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programming, has long been known to the speech-processing community (Itakura
1975; Kruskall and Liberman 1983; Myers et al. 1980; Rabiner and Juang 1993;
Rabiner et al. 1978; Sakoe and Chiba 1978; Tappert and Das 1978). Berndt and
Clifford introduced the technique, dynamic time warping (DTW), to the database
community (Berndt and Clifford 1994). Although they demonstrate the utility of
the approach, they acknowledge that its resistance to indexing is a problem and
that “ . . . performance on very large databases may be a limitation.” Despite this
shortcoming of DTW, it is still widely used in various fields. In bioinformatics,
Aach and Church successfully applied DTW to RNA expression data (Aach and
Church 2001). In chemical engineering, it has been used for the synchronization
and monitoring of batch processes in polymerization (Gollmer and Posten 1995).
DTW has been successfully used to align biometric data, such as gait (Gavrila and
Davis 1995), signatures (Munich and Perona 1999) and even fingerprints (Kovacs-
Vajna 2000). Many researchers, including Caiani et al. (1998), have demonstrated the
utility of DTW for ECG pattern matching. Rath and Manmatha have applied DTW
to the problem of indexing repositories of handwritten historical documents (Rath
and Manmatha 2002) (although handwriting is two-dimensional, it can trivially be
rerepresented as a one-dimensional time series). Finally, in robotics, Schmill et al.
demonstrated a technique that utilizes DTW to cluster an agent’s sensory outputs
(Schmill et al. 1999).

Fig. 1. Note that, while the two time series have an overall similar shape, they are not aligned in the time axis.
Euclidean distance, which assumes the ith point in one sequence is aligned with the ith point in the other, will
produce a pessimistic dissimilarity measure. The nonlinear dynamic time warped alignment allows a more
intuitive distance measure to be calculated

Although applications listed above are quite diverse, one thing they have in com-
mon is that they need to find the best match to a query time series, from a (possibly
very large) pool of candidates. This can trivially be achieved by sequential scanning,
comparing each and every candidate to the query, in an arbitrary order. The problem
with sequential scanning is that it is simply too slow for most applications. What
we really need is a technique to index the data, that is, to find the best match with-
out having to examine every candidate (Roussopoulos et al. 1995; Seidl and Kriegel
1998). Indexing techniques can be exact, guaranteeing to return the same result as
sequential scanning (Faloutsos et al. 1994; Keogh et al. 2000, 2001), or approxi-
mate, returning good matches but not necessarily the best matches (Faloutsos and
Lin 1995; Park et al. 2001; Yi et al. 1998).

More than two-dozen techniques have been introduced to index time series under
the Euclidean distance (Chan et al. 2003; Faloutsos et al. 1994; Keogh et al. 2000;
Yi and Faloutsos 2000) (see Keogh et al. (2001) for a more comprehensive listing).
In addition, several researchers have shown techniques to approximately index DTW
(Park, personal communication) or introduced methods to reduce its demanding CPU
time (Berndt and Clifford 1994; Chu et al. 2002). However, only two researchers have
claimed to introduce an exact indexing technique for DTW (Kim et al. 2001; Park et
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