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Abstract. This work presents a novel method performing shape match-
ing of folded garments to unfolded templates, aiming to facilitate
unfolding by robotic manipulators. The proposed method incorporates
robust shape analysis techniques, estimating point correspondences be-
tween contours of folded garments and unfolded templates. The analysis
results are also used for estimating the location of the folding axis on the
templates and discriminating between different types of garments. The
method has been experimentally evaluated using both synthetic and real
datasets of folded garments and the produced results indicate the use-
fulness of the proposed approach.
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1 Introduction

Garment unfolding by robotic manipulators is becoming a very active research
topic. Perhaps the most challenging aspect of such manipulation is the related
vision tasks regarding modeling, reconstruction and recognition of the folded
garments. A limited number of existing studies address such tasks, employing
different approaches to their realization.

A template matching approach has been adopted in Osawa et al. [1], which
focuses on the unfolding of massive laundry. The degree of similarity between
templates is calculated by evaluating covariance between images. In Hamajima
et al. [2], unfolding is facilitated by the detection of hemlines, which was based
on the appearance of shadows. Maitin et al. [3] address robotic handling of towels
using stereo cameras for searching geometric cues. A system handling different
types of garments by comparing observed contours to simulated ones is presented
in Cusumano et al. [4]. In Willimon et al. [5], features such as corners, peak region
and continuity of the cloth are used to determine a location and orientation in
order to interact with the cloth and unfold or flatten it. The presented studies
are aiming to unfold hung garments by locating suitable regrasping points. In
a different direction, in Triantafyllou et al. [6], edges and corners of a piece of
fabric lying on a table are extracted and classified according to an estimated
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topology. The classified corners are used to detect folds and facilitate unfolding
by a single manipulator. However, that study addresses folds on convex pieces
of fabric instead of real garments.

In this work, in order to facilitate unfolding of real garments lying on a ta-
ble, matching their contours to unfolded templates is proposed. To the authors’
knowledge, this is the first study addressing the problem of matching folded
shapes to unfolded templates in general. However, additional challenges are pre-
sented to the matching task in case garments are considered, since non-rigid de-
formations can also be introduced to the folded shapes. The proposed approach
considers zero-curvature folds yielding approximately planar configurations for
the folded garments. The key assumption of the approach is that the folding
axis becomes part of the contour of the folded garment. This assumption is al-
ways valid when only a single zero-curvature fold exists. Although the presented
method mainly addresses single folds, it can be recursively applied in case of
multiple folds.

This paper is organized as follows. In Section 2 the proposed method perform-
ing matching of folded shapes is presented, whereas in Section 3 the experimental
results are demonstrated. The paper concludes in Section 4.

2 Matching Folded Shapes to Unfolded Templates

According to the proposed method, an image of a folded garment is acquired and
its contour is extracted and approximated by a polygon [7]. Then, each side of
the simplified polygon is examined as potential folding axis. The examined side
is removed from the folded contour and partial matches between the resulted
open contour and an unfolded template are detected. Each partial match defines
an affine transformation, which is applied to the examined side generating a
hypothesis about the folding axis location on the template. In order to test the
hypothesis, the template is virtually folded and the resulted polygon is matched
to the folded garment using Inner Distance Shape Contexts (IDSC) algorithm
[8]. Based on the hypothesis producing the best match, point correspondences
between the matched polygons are established, whereas the location of the fold-
ing axis on the template is estimated. An overview of the method is depicted in
the block diagram of Figure 1.

2.1 Partial Matching

Matching the folded contour to the template is extremely challenging, since the
original contour can be fragmented over several pieces after folding. Moreover,
some fragments can be missing due to overlaps, whereas fragments belonging to
different parts of the original contour can be wrongly connected after folding.
The existence of fragmented correspondences indicates that only partial contour
matching can be achieved. In order to tackle the above challenges, the approach
proposed in Riemenschneider et al. [9], has been adopted.
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Fig. 1. Block diagram of the proposed method performing shape matching of folded
garments
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A significant advantage of the adopted matching technique is that it enables
efficient aggregation of partial matches, whereas it is also translation and ro-
tation invariant. In this work, a novel strategy for extracting the descriptors
is proposed in order to achieve reflection invariance, as well. This property is
very useful in case of folding, since some segments of the folded contour may
represent reflections of segments belonging to the initial contour. According to
the proposed strategy an initial contour orientation is selected for both the tem-
plate and the folded contour and the descriptors are extracted, whereas a second
set of descriptors is extracted by the folded contour after inverting its orienta-
tion. Then, partial matching is performed twice. The first time the initial set
of descriptors is employed, matching unfolded segments on the contours. The
second time the other set of descriptors is employed, matching segments on the
template’s contour to reflected segments on the folded contour. Each match is
assigned with an affinity score As and after thresholding only strong matches
remain. As described in [9] similar overlapping contours are merged and the
remaining matches are aggregated.

The described matching procedure is repeated for every side of the folded
contour. In each repetition, the template contour is matched to the open con-
tour that results after removing the examined side. In Figure 1a the simplified
contours of a folded pair of pants and an unfolded template are illustrated. The
examined side is denoted by a red dashed line, whereas matched segments are
denoted by magenta lines. The proposed method examines all sides and produces
a large number of matches, which are not always correct. Each match is used to
generate a hypothesis about the location of the folding axis on the template and
the validity of the hypothesis is tested.

2.2 Hypothesis Generation and Testing

Each partial match is used to estimate a local affine transformation, which is then
applied to the examined side. The new location of the transformed side generates
a hypothesis about the position and orientation of the folding axis, with respect
to the employed template. A significant advantage of using partial matches to
generate the hypotheses is that the method presents insensitivity to local defor-
mations. In Figure 1b an example of a generated hypothesis is illustrated. The
red dashed line on the template corresponds to the generated hypothesis about
the folding axis location. In this example the presented hypothesis is valid.

Each generated hypothesis is assigned with a confidence score Cs, which is
computed as a product of the affinity score As of the match used for generating
the hypothesis and Rs score, which is given by:

Rs =

{

e−
Lout

Lin , if Lin �= 0

0, if Lin = 0
(1)

where Lout denotes the axis length that is predicted to be outside the template
and Lin denotes the axis length that is predicted to be inside the template. Both
As and Rs, take values in the [0, 1) interval. The higher their values, the greater
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is the confidence on the validity of a certain hypothesis. In case Rs = 0, the
hypothesis is automatically rejected.

Different partial matches can result in very similar hypotheses, in case the
matches are correct. Therefore, an approach similar to the one used for merging
the matched segments is proposed for aggregating the surviving hypotheses. Ag-
gregation is based on a binary image, where each pixel represents a hypothesis.
The horizontal image axis corresponds to angles, the vertical axis corresponds
to distances and each pixel represents the folding axis of each hypothesis in po-
lar form. Similar hypotheses are expected to create connected regions in this
binary image, which can be extracted by connected component analysis. After
extracting a component, the associated confidence scores are summed and the
result is thresholded. The hypotheses of each component that survives thresh-
olding are merged by calculating a weighted average of the corresponding folding
axes. The assigned confidence scores are used as weights for the calculation. By
thresholding and aggregating, only a small number of hypotheses proceed to the
final testing stage, which is the most computationally intensive.

Each hypothesis determines a folding axis on the template contour. The pre-
dicted axis is used to virtually fold the template and a predicted folded contour
is generated (Figure 1c). The predicted contour is matched to the folded con-
tour using IDSC and a matching cost is estimated (Figure 1d). IDSC has been
selected due to its insensitivity to articulations [8]. The hypothesis resulting to
the minimum matching cost is selected as the most probable one. The selected
hypothesis is accepted only if the associated matching cost is lower than the one
produced when the unfolded template is employed. The IDSC correspondences
between the folded garment and the virtual contour of the selected hypothesis
are used for matching the folded garment to the unfolded template. The selected
hypothesis provides also the location of the folding axis on the template.

In case multiple templates belonging to different garment types are employed,
the selected hypothesis can be also used to predict the actual type of the folded
garment. Thus, the garments can be recognized while they are folded and the
estimated configuration can be exploited for planning the unfolding strategy.

In order to deal with garments presenting multiple folds the presented method
can be applied recursively. The method is initially applied and the folding axis
resulting to the most severe deformation is detected. Then, the corresponding
virtually folded template is employed as new template and the method is reap-
plied. This procedure can be repeated until the configuration that presents the
lowest matching cost is reached.

3 Experimental Evaluation

A series of experiments has been designed in order to assess the effectiveness of
the proposed approach. In the first part of the experiments a synthetic dataset
is created consisting of virtually folded templates, whereas for the second part
of the experiments images of folded garments are employed.
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3.1 Synthetic Dataset

The synthetic dataset consists of virtually folded polygons that were extracted
from images of real garments. Five different types of garment shapes have been
considered: shirts, t-shirts, pants, shorts and skirts. The extracted polygons were
sampled by roughly 120 points and for each polygon 60 different folding axes
have been randomly selected using pairs of contour points. Then, the polygons
have been virtually folded using the selected axes. The original polygons before
folding were used as templates.

Matching results are strongly dependent on the accuracy of the folding axis
localization. Therefore, the main measure used for the evaluation of the method
is the difference between the predicted location of the folding axis and the ground
truth. A summary of the results is presented in Table 1, where the mean dif-
ferences in the polar form parameters (dρ, dθ) of the axis location over the 60
folds and the corresponding standard deviations are provided (Table 1, columns
2 and 3). A 0.1 difference in the normalized distances1 and a 5 degrees difference
in the angles have been selected as reasonable thresholds for measuring the rate
of correct axis localization (Table 1, column 4). However, there are a few cases
where localization failure is not a matter of accuracy, but is caused by accepting
erroneous hypotheses that are based on wrong matches. However, as shown in
the last column of Table 1, in the total of 300 folding scenarios only 4 such cases
occur.

Table 1. Folding axis localization results for 5 garments, using 60 folding scenarios

Type dρ dθo Localization Rate Mismatches

Pants 0.019 ± 0.020 1.75± 1.82 96.7% 2

Shorts 0.014 ± 0.019 0.96± 1.01 96.7% 1

Shirt 0.017 ± 0.018 1.17± 1.04 95% 1

T-shirt 0.016 ± 0.022 0.90± 1.12 98.3% 0

Skirt 0.014 ± 0.015 1.04± 0.91 98.3% 0

3.2 Real Dataset

In the second part of the experiments the method’s performance in case of ac-
tual folds has been evaluated. Apart from the garment types used in the first
part of the experiment, towels were also considered. Two different garments were
employed for each type and an image database of 12 garments folded by 4 or
5 different axes has been acquired. In Figure 2 example images of the created
database are presented. At first, the garments used for folding were also used as
templates and a correct localization rate of 96.7%, with no mismatches, has been
achieved for the entire database. Then, different templates have been employed

1 The distance is normalized by dividing with the length of the major axis of the
ellipse presenting the same second central moments with the template.
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and the correct localization rate dropped to 88.5%, with two mismatches. How-
ever, in this case due to the lack of ground truth for the folding axis location
on the template, localization failure has been determined subjectively through
manual inspection.

In case multiple templates of different garment types were employed, the
method was always able to discriminate between them based on the template
that generates the hypothesis with the minimum matching cost.

Fig. 2. Example images of the folded garments in the real dataset

4 Conclusion

In this work a method for matching contours of folded garments to unfolded
templates in order to facilitate unfolding has been proposed. The method is based
on the simple but reasonable assumption that the folding axis becomes part of the
outer boundary of the folded garment. Hence, each side of the folded contour is
considered to be potential folding axis. Using unfolded templates, hypotheses can
be generated about the position and orientation of the axis with respect to these
templates. The hypotheses are generated based on partial matching between
the template’s contour and the folded contour. Using only contour information
is an important feature of the proposed method, since when it is applied to
real garments it is not affected by their great variation in texture and colour.
Another important feature of the proposed method is that matching is performed
in both local and global scale using robust techniques that present insensitivity
to deformations and articulations, respectively.

The presented experimental evaluation documented high accuracy in folding
axis localization. Moreover, the correct localization rate for both virtual and real
folds has been about 97%. As expected, this rate is decreased in case different gar-
ments are used as templates. Hence, using the estimated correspondences for refin-
ing the templates should be investigated. In futurework, using thematching results
of the proposedmethod for robotic planning of unfolding will also be investigated.
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