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Abstract

We propose a novel approach for writer adapta-
tion in a word spotting task. The method exploits the
fact that a semi-continuous hidden Markov model sepa-
rates the word model parameters into (i) a shared code-
book of shapes and (ii) a set of word-specific parame-
ters. Our main contribution is to derive writer-specific
word models by statistically adapting an initial univer-
sal codebook to each document. This process is unsu-
pervised and does not even require the appearance of
the keyword(s) in the searched document. Experimen-
tal results show an increase in performance when this
adaptation technique is applied. To the best knowledge
of the authors, this is the first work dealing with adap-
tation for word spotting.

1. Introduction

Handwritten word spotting (HWS) is the pattern
classification task which consists in detecting keywords
in handwritten document images [10]. Two main ap-
proaches can be identified. The first approach is the
traditional “query-by-example”: given one or multiple
examples of a word, find the word images with high
similarity to the query [11].

The second approach uses handwritten word recog-
nition (HWR) systems which model words as concate-
nations of character models. The main advantage of the
latter approach is that one can search for any keyword
once the character models are trained. However, it re-
quires a large amount of training samples and does not
usually work well in degraded or unconstrained docu-
ments. For this reason, we chose the former approach
and, in the remainder of the paper, we adopt the usual
convention that “HWS” only refers to the first type of
techniques.

The problem of adapting to the writer style of a doc-
ument for improving the results has not yet been consid-

ered in HWS. One reason might be that several works
are applied to historical documents [10], which are usu-
ally produced by a single writer. Another reason is
that adaptation is best formulated in a statistical hidden
Markov model (HMM) based framework, which is not
the most common approach in HWS.

Furthermore, the techniques employed for adapta-
tion in HWR cannot be directly applied to word spot-
ting. In HWR, it is possible to adapt character models
on a set of word samples which is different from the
samples that will be recognized at test time. Even if
such an adaptation set is not available, a first recogni-
tion pass can be performed and the transcription can be
used as the adaptation set [6]. In contrast, in a spot-
ting application without character models, only labels
are available for the keywords to spot. For this reason,
we have to introduce an adaptation strategy that does
not rely on keyword examples but that can learn from
unlabeled data of the writer and incorporate this infor-
mation in the keyword models.

In handwritten character and word recognition, some
simple techniques to cope with writer styles have been
experimented, for instance by complementing the train-
ing set with samples from the new writer [2] or by train-
ing models for each allograph and choosing the best one
at test time [5]. However, a more powerful approach
in a statistical context is HMM adaptation, successful
in speech recognition [7, 9] and handwriting recogni-
tion [16, 4]. Here, the speaker/writer-independent set
of parameters θ is transformed to θad using a (rela-
tively) small amount of data from the corresponding
speaker/writer. We work using this formulation because
it is suitable to out HMM modeling of words.

Therefore, we propose a novel unsupervised adap-
tation method in which keywords are modeled with a
semi-continuous HMM (SC-HMM) [3]. This choice
is due to the fact that the SC-HMM parameters can
be separated in two sets: (i) the parameters of a com-
mon Gaussian mixture model (GMM) representing a
codebook of shapes, and (ii) word-dependent mixture
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weights. Then, a writer-independent SC-HMM can be
specialized to the writer style of a document by apply-
ing statistical adaptation techniques to the GMM in an
unsupervised manner.

The rest of the article is structured as follows. Sec-
tion 2 describes the keyword models. Section 3 details
the adaptation techniques. Section 4 reports the ex-
perimental validation, and in section 5 conclusions are
drawn.

2. Keyword models

We use a statistical approach that builds on [14] to
model handwritten words. A word image is described
as a sequence X = x1x2 . . . xT of feature vectors or
frames xt, extracted using a sliding window. Each
keyword to search is modeled using a SC-HMM [3].
Its main property is that all the states of all keywords
share a common pool of Gaussians with parameters
θ = {(μk,Σk)}K

k=1. Let pk denote the probability den-
sity of Gaussian k in the pool and pn,s the emission
probability in state s of keyword Wn. Then, the proba-
bility of emitting the frame x in this state can be written
as:

pn,s(x) =
K∑

k=1

wn,s,kpk(x). (1)

The mixture weights wn,s,k are the only word- and
state-specific parameters.

The pool of Gaussians is obtained by training a
GMM p(x|θ) in an unsupervised way on a large set
of frames appearing in many different word samples.
Here, the Gaussians represent soft clusters of similar
frames, so they can be interpreted a ’codewords’ of a
vocabulary, like in the computer vision literature. We
should refer to this GMM as “shape vocabulary”, since
each codeword represents a part of a character, a con-
nector, a whole character, etc. Then, the SC-HMM
for a keyword Wn is composed by the parameters θ
of the GMM and the set of mixture weights denoted
compactly λn. A weight wn,s,k is the frequency of the
codeword shape k in state s of word n.

A new sequence X is scored against the key-
word model of Wn by using the likelihood ratio
p(X|λn, θ)/p(X|θ), where p(X|λn, θ) is the likelihood
on the SC-HMM and p(X|θ) =

∏T
t=1 p(xt|θ) is the

likelihood computed on the shape vocabulary GMM. In
[14] we showed that the use of p(X|θ) is crucial for
good performance.

3. Proposed writer style adaptation

3.1. Formulation

The main contribution of this work is to provide an
adaptation method that exploits the separation of the pa-
rameters λn and θ in the SC-HMM. First, a universal
shape vocabulary is built by training the GMM p(·|θ)
using frames from a large amount of samples of dif-
ferent writers. Then, during training and testing of the
SC-HMMs, when a document i is processed, we apply
a statistical adaptation technique to obtain a document-
specific vocabulary from the universal shape vocabu-
lary. The mixture weights remain unchanged. The par-
ticular details of the method are given below.

Training process:

• Learn the parameters θ of a universal GMM (shape
vocabulary) on a large set of varied data containing
many words and writing styles.

• For each document i, adapt the universal GMM us-
ing all the data available in the document to obtain
the writer-dependent parameters θi. The particular
adaptation methods are discussed below.

• Estimate the mixture weights λn of the SC-HMM
of word Wn by maximizing the likelihood func-
tion

∑
j log p(Xj |λn, θd(j)) over all training sam-

ples {Xj} where d(j) indicates the index of the
document Xj belongs to.

Testing process:

• Adapt the universal GMM parameters θ to the cur-
rent document i using all samples of the document
to obtain θi.

• Score each sample X using the likelihood ratio
p(X|λn, θi)/p(X|θi).

While we believe this adaptation method is novel, we
identified some common points with the work of Fink
and Plötz [6]. These authors also apply adaptation to
a global GMM to obtain document-dependent GMMs.
But their goal is to cluster these GMMs to obtain a parti-
tion of the training set into different writing styles. Then
all labeled data in a training partition can be used to
adapt the HWR model to this writer style. As we have
discussed in the introduction, in a word spotting prob-
lem the lack of labeled data does not allow such an ap-
proach.

It is also interesting to notice that the adaptation of
a universal GMM is used by Reynolds et al. [12] for



speaker identification. Recently, the Reynolds method
has been applied as is to writer identification [15]
with success. This shows adaptation and identifica-
tion/verification are closely related problems.

3.2. Adaptation techniques

We have experimented with the two most popu-
lar statistical adaptation techniques [17] for obtaining
a set of source-dependent (SD) parameters θad from
a source-independent (SI) set θ when few SD data is
available.

Maximum A Posteriori (MAP) In MAP adapta-
tion [7, 12], one assumes the existence of a prior distri-
bution p(θ) over the SI parameters θ, and so the adapted
parameters θMAP are given by:

θMAP = arg max
θ

p(D|θ)p(θ), (2)

where D are the SD data. It was shown that a conve-
nient form of the prior p(θ) is the product of a Dirich-
let density (accounting for the mixture weight parame-
ters) and a Normal-Wishart density (accounting for the
Gaussian parameters). One can then apply the EM al-
gorithm as is the case of MLE, but substituting the aux-
iliary function Q(θ, θ̂) by R(θ, θ̂) = Q(θ, θ̂)+log p(θ).
The maximization of this expression leads to the follow-
ing equation for adapting the means:

μMAP
k = αkμk + (1 − αk)μMLE

k . (3)

Since αk depends on the occupancy of Gaussian k,
MAP does not adapt “unseen” Gaussians, and therefore
a large amount of adaptation data is usually needed.

Maximum likelihood linear regression (MLLR) In
MLLR adaptation [9], the adapted means are linearly
transformed versions of the original ones:

μMLLR
k = Aμk + b. (4)

The EM algorithm can be employed to estimate the ma-
trix A and offset vector b, for which multiple systems of
linear equations have to be solved. Usually, the means
are the only adapted parameters. Since MLLR trans-
forms all the means even if the corresponding Gaussians
are “unseen”, it tends to give better results than MAP
with fewer SD data.

Eq. 4 assumes that there is a single transform ap-
plied to all Gaussians. However, this expression can
be extended to apply different transforms to different

groups of Gaussians. These are obtained through clus-
tering using a suitable distance measure between Gaus-
sians (e.g. the log-likelihood loss). This technique in-
creases the flexibility, which may improve performance
but may also lead to overfitting.

4. Experiments

4.1. Experimental conditions

Adaptation is evaluated in the context of a word de-
tection task. Experiments are conducted on 630 scanned
letters (written in French), containing unconstrained
handwriting from approximately the same amount of
writers. First, a segmentation process extracts word
images from the documents. The initial set of words
is pruned using holistic features and a linear classifier.
The surviving samples are normalized with respect to
slant, skew and text height. At this point features are
extracted using a sliding window. At each position, the
sliding window is adjusted to the area containing pixels
and split into a 4 × 4 grid. We report results with the
local gradient histogram (LGH) features [13].

The set of letters is divided into 6 folds (0-5). Fold
0 is employed to construct the GMM corresponding
to the universal shape vocabulary, as explained in sec-
tion 2. Ten keywords are selected to be searched (e.g.
résiliation, contrat, demande1) and the corresponding
10 SC-HMMs are trained, using 10 states per letter and
512 Gaussians. Training and test is carried out using
5-fold cross validation with folds 1-5.

For each word to detect, the average precision (AP)
of the detection task is computed.

4.2. Results

We experimented with MAP and 3 variations of
MLLR, namely: offset-only transform (MLLR-b), di-
agonal matrix A (MLLR-diag) and full matrix A
(MLLR-full). Table 1 shows the mean of the AP across
the 10 keywords, for each adaptation method. Adapta-
tion improves the AP in all cases, by 1.2% on average
using MLLR-full. The largest observed increase for a
single word is 2.8 %.

Our baseline system works at a point of fixed false
rejection rate of FR=40% and average false acceptance
rate of FA=0.32%. Using the MLLR-full adaptation,
the average FA is reduced to 0.26%. This means, the
number of errors is reduced by about 19%, a significant
reduction of the number of misclassified words.

Regarding the MLLR-b and MLLR-diag methods,
the best results are obtained when using 32 Gaussian

1translated as cancellation, contract and request, respectively



Table 1. Mean average precision for the
different adaptation techniques

Adaptation method Mean AP (%)

None 79.3
MAP 80.3

MLLR-b 80.2
MLLR-diag 80.4
MLLR-full 80.5

clusters. For the case of MLLR-full, the introduction of
multiple clusters degrades performance, which is prob-
ably due to the higher number of parameters with a full
matrix.

5. Conclusions

To the best of our knowledge, this is the first work
to apply writer adaptation in a HWS task. We have pre-
sented a novel adaptation method based on a separation
of the word-dependent parameters (mixture weights)
from the writer-dependent (shape vocabulary) param-
eters in a SC-HMM and the adaptation of the latter for
each writer at training and test time. Experiments show
that this adaptation technique improves the performance
of a detection task.

Results could be further improved by considering the
following facts: (i) the adaptation material contained in
a single document might be insufficient and (ii) the uni-
versal shape vocabulary may contain writer-dependent
shapes while ideally the Gaussians should be indepen-
dent of the writer style. The first might be improved
using very fast adaptation techniques such as eigen-
voices [8]. For the second one, iterative techniques such
as speaker-adaptive training (SAT) [1] can be applied to
remove the writer variability from the GMM shape vo-
cabulary.
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