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ABSTRACT 
As pen-based devices become more popular, it has motivated 
several novel research issues in the area of pen computing.  One 
interesting and practical problem is the storage and retrieval of 
hand-drawn sketches.  A sketch can consist of handwritten notes, 
symbols, free-form hand-drawings, annotations on a document 
etc.  It will be very useful to store the sketches in a database and 
then retrieve them later.  In our prior work, we proposed a 
method for hand-drawn sketch retrieval by performing stroke-by-
stroke matching and by considering the spatial relationship 
between them.  In this paper, we propose a method to simplify a 
sketch and perform matching in a hierarchical manner.  With this 
approach, a shaded region or a region of complex strokes can be 
detected automatically and represented as a single hyper-stroke.  
In the matching stage, the similarity is computed by combining 
the similarity scores across the feature spaces at each level and 
the similarity of the stroke hierarchies.  A sketch may be better 
represented by exploiting the structural relationship between the 
strokes.  In addition, as a general rule to the hierarchical 
approach, it has the advantage of reduced computation thus the 
retrieval process would speed up.  

1. INTRODUCTION 
Pen computing has become more and more important in our 
society due to the popularity of pen-based devices such as 
TabletPC [1] that recently came out.  Pen-based devices provide 
users with a natural way of input for drawing sketches.  A sketch 
can consist of handwritten notes, symbols, free-form hand-
drawings, annotations on a document etc.  It will be very useful 
to store the sketches in a database and then retrieve them later by 
providing a simple sketch query.  For example, in a classroom, 
the teacher may write and draw the lecture notes on the 
whiteboard that can be captured and stored in a database.  Later 
students can retrieve relevant lecture sketches from the database 
by drawing a sketch as the query.   
Query by sketch falls into the category of content-based image 
retrieval (CBIR).  QBIC [2] was the first CBIR system and it also 
supports query by sketch.  Global features such as area, 
circularity, eccentricity, etc., are used in shape matching.    
Matusiak et al. [3] proposed another approach to sketch-based 
images database retrieval by using Curvature Scale Space (CSS) 
to match contours.  In Sciascio and Mongiello’s system [4], the 
Fourier descriptors are used for shape comparison and they use 
relevance feedback to improve the retrieval performance for 
content-based image retrieval over the web.  All the above 
systems assume that the query consists of a single shape.   
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Lopresti et al. [5][6] reported their work on matching hand-
drawn pictures which they call “pictograms”.  This approach has 
a drawback that it treats the same hand-drawings with different 
stroke orders as a poor match.  In order to make the system less 
sensitive to the stroke order, Lopresti and Tomkins [7][8] 
proposed to match the strings block by block.   However, poor 
match may still result if a stroke is drawn in reverse direction 
(i.e., when the start point and the end point of a stroke 
interchange).  Under these approaches, string matching is 
performed for the alignment based on the time sequence.  They 
may work well for hand-writings or pen gestures [9] when the 
strokes have certain sequence pattern but may not be suitable for 
unstructured free-form hand-drawings. 
The Query by Visual Example (QVE) reported by Kato et al. 
[10] used correlation of the corresponding blocks between the 
edge maps for evaluating similarity.  Due to the variations in 
drawing style, this correlation approach will hardly match two 
rough sketches.  Del Bimbo and Pala [11] proposed to use elastic 
matching to retrieve images from the database based on the user 
sketch.  However, this energy minimization technique may be too 
time consuming when it requires many iterations for the solution 
to converge.  
In our prior work [12], we proposed a retrieval method for hand-
drawn sketches.  It is based on string matching by the alignment 
of the spatial order among the boundaries of the minimum 
bounding rectangles of the strokes in each of the x and y 
projections.  In [13], we included the similarity in spatial 
relations between strokes in the computation of the overall 
similarity score.  We have introduced another application of 
query by sketch in trademark retrieval [14].   
In this paper, we propose a novel retrieval method for 
simplifying the hand-drawn sketches and then matching them in 
a hierarchical manner.  Sketch simplification is performed to 
detect shaded regions or regions with complex strokes, and 
represent each of them by a single hyper-stroke.  For example, in 
Figure 1, there are two sketches of traffic light whose red light 
state is indicated by the shaded region.  It can be seen that the 
strokes used to cover the shaded regions in these two sketches are 
quite different.  As a result, it would be more appropriate to 
represent the shaded region by a single hyper-stroke containing 
features about that region.  On the other hand, a stroke hierarchy 
is constructed for each sketch by exploiting the structural 
relationship between the strokes.  In the matching stage, the 
similarity scores are computed for three feature spaces at each 
level of the stroke hierarchy.  The purpose of matching in three 
different feature spaces is to consider various aspects of 
similarity including the overall region similarity, stroke similarity 
and spatial relation similarity.  The final similarity score is 
determined by linearly combining the overall similarity scores 
for each feature space and the similarity of the stroke hierarchies.  



The advantages of hierarchical matching are: 1) a structural 
comparison is made possible by matching stroke hierarchies; and 
2) the matching process can speed up.  
This paper is organized as follows. In Section 2 we provide the 
system description of our approach.  In Section 3 we describe our 
experiment and presents the results.  The conclusions and future 
work are in Section 4. 

  
Figure 1 Example sketches with shaded regions 

2. SYSTEM DESCRIPTION 
Figure 2 shows the system diagram of our approach: 
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Figure 2 System diagram of our approach 

When the user sketches a query, the 2-D x and y coordinates of 
each stroke of the sketch are captured.  Firstly stroke merging is 
applied to reduce the effect of the variation in drawing style. 
Next the stroke hierarchy is constructed based on the structural 
relationship between the strokes.  The sketch is then simplified to 
identify shaded regions such that all the strokes inside a shaded 
region will be represented by a single hyper-stroke.  Afterwards 
three kinds of features are extracted from the strokes: hyper-
stroke features, stroke features and bistroke features.  In the 
matching stage, the features of the query are compared with the 
precomputed features from each entry in the database in a 
hierarchical manner to determine the similarity scores.  These 
scores are sorted and the system will retrieve the entries in the 
database that have the highest similarity scores.   
2.1 Stroke Merging 
A single stroke may sometimes be drawn as smaller broken 
strokes.  In order to account for these different styles, stroke 
merging is performed to merge broken strokes based on the 
proximity of the end points.  A stroke is first checked whether its 
two end points are close.  If they are not close, then that stroke is 
considered as open stroke and it may be merged with another 
open stroke if the end point of one stroke is close to the end point 

of the other.  For example, in Figure 3(a), the two end points of 
one of the strokes are very close thus it is not an open stroke and 
the two strokes will not be merged.  On the other hand, in Figure 
3(b), the four strokes are open strokes and the end point of one 
stroke is close to the end point of another stroke, therefore these 
four strokes will be merged to become one stroke.  

  
(a) Strokes not to be merged (b) Strokes to be merged 

Figure 3 Stroke Merging 

2.2 Hierarchy Construction 
This module is responsible for building a stroke hierarchical 
representation for a sketch.  The relationship between a parent 
stroke and a child stroke is that the child stroke is inside the 
parent stroke.  The stroke hierarchy describes the structural 
relationship between the strokes in a sketch.  For example, in 
drawing a house, the windows and the door are drawn inside the 
front part of the house; and the door knob is drawn inside the 
door.  As a result, the corresponding stroke hierarchy is the one 
shown in Figure 4.  In the actual implementation of this module, 
a quick bounding box test will be first performed between every 
pair of strokes to determine whether their bounding boxes 
overlap.  If there is a significant amount of overlap between their 
bounding boxes, then a further convex hull test will proceed.  In 
the convex hull test between two strokes, if most of the samples 
of a stroke fall inside the convex hull bounding the other stroke, 
then the first stroke is considered to be inside the second stroke.  
Under this rule, when there are two overlapping strokes, it is 
possible for each stroke to be considered inside the other stroke 
simultaneously.  In this case, we will cancel out their effect by 
removing the “inside” relationships on both sides.  After getting 
the “inside” relationship between the strokes, these relationships 
are examined to get the hierarchical information.  For example, if 
stroke 3 and stroke 4 are both inside stroke 2; and if stroke 4 is 
also inside stroke 3, then stroke 2 is considered as the parent 
stroke of stroke 3; and stroke 3 will be considered as the parent 
stroke of stroke 4.  A sketch of house and its corresponding 
stroke hierarchy are shown in Figure 4.  

 
 

Figure 4 A sketch and its corresponding stroke hierarchy 
2.3 Sketch Simplification 
For a shaded region, a user may draw many strokes to describe 
the shade.  It is better to consider this shaded region as one unit 
instead of considering each stroke separately.  This is because 
two sets of strokes forming the same shaded region may not look 
similar as explained before with the examples in Figure 1.  As a 
result, a shaded region is represented by a single hyper-stroke 
containing features describing the shaded region.  The process of 
detecting and representing the shaded area as a single unit is 



called sketch simplification.  A region consisting of a stroke with 
all its descendent strokes is more likely to be a shaded region if 
the ink density in that area is high.  In order to determine whether 
a region has high ink density, we consider the total stroke length 
(the sum of the length of all the descendent strokes) and the 
convex hull area of the parent stroke.  We plot these features 
from a set of training data in Figure 5, where the shaded region is 
characterized by large total stroke length with small convex hull 
area.  The training data consists of shaded and non-shaded 
regions with both large and small areas as shown in Figure 5.    
The decision boundary is selected as follows: 
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where x is the stroke length; y is the convex hull area; A, B and C 
are parameters determined from the training data.  A second 
order function is chosen as the decision boundary because the 
training data cannot be well separated by a linear function. 
After a region is decided as a shaded region, all those strokes 
forming this region will be replaced by a single hyper-stroke 
keeping only features about that region in the stroke hierarchy. 

 
Figure 5 Feature space for deciding shaded vs non-shaded region 
2.4 Feature Extraction 
Three kinds of features are extracted from a sketch: hyper-stroke 
features, stroke features and bistroke features.  The purpose of 
matching in three different feature spaces is to consider various 
aspects of similarity including overall region similarity, stroke 
similarity and spatial relation similarity.   
2.4.1 Hyper-Stroke Features 
A hyper-stroke consists of a parent stroke with all its descendent 
strokes.  As described above, a hyper-stroke can also be used to 
represent a shaded region.  The hyper-stroke features are the Hu 
moments and the histogram of edge directions.  Hyper-stroke 
features provide an overall description about a region. 
2.4.2 Stroke Features 
Stroke features are geometric features extracted from each stroke.  
Different features are used to determine the likelihood that each 
stroke falls in each basic shape: line, circle and polygon.  Some 
examples of the features are shown in Figure 6 [12].   
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Figure 6 Example features 

2.4.3 Bistroke Features 
A bistroke feature consists of stroke features of a pair of strokes 
within the same level together with the spatial relation between 
them.  The spatial relation is represented by the distance between 
the centroids of the minimum bounding rectangle of the pair of 
strokes, normalized by the sum of stroke length to make it scale 
invariant. 

2.5 Hierarchical Matching 
The similarity is evaluated in a top to bottom hierarchical 
manner.  Starting at the top level, the similarity scores are 
computed for the hyper-stroke features, stroke features and the 
bistroke features at each level of the query stroke hierarchy.  In 
the full hierarchical matching, all the bistroke features of the 
query are considered.  On the other hand, to reduce computation, 
only bistroke features of the query from strokes within the same 
level are considered in the reduced hierarchical matching.  The 
scores are first combined linearly across different levels for each 
of the three feature spaces.  Afterwards the final similarity score 
is computed as the weighted sum of the scores from the three 
feature spaces and the similarity score from the stroke 
hierarchical structures.  The similarity in the stroke hierarchical 
structures is determined by counting how many corresponding 
stroke pairs also preserve the parent-child relationship in the 
stroke hierarchies.  For example, two stroke hierarchies are 
shown in Figure 7 where nodes with the same numbers are 
corresponding strokes.  Between these two stroke hierarchies, 
three corresponding stroke pairs (2-5; 2-6 and 3-4) are also 
parent-child strokes in both hierarchies.  As a result, the 
similarity in the stroke hierarchical structure in this case is 3. 
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(a) Stroke hierarchy 1 (b) Stroke hierarchy 2 

Figure 7 Two stroke hierarchies 

3. EXPERIMENTS AND RESULTS 
For the data collection, a PDA device (Compaq iPaq Pocket PC) 
is used to capture the sketches.  There are sketches from 11 
people in our database.  During each session, we ask each person 
to draw 1 to 3 repetitions for each of the 38 classes of sketches.  
The classes include Chinese characters, Korean characters, 
English words, mathematical equations, chemical structure, flow 
diagram and free-form hand-drawings.  Figure 8 shows a few 
examples of different classes of sketches drawn by several 
people.  
For the experiment, each of the sketches in the database is used 
as the query to retrieve other sketches within the same class.  In 
the database, there are 722 sketches in total.  For each of the 38 
classes of sketch, there are 19 sketches in the database that 
belong to that class.  For each query, we retrieve the elements 
from the database in the descending order of similarity scores.   
 



 
Figure 8 Some classes of sketches drawn by different people 

To evaluate the retrieval performance, the precision and recall 
graph [16] is plotted based on the ranks of those sketches from 
the same class as the query sketch.  The resulting graph shown in 
Figure 9 is obtained by averaging over all the queries.  In a recall 
and precision graph, the higher the curve, the better the retrieval 
performance since for the same recall value, a higher curve 
signifies a higher precision value.  We compare our retrieval 
result with several other approaches.  From Figure 9, it can be 
seen that the retrieval performance by matching the edge 
histogram is very low.  With the seven Hu moment invariants 
[17] as features, the retrieval performance is higher.  By using the 
full hierarchical matching, the result is better than the previous 
two approaches.  The performance with the reduced hierarchical 
matching is very close to the performance with the full 
hierarchical matching.  On the other hand, in terms of 
computation time, conducting this experiment for all the query 
sketches with the reduced hierarchical matching is roughly two 
times faster than with the full hierarchical matching. 
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Figure 9 Retrieval Performance  

4. CONCLUSIONS AND FUTURE WORK 
We proposed a method for simplifying and retrieving hand-
drawn sketches in a hierarchical manner.  Sketch simplification 
allows the shaded region to be represented by a single hyper-
stroke.  Experiments show that the hierarchical matching 
outperforms some existing methods in terms of the retrieval 
performance.  The processing time can be decreased with the 
reduced hierarchical matching whose retrieval performance is 
very close to the retrieval performance with the full hierarchical 
matching.  For future work, we are working on further improving 
the hierarchical matching algorithm by exploring other 
possibilities of evaluating the similarity of the stroke hierarchy 
structures.  In addition, we will also study relevance feedback to 
refine the retrieval result.  
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