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Abstract. This paper presents a physics-based approach to obtain 2D or 3D dy-
namic pedobarography transitional objects from two given images (2D or 3D). 
With the used methodology, we match nodes of the input objects by using mo-
dal matching, improved with optimization techniques, and solve the Lagrangian 
dynamic equilibrium equation to obtain the intermediate shapes. The strain en-
ergy involved can also be analysed and used to quantify local or global defor-
mations. 

1 Introduction 

Pedobarography is the measurement of dynamic variations in downward pressure by 
different areas of the foot sole, using a pedobarograph (apparatus for recording dy-
namic variations as a person stands upright or walks). 

The recording of pedobarographic data during a normal walking step allows the 
dynamic analysis of the feet’s behaviour [1], [2]. For example diabetic patients suffer 
from irrigation problems which may cause ulcerations [2]. So, it is of interest to de-
termine the conditions that can increase these occurrences, through the analyses of the 
temporal evolution of the support surfaces, the detection of the plantar hiperpressure 
zones, and the analysis of the spatial and temporal gradients of zones with higher 
pressure. 

The technical solutions used nowadays to analyse the sequences of pedobaro-
graphic images have some deficiencies and are almost subjective [2]. On the other 
hand, it might be necessary to determine some intermediate pedobarographic images 
of a given sequence. So to estimate the transitional images we use a physics-based 
approach: we solve the Lagrange’s equation (LE) between the models built by the Fi-
nite Element Method (FEM) [3], [4]. With this solution, as more nodes are matched, 
which can be improved by using modal matching with optimization techniques [5], 



the obtained intermediate images are coherent with the reality, as can be verified with 
the experimental results to be presented. 

The idea of considering physical restraints, in objects’ modelling, has been sug-
gested and used in computational vision by several authors, for example Terzopoulos, 
to simulate realistic deformation with an elastic model based on the Lagrange equa-
tion [6], [7]. It has been seen that when objects are represented according to physical 
principals, the non-rigid movement can be adequately modelled. In this work, we 
have attended to what other authors have done, namely: the restrictions that prevent 
inadequate matches according to the considered criteria [8], the modal matching proc-
ess proposed by Shapiro [9], and the development of an isoparametric finite element 
that can be used to adequately model image represented objects [2], [10], [11]. 

In our previous work we have used the Lagrange’s equation to simulate the defor-
mation between 2D represented objects’ outlines [4] (some obtained from medical 
images [3]), which was extended in this paper to the application domain of pedobaro-
graphy, namely by considering 3D pedobarographic objects and 2D isopressure con-
tours. The criteria that we used to estimate the applied charges also had to be reformu-
lated, by adapting it to these pedobarography objects. In order to obtain more realistic 
transitional shapes, we applied a previously proposed approach to match the objects 
nodes based on optimization techniques [5] and then solve the Lagrange’s equation 
with a much higher number of successfully matched nodes. In previous works (see for 
example [4]) we had analysed the evolution of the global and local strain energy val-
ues as the deformation takes place, but in this paper we study the influence of each 
mode to that evolution. 

2 Dynamic Pedobarography 

To measure and visualise the distribution of pressure under the foot sole during a step, 
a system can be used with a glass or acrylic plate trans-illuminated through its pol-
ished borders in such a way that the light is internally reflected. This plate is covered 
on its top by a single or dual thin layer of soft porous plastic material where the pres-
sure is applied (see fig. 1). 
In fig. 2 is represented a sample sequence image, and as can be seen the information 
obtained is very dense and rich [1], [2]. 

 3 From Images to Objects’ Models 

To obtain 2D/3D objects from the given images (like fig. 2) standard image process-
ing and analysis techniques are used [2]. 

The 2D objects we considered are the contours obtained by the objects’ outlines or 
else isocontours whose pressure values are fixed. On the other hand, the 3D objects 
we considered are built by modelling each input image as a pressure surface with a 
membrane that is plane in the zones with no pressure and that deforms itself propor-
tionally to the submitted pressure. So, the virtual 2D contours and 3D surfaces ob-
tained can be analysed as if they where real physical objects [2]. 
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Fig. 1. Basic pedobarography 
principle [1], [2] 

Fig. 2. Image of a pedobarogra-
phy sample sequence [1], [2] 

To physically model each of the given objects we employed the Finite Element 
Method (FEM), namely by using the Sclaroff’s isoparametric element [11]. Using this 
finite element, the models built for 2D contours delimit a virtual object with elastic 
properties, and the obtained model is like an elastic membrane. When a 3D surface 
object is modelled by the same element, it is as if each feature point is covered by a 
blob of rubbery material [2], [11]. 

To build the Sclaroff’s isoparametric finite element model we used as nodes the 
objects’ data points [ ]1 mX X X= , and assemble the interpolation matrix H  
(which relates the distances between objects’ nodes) using Gaussian functions: 

2 2/(2 )( ) iX X
ig X e σ− −= , (1) 

where iX  is the function’s n -dimensional center, and σ  controls data interaction. 
The interpolation functions, ih , are given by: 
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where ika  are the interpolation coefficients, with value 1 (one) at node i , and 0 (zero) 
at all other nodes, and m  is the number of nodes. The interpolation coefficients ika  
can be determined by inverting matrix G  defined as: 
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This way, the interpolation matrix of Sclaroff’s isoparametric element, for a 2D 
shape will be: 
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The mass and stiffness matrices, M  and K  respectively, are then built as usually 
[2], [10], [11], and the used damping matrix, C , was considered as a linear combina-
tion of those two matrices. 

The process of physically modelling 3D objects is entirely analogous. 

4 Matching Objects 

To match the initial and target 2D models’ nodes, each generalized eigenvalue/vector 
problem is solved: 

K MΦ = ΦΩ , (5) 

where Φ  is the matrix of the shape vectors iφ  (which describes the displacement 
( , )u v  of each node due to vibration mode i ) and Ω  is the diagonal matrix whose en-
tries are the squared eigenvalues and with the frequency of vibrations’ squares in-
creasingly ordered. 

After building each modal matrix, by comparing the displacement of each node in 
the modal eigenspace, some nodes can be matched and so the affinity matrix, Z , is 
built: 
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In this matrix, the affinity between nodes i  and j  will be 0 (zero) if the match is per-
fect, and will increase as the match worsens. 

In this work, to find the best match two search methods are considered: (1) a local 
method or (2) a global one. The local method was proposed in [9], [10], [11], and 
previously used with pedobarography data in [1], [2], [12], and basically it consists in 
searching each row of the affinity matrix for its lowest value, adding the associated 
correspondence to the matching solution if that value is also the lowest of the associ-
ated column. This method has the principle disadvantage of disregarding the object 
structure as it searches for the best match for each node. On the other hand, the global 
method consists in describing the matching problem as an assignment problem, and 
solving this problem using an appropriate optimization algorithm [5]. 

With the global search matching approach, cases in which the number of objects’ 
points to match is different can also be considered: initially the global search algo-
rithm add fictitious points to the model with fewer elements, then the points that are 
matched with the fictitious elements are adequately matched by using a neighbour-
hood and an affinity criterion. This way matches of type “one to many” or vice versa 
are allowed for the model’s excess points [5]. 

Once again the process of matching 3D objects is entirely analogous [2], [5], [11]. 



5 Resolution of Lagrange’s Equation 

In this work, to obtain the transitional objects’ shapes attending to physical properties 
we solve, using the Mode Superposition Method, [4], [13], [14], the Lagrange’s Equi-
librium Equation: 

t t t tMU CU KU R+ + =  (7) 

where U  are the nodal displacements and R  are the implicit applied charges. 
The Mode Superposition Method requires the initial displacement and velocity 

vectors to solve the Lagrange’s Equation. The solution found to estimate the first one 
is to consider it as a part of the expected modal displacement. On the other hand, the 
initial modal velocity was estimated as a part of the initial modal displacement. For 
the implicit applied charges on each node, we considered them as proportional to the 
expected displacement. 

6 Experimental Results 

The used approach was included in a software platform previously built, to develop 
and test image processing and computer graphics algorithms (for a detailed presenta-
tion see [15]). In this section, we will present some of the obtained results when the 
approach previously described is applied on real dynamic pedobarography images. 

For the first example, consider contours 1 and 2 (represented in fig. 3) obtained 
from two distinct images [2]. If the modal matching is done on a local search basis, 
we obtained 35 matched nodes (fig. 4), while when optimization techniques are used, 
all of the 75 nodes of the initial contour are successfully matched (fig. 5). In fig. 6 are 
represented the seven intermediate contours obtained with the presented approach to 
estimate the intermediates shapes. 

For the second example, consider surfaces 1 and 2 in fig. 7, obtained from two pe-
dobarography images [2], with 103 and 117 nodes respectively. When modal match-
ing is done without optimization techniques, only 43 nodes are matched (fig. 7), how-
ever if these techniques are considered then all nodes are successfully matched (fig. 
8). In fig. 9 are represented the fifth and the last (eighth) intermediate shapes obtained 
by our physically-based approach. When the strain energy involved is analysed [2], 
we notice that its values are proportional to the displacement in each step, that is as 
the simulation starts to evolve, the displacements tend to increase but as the target 
shape is approached, the displacements/strain energy decrease [4]. Moreover, as can 
be seen in fig. 10, where the strain energy involved in the all (8) estimated steps of the 
deformation between surfaces 1 and 2 is distributed by twelve groups of modes (The 
number of groups of modes considered is just for representation and analysis pur-
poses.). We noticed that: when the deformation between objects is almost global, then 
the strain energy is more concentrated in the first groups of modes (which happens in 
this example); if rather local deformation is significant, then higher modes are more 
influential in the strain energy values [2]. 



  

Fig. 3. Contours 1 
and 2 

Fig. 4. Matching 
between contours 1 
and 2 with local 
search 

Fig. 5. Matching 
between contours 1 
and 2 with global 
search 

Fig. 6. Estimated in-
termediate contours 

  

 

 

Fig. 7. Matching obtained 
between surfaces 1 and 2 
with local search 

Fig. 8. Matching obtained 
between surfaces 1 and 2 
with global search 

Fig. 9. 5th and 8th interme-
diate shapes obtained from 
surfaces 1 and 2 

For the third and last example, consider two isocontours extracted from surfaces 1 
and 2 of the previous example (fig. 11). If modal matching is used with the usually 
local search, only 25 of the 68 nodes are matched, but if optimization techniques are 
considered, then 54 nodes can be matched (fig. 12). In fig. 13 are represented two in-
termediate shapes of the thirty that can estimate the evolution of the foot’s pressure 
surface at a determined value. 

7 Conclusions 

In this paper, we have presented an approach that can be used to estimate transi-
tional objects of a given sequence of pedobarographic images: We started by extract-
ing 2D/3D objects from the input images with standard image processing techniques. 
Then, the obtained objects were physically modelled by using the Sclaroff’s 



isoparametric finite element. After that, correspondences between the models’ nodes 
were established by modal analysis improved with optimization techniques. Finally, 
we solve the Lagrange’s equation to obtain the intermediate shapes according to 
physical principles. 
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Fig. 10. Strain Energy involved in the deformation between surfaces 1 and 2 during 
the estimated steps distributed by 12 groups of modes ordered increasingly (I-XII) 

 

 

 

 

 

 

Fig. 11. Isocontours ob-
tained from surface 1 and 
2, respectively 

Fig. 12. Matching, be-
tween isocontours of Fig. 
11, with local and global 
search, respectively 

Fig. 13. 10th and 20th in-
termediate shapes obtained 
from the isocontours of 
Fig. 11 

The experimental results obtained, some presented in this paper, confirm that satis-
factory matching results can be obtained for dynamic pedobarographic image data. It 
is also verified that the used global search matching strategies improves considerably 
these results. Another advantage of the improved search strategy based on optimiza-
tion techniques we used, is that the global matching methodology becomes easier to 
use and more adaptable to experimental applications [5]. This improved algorithm 
also matches satisfactorily all excess models’ nodes, which can prevent the loss of in-
formation along the image sequence. 

During experimentations, we have also noticed that: as the correspondence be-
tween nodes gets better, the estimated intermediate shapes are more trustworthy and 



realistic and so this physics–based approach estimates the objects behaviour as it 
would be physically expected. 

When analysing the strain energy values along the estimated deformation, we are 
able to confirm that global deformation’s stain energy is concentrated in low order 
modes, which are related to rigid deformations, and that local deformation’ strain en-
ergy is due to the higher modes’ influence, responsible for local deformations (such as 
noise). 

Acknowledgments 
The first author would like to thank the support of the PhD grant SFRH / BD / 

12834 / 2003 of the FCT - Fundação de Ciência e Tecnologia in Portugal. 

References 
[1] J. Tavares, J. Barbosa, A. J. Padilha: Matching Image Objects in Dynamic Pedobaro-

graphy, 11th Portuguese Conference on Pattern Recognition, Porto, Portugal (2000) 
[2] J. Tavares: Análise de Movimento de Corpos Deformáveis usando Visão Computa-

cional, Tese de Doutoramento, FEUP (2000) 
[3] R. Pinho, J. Tavares: Resolution of the Dynamic Equilibrium Equation to Simulate 

Objects’ Movement/Deformation, 7th Portuguese Conference on Biomedical Engi-
neering, Lisboa, Portugal (2003) 

[4] R. Pinho, J. Tavares: Morphing of Image Represented Objects by a Physical Method-
ology, 19th ACM Symposium on Applied Computing, Nicosia, Cyprus (2004) 

[5] L. Bastos, J. Tavares: Matching of Objects Nodal Points Improvement using Optimi-
zation, Inverse Problems, Design and Optimization Symposium, Rio de Janeiro, Bra-
sil (2004) 

[6] D. Terzopoulos, A. Witkin, M. Kass: Constraints on Deformable Models: Recovering 
3D Shape and Nonrigid Motion, Artificial Intelligence Journal, vol. 36, pp. 91-123 
(1988) 

[7] D. Terzopoulos, D. Metaxas: Dynamic 3D Models with Local and Global Deforma-
tions: Deformable Superquadrics, IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence, vol. 13, no. 7, pp. 703-714 (1991) 

[8] J. L. Maciel, J. P. Costeira: A Global Solution to Sparse Correspondence Problems, 
IEEE Transactions on Pattern Analysis and Machine Intelligence, vol. 25, no. 2, pp. 
187-199 (2003) 

[9] L. S. Shapiro, J. M. Brady: Feature-Based Correspondence: An Eigenvector Ap-
proach, Image and Vision Computing, vol. 10, pp. 283-288 (1992) 

[10] S. Sclaroff, A. Pentland: Modal Matching for Correspondence and Recognition, IEEE 
Transactions on Pattern Analysis and Machine Intelligence, vol. 17, no. 6, pp. 545-
561 (1995) 

[11] S. Sclaroff: Modal Matching: A Method for Describing, Comparing, and Manipulat-
ing Digital Signals, PhD Thesis, MIT (1995) 

[12] J. Tavares, J. Barbosa, A. Padilha: Determinação da Correspondência entre Objectos 
utilizando Modelação Física, 9º Encontro Português de Computação Gráfica, Mari-
nha Grande, Portugal (2000) 

[13] R. Cook, D. Malkus, M. Plesha: Concepts and Applications of Finite Element Analy-
sis, John Wiley & Sons Inc (1989) 

[14] K. Bathe: Finite Element Procedures, Prentice Hall (1996) 
[15] J. Tavares, J. Barbosa, A. Padilha: Apresentação De Um Banco De Desenvolvimento 

E Ensaio Para Objectos Deformáveis, RESI - Revista Electrónica de Sistemas de In-
formação, vol. 1, no. 1 (2002) 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


