between them, thus giving rise to
hypotheses that can potentially be further transformed into
analytical models. This advantage of our approach could also be
put to use in other biomechanical applications, for instance, in
detecting harmful patterns in movement in physiotherapy or
sports.
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