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Abstract— In 1899, Galton first captured ink-on-paper finger-
prints of a single child from birth until the age of 4.5 years,
manually compared the prints, and concluded that “the print
of a child at the age of 2.5 years would serve to identify him
ever after.” Since then, ink-on-paper fingerprinting and manual
comparison methods have been superseded by digital capture
and automatic fingerprint comparison techniques, but only a
few feasibility studies on child fingerprint recognition have been
conducted. Here, we present the first systematic and rigorous
longitudinal study that addresses the following questions: 1)
Do fingerprints of young children possess the salient features
required to uniquely recognize a child? 2) If so, at what age can
a child’s fingerprints be captured with sufficient fidelity for recog-
nition? 3) Can a child’s fingerprints be used to reliably recognize
the child as he ages? For this paper, we collected fingerprints of
309 children (0–5 years old) four different times over a one year
period. We show, for the first time, that fingerprints acquired
from a child as young as 6-h old exhibit distinguishing features
necessary for recognition, and that state-of-the-art fingerprint
technology achieves high recognition accuracy (98.9% true accept
rate at 0.1% false accept rate) for children older than six months.
In addition, we use mixed-effects statistical models to study the
persistence of child fingerprint recognition accuracy and show
that the recognition accuracy is not significantly affected over the
one year time lapse in our data. Given rapidly growing require-
ments to recognize children for vaccination tracking, delivery
of supplementary food, and national identification documents,
this paper demonstrates that fingerprint recognition of young
children (six months and older) is a viable solution based on
available capture and recognition technology.

Index Terms— Child identity, child fingerprint recognition,
identity for lifetime, biometrics for social good.

I. INTRODUCTION

“Let no one despise the ridges on account of their
smallness, for they are in some respects the most
important of all anthropological data …They have
the unique merit of retaining their peculiarities
unchanged throughout life, and afford in conse-
quence an incomparably surer criterion of identity
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than any other bodily feature.”
- Galton [2]

GALTON first explored the feasibility of using fingerprints
for identifying young children in the year 1899 [4].

He obtained inked fingerprint impressions of a newborn from
birth until 4.5 years of age, manually compared them, and
conjectured that it was possible to use fingerprints to recognize
children older than 2.5 years of age. Since Galton’s study
on fingerprinting young children, there have been significant
advances in digital capture and automatic comparison of
fingerprints. The ink-on-paper fingerprint acquisition process
has been mostly superseded by live scan methods, which
directly provide a digital fingerprint image. Tedious manual
comparison of fingerprints has been replaced by fast and
robust automatic comparison methods. These technological
advancements, as well as emerging applications that require
recognition of children, have reignited the interest of the
fingerprint research community in investigating child finger-
printing, and have recently led to a few feasibility studies on
child fingerprint recognition [5]–[8]. However, the consensus
among fingerprint practitioners and the general public is that
it is not feasible to recognize young children1 using their
fingerprints.

Biological evidence, on the other hand, suggests that
fingerprints are fully formed by the sixth month of fetal
life and are physiologically present on human fingers at
birth [9]–[11]. Further, it is also believed that fingerprints
are (i) unique, i.e., no two fingers, even of the same indi-
vidual, have identical patterns, and (ii) persistent, i.e., they
do not change over the lifetime of an individual [2], [12].
Whereas uniqueness and persistence of fingerprints have been
investigated for adult fingerprints [13]–[18], there has been, to
our knowledge, no systematic and rigorous longitudinal study
to address the following fundamental questions pertaining to
child fingerprints:

1) Do child fingerprints possess the salient
characteristics necessary to uniquely recognize a
child?

2) What is the youngest age at which a child’s fingerprints
can be captured with sufficient fidelity to uniquely
recognize the child?

3) Can a child’s fingerprints be used to reliably recognize
the child as he ages?

The objective of this study is to address the aforementioned

1The terms child and children, in this paper, refer to children in the age
range of 0-5 years.
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Fig. 1. Fingerprint capture of a 6 hours old child using the custom 1,270
ppi fingerprint reader designed by NEC [3]. (a) Face image of the child,
(b) the fingerprint capture process, and (c) the captured left thumb print image
with annotated features (ridges and valleys, core, minutiae, and pores).

questions by:

• collecting a longitudinal database of child fingerprints
using both a commercial-off-the-shelf 500 ppi reader and
a custom 1,270 ppi reader,

• evaluating the recognition performance of a state-of-the-
art Automated Fingerprint Identification System (AFIS)
on child fingerprints, and

• investigating the persistence of child fingerprint recogni-
tion accuracy using mixed-effects statistical models.

In an earlier study [19], we investigated the feasibility of
capturing and recognizing fingerprints of young children using
an off-the-shelf 500 ppi fingerprint reader. However, due to
lack of longitudinal data in that study, we were not able to
assess the utility of fingerprints for recognizing children over
time. To acquire longitudinal fingerprint data of children, we
initiated a data collection effort at the Saran Ashram hospital
in Dayalbagh, India. We captured the left and right thumb
impressions of 309 children (ranging in age from 0-5 years)
in four different sessions (March 2015, September 2015,
January 2016 and March 2016) over a period of one year.

We show, for the first time, that it is indeed feasible to
capture fingerprints of children, even as young as 6 hours
old, using a custom high-resolution (1,270 ppi) and compact
(7.2 cm × 3.5 cm × 7.5 mm) fingerprint reader
(see Fig. 1). Experimental evaluation conducted on the longitu-
dinal fingerprint images using a state-of-the-art AFIS2 shows

2We cannot disclose the AFIS vendor name due to our licensing agreement.

that (i) 500 ppi fingerprints suffice for recognizing children
older than 12 months at the time of enrolment (TAR of 99.5%
at FAR of 0.1%), and (ii) 1,270 ppi prints are necessary for
recognizing children at least 6 months of age at enrolment
(TAR of 98.9% at FAR of 0.1%). Further, using mixed-effects
statistical models, we show that child fingerprint recognition
accuracy is not significantly affected over the one-year time
period in our study.

At present, there are over 600 million children worldwide
that are between 0-5 years old [21], and an average of 353,000
newborns are added to this population every day [22]. Given
that a majority of these childbirths occur in developing coun-
tries where children do not have any form of identification,
there is an increasing demand for child recognition in a
number of different applications. Examples of such applica-
tions include:

• Vaccination tracking of children, especially in the least
developed countries, where over 5 million children die
every year due to vaccine-preventable diseases [23], and
vaccine wastage rates are reported to be as high as
50 percent.3 Several governmental and non-governmental
health organizations have initiated routine vaccination
programs in these countries (e.g. VaxTrac in Benin and
Nepal2) to improve vaccination coverage.

• Improving child nutrition, particularly in the least devel-
oped countries, e.g, Bangladesh, where “almost one in
two children under the age of 5 years are chronically
undernourished (stunted) and 14 percent suffer from acute
undernutrition”. Initiatives are being taken by the World
Food Programme to provide “fortified supplementary
food to children between 6-59 months of age suffering
from moderate acute undernutrition until they recover”.4

• National ID programs, such as Aadhaar [24], which
aim to provide a unique identity beginning at birth to
every resident of a country, and use biometric identifiers
(e.g. fingerprints and iris) for this purpose.

• Giving children an identity for lifetime by developing
digital identity systems using fingerprints; such systems
can benefit “children and people at risk from human
trafficking, refugee crisis situation, and lack of access to
basic services”.5

Our findings support the use of fingerprint recognition as
a viable solution for recognizing children in such emerging
applications.

The major differences between our preliminary work [1]
and this paper are as follows:

• An in-depth review of child fingerprint recognition
studies since Galton’s first investigation in the year 1899.

• Collection of fingerprints of 309 children (age range:
0-5 years) in four different sessions over a one year
period. For our preliminary work [1], we had collected
fingerprints of only 66 children in the 0-6 months old
age group in two different sessions 2-4 days apart. Fig. 2
shows the additional longitudinal fingerprint images of a

3http://vaxtrac.com
4https://www.wfp.org/sites/default/files/IMCN%20factsheet.pdf
5http://id2020.org/.
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Fig. 2. Left thumb print images of the same child captured at three different ages: (a) 1 day, (b) 3 months and (c) 6 months using the custom 1,270 ppi
reader designed by NEC [3].

subject from our preliminary work [1].
• Systematic and rigorous performance evaluation of child

fingerprint recognition accuracy over the one year period.
We show that state-of-the-art fingerprint recognition cap-
ture and recognition technology offers a viable solution
for recognizing children older than 6 months (98.9% TAR
at 0.1% FAR). The recognition performance obtained is
comparable to that obtained on adult fingerprints in FVC
2004 DB1_A and DB2_A [28].

• Use of mixed-effects statistical models to study the trend
of genuine fingerprint similarity scores over the one year
time period. We show that child fingerprint recognition
accuracy does not degrade over the one year time lapse
in our data.

II. BACKGROUND

In 1880, Faulds [12] first advocated the use of fingerprints
as a means of personal identification, and suggested that
fingerprints are persistent and can be used to uniquely identify
individuals. Thereafter, in 1883, Kollman studied the forma-
tion of dermatoglyphic ridge patterns present on our hands and
feet [25]. He stated that the ridge patterns become perceptible
to a certain extent in the fourth month of gestation and are
fully formed by the sixth month of fetal life. Subsequently,
Cummins and Midlo [9] in 1961, and, Penrose and Ohara [10]
in 1973, validated the finding that ridge patterns are physio-
logically present on our fingers at birth. The seminal work
of Galton [2] introduced the use of minutiae points (minute
details present in fingerprints, mostly as ridge endings and
ridge bifurcations) for fingerprint recognition (comparison),
and corroborated the claims of uniqueness and persistence of
fingerprints for adults.6 However, the fundamental questions
pertaining to (i) whether fingerprints can be captured for
children, and (ii) if so, at what age fingerprints of children
attain the same fidelity for recognition as that of adults, were
not addressed.

Driven by the quest to answer questions regarding child
fingerprints, almost 120 years back in 1899, Galton obtained
inked fingerprint impressions of all ten fingers of a single
child, captured initially every few days and subsequently every

6The claims of uniqueness and persistence of fingerprints have since been
scientifically validated by Pankanti et al. [14], and Yoon and Jain [18].

few months, from birth until she was 4.5 years old [4].
He compiled six sets of all ten fingerprints captured at the
following age intervals: (i) 9 days-1 month, (ii) 1 month-6
weeks, (iii) 5-7 months, (iv) 17 months, (v) 2.5 years, and (vi)
4.5 years. From each set, Galton selected the best quality finger
impressions and summarized his key observations pertaining
to child fingerprints as follows [4].

• “Far more delicate printing is needed on account of the
low relief of features and minuteness of the pattern.”

• “Babies are the most difficult to deal with, the persistent
closing of their fists being not the least of the difficulties.”

• “Many undecipherable blurs are made before one
moderate success is attained, and at best, the print is
made by a mere dab of the finger, rolled impressions being
practically impossible.”

• “First four sets are more or less blotted, and do not show
more than a small part of the surface which is desirable
to print.”

• “Fifth and sixth sets are clear though pale, for it was
necessary to spread the ink very lightly to avoid blots.”

Galton further stated that “the fifth and sixth sets of prints”
captured at 2.5 and 4 years, respectively, “showed the same
order of complexity that is found in the ridges of an adult”
and were “perfectly suited for comparisons”. Based on these
observations, he inferred that “the print of a child at the age
of 2.5 years would serve to identify him ever after”. However,
it should be pointed out that Galton made these conclusions
based on fingerprints captured from a single child using
the ink-on-paper process. Since then, only a few feasibility
studies have been conducted to investigate child fingerprinting
(see Table I):

• In 2004, the Netherlands Organization for Applied
Scientific Research (TNO) conducted a study [5] to assess
the viability of using biometric traits for Dutch travel
documents. They concluded that “it was not possible
to obtain clear fingerprints from children under 4 years
of age” due to minuteness of the ridge pattern on their
fingers.

• A pilot project “Biometrics Data Experimented in Visas
(BIODEV II)” was initiated in 2007 by eight European
member states for capture, storage and verification of
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TABLE I

COMPARISON OF EXISTING CHILD FINGERPRINT RECOGNITION STUDIES WITH THIS STUDY

Fig. 3. Fingerprint images of the left thumb of a 6 weeks old child captured using the two fingerprint readers used in this study, (a) the 500 ppi Digital
Persona U.are.U 4500 HD fingerprint reader [20] and (b) the 1,270 ppi custom fingerprint reader designed by NEC [3]. Fingerprint regions marked in the red
square have been enlarged to show the ridge details. The 1,270 ppi reader is able to better capture the minute details present on a child’s finger (e.g. ridge
endings and bifurcations) compared to the 500 ppi reader.

biometric data for Schengen visa applicants [6]. Based on
fingerprints of 300 children captured in Damascus (Syria)
and Ulan Bator (Mongolia), the study concluded that it
is challenging to acquire fingerprints of children below
12 years of age.

• Between 2006-2009, Ultra-Scan, a fingerprint vendor
specializing in ultrasound-based readers, conducted a
study [7] to model the growth of fingerprint patterns of
children through adolescence. But, it did not provide any
insights into child fingerprint capture and recognition.

• In 2013, the Joint Research Center of the European
Commission published a technical report [8] on finger-
printing of children. The study was based on fingerprints
of 2,611 children (0-12 years old) collected using 500 ppi
fingerprint readers during passport processing by the
Portuguese government. The report concluded that
fingerprint recognition of children younger than 6 years
of age is difficult.

In summary, as previously mentioned, the prevailing belief
in the fingerprint and user community is that (i) reliable
capture of fingerprints of children younger than 2 years is
not feasible, and (ii) fingerprint-based recognition of young
children cannot be accomplished. We contradict this general

belief by showing that it is indeed feasible to capture child
fingerprints with sufficient fidelity to recognize children older
than 6 months with reasonable accuracy (TAR of 98.9% at
FAR of 0.1%) using a custom 1,270 ppi fingerprint reader.

III. LONGITUDINAL CHILD FINGERPRINT CAPTURE

To investigate child fingerprint capture and recognition, a
longitudinal data collection effort was initiated at the Saran
Ashram hospital in Dayalbagh, India. The goal of the data
collection effort was to fingerprint the same children in four
different sessions (March 2015, September 2015, January 2016
and March 2016) over a one year period. Data was captured
in a pediatrician’s (Dr. Anjoo Bhatnagar) office while she
was examining her patients. Two data capture stations, each
manned by the authors, were set up for capturing fingerprint
data. Face images of the children were captured using the
8 MP rear camera of an iPhone 5 or 5s. In addition, the child’s
name, age, and gender were recorded. The address, and contact
number of the child’s parents was also noted to contact them
for follow-up data collection sessions.

Fig. 4 shows the data collection process. Parents were
required to sign a consent form (approved by the Michigan
State University’s institutional review board and the ethics
committee of the Saran Ashram hospital) giving their consent
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Fig. 4. Fingerprint data collection at the Saran Ashram hospital in Dayalbagh, India. (a) Parents signing the consent form permitting us to capture their
child’s fingerprints, and (b) data capture at the two data collection stations in Dr. Bhatnagar’s office.

to provide their child’s fingerprint and face images. Fingerprint
and face images were captured at one of the two data collection
stations, and an incentive (a bag of staple foods, voucher for
the local grocery store, or blanket) worth about 10 US dollars
was provided to the parents after each data collection session.

A. Fingerprint Readers

In our earlier work [19], we had evaluated several commer-
cially available PIV/Appendix F certified fingerprint readers,
and identified the following desirable reader characteristics
for child fingerprint capture: (i) portability to hold the reader
close to the child’s hand for fingerprint capture, (ii) compact
ergonomics to place the small sized child fingers in appropriate
manner on the reader platen, (iii) fast capture speed because it
is difficult to hold a child’s finger on the platen for more than a
few seconds. Based on these considerations, we had used the
Digital Persona U.are.U 4500 HD [20] for child fingerprint
capture.

In this study, we use a custom 1,270 ppi fingerprint
reader designed by NEC [3], in addition to the 500 ppi
U.are.U 4500 HD reader, for collecting child fingerprints.
While designing the custom reader, NEC tested four different
reader resolutions: 500ppi, 1000ppi, 1270ppi and 1560ppi for
capturing child fingerprints. It was determined that the higher
the resolution of the reader, the better it is for child fingerprint
capture. This is because the ridge spacing in child fingerprints
is about 2-2.5 times smaller than adult fingerprints [19].
However, because the 1,560 ppi reader had significantly larger
form factor than the 1,270 ppi reader, the latter was prototyped
by NEC for child fingerprint capture.

While the 500 ppi reader was used in all four sessions,
the 1,270 ppi reader only became available starting from
session 2 (September 2015). Table II summarizes the technical
specifications of the two readers. Compared to the 500 ppi
reader, the 1,270 ppi reader is able to better capture the
minute details (e.g. ridge endings and bifurcations) present
on a child’s finger (see Fig. 3). In contrast to the traditional
Frustrated Total Internal Reflection (FTIR) based method used
by the 500 ppi reader, the 1,270 ppi reader uses the Scattered
Light Direct Reading (SLDR) method for fingerprint sensing.
SLDR technology purportedly provides fingerprint images

TABLE II

TECHNICAL SPECIFICATIONS OF THE TWO FINGERPRINT READERS

USED FOR CAPTURING CHILD FINGERPRINTS

with higher fidelity and is relatively robust to wet and dry
fingers [3]. Another key characteristic of the 1,270 ppi reader
is the placement of a manual capture button at the bottom of
the reader. This allows the operator to manually capture the
best fingerprint image based on the realtime streaming from
the reader.

B. Data Collection Protocol

During each data collection session, three images each of
the left and right thumb prints of all subjects were captured
using the two fingerprint readers,7 and three face images
were clicked in succession using the iPhone 5/5s rear camera.
To capture good quality fingerprint images, we used wet/dry
wipes to clean a subject’s finger depending on the finger skin
condition before fingerprint capture. Further, fingerprints of
each subject were captured using the two readers in succes-
sion (time gap ≤ 2 min.) by the same operator. Fingerprint
capture conditions, therefore, essentially remained the same
between image captures using the two readers. Fig. 5 shows
a face image and a right thumb print image of a subject
captured during each of the four data collection sessions.
Due to the high volume of interested participants, primarily
because of the incentive we were providing, it was essential
to maintain a high throughput. So, we could only spend about
3-5 minutes, on average, collecting face and fingerprint images
of each subject. This high throughput requirement is similar
in the operational scenarios we are targeting (e.g. vaccination
tracking in health camps).

7We only captured 500 ppi images during the first data collection session in
March 2015 because the 1,270 ppi reader designed by NEC became available
starting second data collection session (September 2015).
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Fig. 5. Face and fingerprint images of a subject acquired during the four data collection sessions. Age of the subject at the time of each acquisition is shown
in parenthesis. Right thumb print images captured using the 500 ppi Digital Persona U.are.U 4500 HD fingerprint reader and the custom 1,270 ppi NEC
fingerprint reader are shown in the second and third rows, respectively. The NEC reader was not available during the first session.

Fig. 6. Distribution of age at the time of enrolment of the subjects in the child fingerprint database. Subset A contains 204 subjects in the 0-5 year old age
group. Subsets B and C contain 65 and 40 subjects, respectively, primarily in the 0-6 months old age group.

C. Fingerprint Database

The child fingerprint database contains a total of 309 sub-
jects (age range: 0-5 years) whose fingerprints were collected
in four sessions.8 204 subjects participated in the first data
collection session in March 2015. We refer to this subset
of 204 subjects as subset A. Of these 204 subjects, 167,
180 and 178 subjects returned to provide their data in session 2
(September 2015), session 3 (January 2016) and session 4
(March 2016), respectively. Overall, 161 of the 204 subjects

8The infant fingerprint database cannot be made available to the fingerprint
community because we do not have permission from the Saran Ashram
hospital to release the data.

attended all four sessions. Fig. 6 (a) shows the age distrib-
ution of the subjects in subset A. Because the initial set of
204 subjects did not have adequate representation from the
0-6 month old age group, we recruited an additional 105
subjects mostly in the 0-6 month old age group in sessions
2 and 3; there were 65 and 40 new subjects in sessions 2 and 3,
respectively. We refer to these sets of 65 and 40 subjects as
subset B and subset C, respectively. For the subjects in subsets
B and C, only 1,270 ppi fingerprint images were captured
because of their very young age. Figs. 6 (b) and (c) show the
age distribution of the subjects in subsets B and C.

Table III summarizes the collected child fingerprint
database. Fig. 7 shows a 3D histogram indicating the number
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TABLE III

SUMMARY OF THE CHILD FINGERPRINT DATABASE COLLECTED IN THIS STUDY. COLUMNS 5, 6 AND 7 INDICATE THE NUMBER OF SUBJECTS THAT
RETURNED FOR PROVIDING DATA IN SESSIONS 2, 3 AND 4, RESPECTIVELY. THE TIME LAPSE BETWEEN FIRST AND LAST DATA COLLECTION

SESSION FOR EACH SUBSET IS SHOWN IN THE LAST COLUMN. THE 4TH DATA COLLECTION SESSION TOOK PLACE IN MARCH, 2016

Fig. 7. 3D histogram showing the aggregate number of times fingerprints
were collected from subjects in different age groups.

of times fingerprints were acquired from subjects in different
age groups. Most subjects older than 12 months provided
their fingerprints in all four data collection sessions. On the
other hand, majority of subjects younger than 6 months of age
were recruited after the first data collection session and their
fingerprints were subsequently acquired in the following data
collection sessions.

IV. CHILD FINGERPRINT RECOGNITION

In principal, there are two major covariates that impact
child fingerprint recognition accuracy: (i) the age of the child
at the time of enrolment, and (ii) the time lapse between
enrolment and query fingerprint images. To understand the
effect of these covariates on child fingerprint recognition accu-
racy, we first analyze the quality of child fingerprint images
using NFIQ 2.0 [27]. Additionally, we conduct verification
(1:1 comparison) and search (1:N comparison) experiments
using a state-of-the-art AFIS.

A. Fingerprint Quality Analysis: NFIQ 2.0

Fingerprint quality values are computed using the widely
used fingerprint quality metric, NFIQ 2.0 [27] for both 500
and 1,270 ppi images in the child fingerprint database. NFIQ
2.0 assigns a quality value in the range 0-100 to a fingerprint
image that purportedly predicts the expected matching per-
formance using an AFIS. Table IV reports the median NFIQ
2.0 values for subjects of different ages. The median quality
values are higher for 1,270 ppi images compared to 500 ppi
images thereby indicating that the 1,270 ppi reader, on average,

TABLE IV

MEDIAN NFIQ 2.0 VALUES COMPUTED FOR 500 ppi AND 1,270 ppi CHILD

FINGERPRINT IMAGES. THE RANGE OF NFIQ 2.0 VALUES IS 0-100

captures better quality images compared to the 500 ppi reader.
Another significant observation is that the median fingerprint
image quality for older subjects is significantly better than
younger subjects (see Figure 10). To compare the median
quality values computed for child fingerprints to adult finger-
prints, we computed NFIQ 2.0 values for fingerprint images
in FVC2004 DB1_A and FVC2004 DB2_A [28]. A median
quality value of 53 was obtained for adult fingerprints in the
two databases. This is comparable to the median quality value
for 1,270 ppi fingerprints of children older than 12 months
(Table IV).

B. Performance Evaluation Metrics

For the verification scenario, (i) true accepts which is the
number of subjects that can be correctly verified to have been
previously enrolled, and (ii) false accepts which is the number
of subjects that are incorrectly verified as previously enrolled,
are computed. Two different evaluation metrics, true accept
rate (TAR) and false accept rate (FAR) are then computed
to measure how frequently true accepts and false accepts
occur. In the search mode, the captured fingerprint is com-
pared against an enrolment database containing fingerprints
of known subjects, and a candidate list of the top-K matches
is retrieved from the database. The rank-1 hit rate, i.e. the
proportion of search queries for which the corresponding
mated fingerprint is retrieved as the top candidate in the list, is
used as the performance evaluation criterion. Open set search
is planned for subsequent studies.

C. Experimental Protocol

Before conducting the comparison experiments using the
AFIS, it is necessary to ensure that the ridge spacing in child
fingerprint images (4-5 pixels) approximates the ridge spacing
in adult fingerprint images (8-9 pixels). This is because the
AFIS is designed for adult fingerprint images. Hence, the
500 ppi fingerprint images in subset A are upsampled by a
factor of 1.8 whereas the 1,270 ppi images are downsampled
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Fig. 8. A 2D t-SNE embedding [26] of child face images computed using the similarity score matrix generated by the AFIS for 1,270 ppi fingerprint images
in subset A. The entire 2D embedding with 204 subjects is shown in (a). Images in (b), (c) and (d) show the close up of the rectangular regions marked
in green, blue and red, respectively, on the 2D embedding in (a). Child face images are clustered by identity using fingerprint similarity. This indicates that
fingerprint is a reliable identifier for child recognition.

by a factor of 0.71.9 For subsets B and C that contain
fingerprints of subjects primarily in the 0-6 months old age
group, this upsampling/downsampling is not required because
the ridge spacing in 1,270 ppi images is appropriate for
the AFIS.

Further, in case of search experiments, an additional 32,768
fingerprint images of 16,384 children (one image each of the
left and right thumb) provided by VaxTrac10 are included in
the enrolment database (gallery) to simulate the real world
fingerprint search scenario where fingerprints acquired from a
large number of subjects are typically present in the enrolment
database at the time of search. These images were captured by
health care workers using different 500 ppi readers at multiple
vaccination camps in Benin, Africa, are of varying quality
but similar in characteristics to the 500 ppi fingerprint images
captured in this study. Because these images were captured
using 500 ppi readers, they are also upsampled by a factor
of 1.8.

For comparison experiments, the three images each of the
left and right thumb prints acquired when a subject first

9Child fingerprint images are upsampled/downsampled before feeding them
into the AFIS because the AFIS is proprietary and cannot be directly adapted
to the child fingerprint data.

10http://vaxtrac.com/

provides data are assumed to be enrolled. These images are
referred to as enrolment images. Each of the three images
of the two thumb prints of the subject acquired in subse-
quent data collection sessions are assumed to be separate
verification/search queries. These images are referred to as
query images. The similarity scores of a query with the three
enrolment images are combined using sum fusion. Further, the
similarity scores of a pair of left and right thumb print queries
are fused together using sum fusion in order to improve the
verification/search performance.

D. Fingerprint as a Child Identifier

Fig. 8 shows a 2D t-SNE embedding [26] of child face
images based on the similarity matrix generated using the
AFIS scores for the 1,270 ppi fingerprints in subset A.
One can visually observe that face images are clustered by
identity using fingerprint similarity scores. This indicates that
fingerprint is a reliable identifier for distinguishing children
based on their identity.

E. Performance Comparison: 500 ppi v. 1,270 ppi
Fingerprints

The objective of this experiment is to perform compara-
tive analysis of the recognition performance obtained using
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Fig. 9. Sample enrolment and query fingerprint images of left and right thumbs of a child captured in sessions 2 and 4 (time lapse = 6 months), respectively:
(a) 500 ppi, and (b) 1,270 ppi fingerprint images. The age of the subject at the time of enrolment was 8 months. The identity of the subject could not be
successfully verified using 500 ppi query images due to poor quality; however, successful verification was achieved using 1,270 ppi images.

500 ppi and 1,270 ppi fingerprint images. For a fair compari-
son, verification experiments are conducted on fingerprints of
162 subjects from subset A that were captured during both
session 2 in September 2015 and session 4 in March 2016
(time lapse = 6 months) using the two fingerprint readers.

The images acquired in session 2 are, therefore, the enrolment
images and those acquired in session 4 are the query images.

Table V shows the verification performance of the AFIS
for different age groups. For subjects that were older than
12 months at the time of enrolment, verification performance
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Fig. 10. Left thumb print images (500 ppi) of a child captured at four different ages: (a) 3 months, (b) 9 months, (c) 13 months, and (d) 15 months.
The NFIQ 2.0 values (range 0-100) for the four images in order are 8, 11, 36 and 34. Better quality images are captured as the child ages.

TABLE V

VERIFICATION PERFORMANCE (TAR%@FAR=0.1%) ON 500 ppi AND

1,270 ppi CHILD FINGERPRINTS IMAGES OF 162 SUBJECTS FROM

SUBSET A. SESSION 2 IS THE ENROLMENT SESSION AND SESSION 4
IS THE VERIFICATION SESSION (TIME LAPSE = 6 MONTHS)

using 1,270 ppi fingerprints (100% TAR at 0.1% FAR)
is only marginally better compared to 500 ppi fingerprints
(99.5% TAR at 0.1% FAR). However, for subjects between
6-12 months of age at the time of enrolment, 1,270 ppi
fingerprints provide higher verification performance (98.9%
TAR at 0.1% FAR) than 500 ppi fingerprints (95% TAR
at 0.1% FAR). To benchmark the performance of the AFIS
on adult fingerprints relative to child fingerprints, verifica-
tion experiments were performed on FVC2004 DB1_A and
DB2_A [28]. TARs of 98.68% and 97.18% at FAR of 0.1%
were obtained, respectively, on the two databases. These
results are significantly better (2-3%) than the top performing
AFIS in the FVC2004 evaluation [28].

Fig. 9 shows sample 500 ppi and 1,270 ppi enrol-
ment and query fingerprint images of a subject captured in
sessions 2 and 4, respectively. The age of the subject at the
time of enrolment was 8 months. For this subject, 500 ppi
query fingerprints caused verification failure due to inadequate
quality. However, verification was successful using 1,270 ppi
fingerprints because they were adequate quality.

Note that the minimum age of a subject in subset A at the
time of session 2 is 6 months. Hence, verification performance
of subjects in the 0-6 month age group is not reported in
Table V. The results for the 0-6 month old age group are
reported in the following experiments.

F. Performance Evaluation: Subset A (0-5 Years Old)

Analogous to the earlier experiment, the first session during
which fingerprints of a subject are captured is the enrolment
session, and subsequent sessions when his fingerprints are
acquired are verification/search sessions. Therefore, for the
500 ppi U.are.U 4500 reader, session 1 is the enrolment
session and sessions 2, 3 and 4 are the verification/search
sessions. On the other hand, for the 1,270 ppi NEC reader,

TABLE VI

VERIFICATION PERFORMANCE (TAR%@FAR=0.1%) ON 500 ppi AND

1,270 ppi FINGERPRINT IMAGES OF THE 204 SUBJECTS IN SUBSET A.
SESSIONS 1 AND 2 ARE, RESPECTIVELY, THE ENROLMENT SES-

SIONS FOR 500 ppi AND 1,270 ppi IMAGES. PERFORMANCE IS

REPORTED FOR DIFFERENT TIME LAPSE BETWEEN

ENROLMENT AND QUERY IMAGES

session 2 is the enrolment session and sessions 3 and 4 are
the verification/search sessions.

Table VI reports the verification performance of the AFIS on
500 ppi and 1,270 ppi child fingerprint images, respectively,
for different time lapse between enrolment and verification
queries. In line with our earlier experimental results, 1,270 ppi
fingerprints provide higher verification performance compared
to 500 ppi fingerprints. Contrary to expectations, the ver-
ification performance for both 500 and 1,270 ppi images,
particularly for subjects that are in the 0-6 months age group,
improves with elapsed time between enrolment and query
images. While this is a counter-intuitive result, the primary
reason for this performance improvement is the acquisition
of better quality query fingerprints as the child ages (see
e.g. Fig. 10). Improvement in query fingerprint quality leads
increased similarity between the query and the enrolment
prints.

Table VII presents the results of the search experiments
conducted using the AFIS on 500 ppi and 1,270 ppi child
fingerprint images for different time lapse between enrolment
and search queries. Akin to the verification scenario, search
performance is better using 1,270 ppi images compared to
500 ppi images, and higher search performance is obtained
with increased elapsed time between enrolment and query
images.

G. Performance Evaluation: Subsets B and C
(0-6 Months Old)

Most subjects in subsets B and C are in the 0-6 month
old age group. To analyze the recognition performance for the
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TABLE VII

SEARCH PERFORMANCE (RANK-1 HIT RATE %) ON 500 ppi AND 1,270 ppi
FINGERPRINT IMAGES OF THE 204 SUBJECTS (AGE RANGE:

0-5 YEARS) IN SUBSET A. SESSIONS 1 AND 2 ARE, RESPEC-
TIVELY, THE ENROLMENT SESSIONS FOR 500 ppi AND 1,270 ppi

IMAGES. ADDITIONAL 32,768 FINGERPRINT IMAGES ARE
INCLUDED IN THE ENROLMENT DATABASE. PERFOR-

MANCE IS REPORTED FOR DIFFERENT TIME LAPSE

BETWEEN ENROLMENT AND QUERY IMAGES

TABLE VIII

VERIFICATION PERFORMANCE (TAR%@FAR=0.1%) ON 1,270 ppi FIN-
GERPRINT IMAGES OF THE 105 SUBJECTS (AGE RANGE: 0-6 MONTHS)

IN SUBSETS B AND C. SESSIONS 2 AND 3 ARE, RESPECTIVELY,
THE ENROLMENT SESSIONS FOR SUBSETS B AND C. PER-

FORMANCE IS REPORTED FOR DIFFERENT TIME LAPSE

BETWEEN ENROLMENT AND QUERY IMAGES

TABLE IX

SEARCH PERFORMANCE (RANK-1 HIT RATE %) ON 1,270 ppi FINGER-
PRINT IMAGES OF THE 105 SUBJECTS (AGE RANGE: 0-6 MONTHS) IN

SUBSETS B AND C. SESSIONS 2 AND 3 ARE, RESPECTIVELY, THE
ENROLMENT SESSIONS FOR SUBSETS B AND C. ADDITIONAL

32,768 FINGERPRINT IMAGES ARE INCLUDED IN THE

ENROLMENT DATABASE. PERFORMANCE IS REPORTED

FOR DIFFERENT TIME LAPSE BETWEEN ENROLMENT
AND QUERY IMAGES

1,270 ppi fingerprint images acquired from these subjects, we
follow the same experimental protocol as the previous two
experiments. For subjects in subset B, session 2 is assumed
to be the enrolment session and sessions 3 and 4 are the
verification/search sessions. On the other hand, for subjects
in subset C, session 3 is the enrolment session and session 4
is the verification/search session.

Tables VIII and IX report the verification and search perfor-
mance, respectively, for this experiment. Verification accuracy
is only 9.8% at 0.1% FAR and rank-1 hit rate is mere 31.1%
for subjects in subset B (time lapse = 6 months) despite
using high-resolution 1,270 ppi images. The primary reason
for the significant drop in performance is the poor quality
of enrolment prints captured from subjects in this age group
(see, e.g., Fig. 11)11. Capturing good quality fingerprints of

11Performance not available because the indicated time lapse between
enrollment and query images is not present in the given subset.

0-6 months old children sufficient for the purpose of recogni-
tion, therefore, remains a notable challenge.

V. PERSISTENCE OF CHILD FINGERPRINT

RECOGNITION ACCURACY

Empirical results discussed in the previous section
suggest that fingerprints can be used for child recognition.
To understand the significance of the empricial results from a
statistical standpoint, we model the genuine similarity scores
using mixed-effects regression models [29], [30]. The regres-
sion modelling presented here aims to address the following
questions:

• What is the trend in genuine similarity scores as a child
ages (i.e. increasing time lapse between enrolment and
query fingerprints)?

• Are there significant differences between the trends of
different age groups ((0, 6], (6, 12], and (12, 60] months
old)?

For this analysis, similar to [31], we assume that the first
acquisition is the enrolment session (Session 1 for the 500 ppi
reader and Session 2 for 1,270 ppi reader), and fingerprints
from all subsequent sessions are verification/search attempts.
We then apply sum fusion over the multiple images per thumb,
as well as the left and right thumbs, to obtain one score
per verification/search session. Separate regression models
are fit to the genuine similarity scores obtained from the
500 ppi and 1,270 ppi readers. Fig. 12 shows that the score
distributions (for both readers) appear to be left and right
censored. The true values of the scores below (above) the
minimum (maximum) values are unknown because the AFIS
sets them to the minimum/maximum values. The mixed-effects
models used in this analysis assume that the scores are the true
values.

A. 500 ppi Reader: 12 Months Time Lapse
For the 500 ppi reader, a total of 186 subjects first came in

Session 1 (Mar. 2015) and then returned for at least one other
data collection session. Each subject has one to three genuine
scores corresponding to time gaps of 6, 10, and 12 months
since enrolment. A piecewise linear model is used to analyze
the scores at these three time points:

yi j = β0 + β1�Ti j + β2�T ∗
i j + β3 AG Ei

+b0i + b1i + b2i + εi j , (1)

where yi j is the genuine score of subject i from the j th veri-
fication session, �Ti j is the time lapse between the enrolment
and j th sessions ( j ∈ {2, 3, 4}), �T ∗

i j = max(0,�Ti j − 10) is
a function of the time lapse that allows for a piecewise linear
trend with “knot” at 10 months, AG Ei is the age group of
subject i ((0, 6], (6, 12], or (12, 60] months old), b0i , b1i , and
b2i are random-effect terms [29], [30] that allow each subject
to have his/her own intercept and slopes for the two segments
of the trend, and εi j is the residual error.

Fig. 13 (a) shows the resulting marginal mean trends for
each age group from the mixed-effects model in (1). Interest-
ingly, mean genuine similarity scores actually increase from
6 to 10 months time lapse. This is because the quality of the
fingerprints acquired improves as the subject ages (see, e.g.,
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Fig. 11. Right thumb print images (1,270 ppi) of a child captured at three different ages: (a) 1 day, (b) 4 months, and (c) 6 months. NFIQ 2.0 quality values
(range 0-100) for the three images are 25, 29, and 40, respectively. The quality was determined to be inadequate for reliable recognition.

Fig. 12. Distributions of AFIS genuine scores obtained from comparisons of
500 ppi and 1,270 ppi fingerprint images of 186 and 223 subjects, respectively.
The genuine scores here are comparisons of the enrolment session to all
subsequent verification/search sessions, where Session 1 and Session 2 are
the enrolment sessions for the 500 ppi and 1,270 ppi readers, respectively.
The high frequencies for the minimum (0) and maximum (9999) scores are
due to the AFIS censoring scores below or above these values. Frequency of
0 scores is higher for 1,270 ppi images compared to 500 ppi images because
most 1,270 images were acquired from 0-6 months old subjects and are of
poor quality.

Fig. 10). We also observe that the additional 2 months time
between sessions 3 and 4 (Jan. and Mar. 2016) has no effect
(the scores stay constant).

As for age group differences, the trend for (12, 60] months
old group is significantly different from (0, 6] months old
group due to overall higher similarity scores. The rates
at which the scores change were not significantly different
between the age groups. This is demonstrated by the parallel
lines in Fig. 13. Note that the threshold at 0.1% FAR is well
below the mean trends for all age groups in Fig. 13 (a);
hence, errors are due to only a few subjects with poor quality
images, almost all of whom are younger than 12 months old
(see Fig. 14 (a)).

B. 1,270 ppi Reader: 6 Months Time Lapse

For the 1,270 ppi reader, a total of 223 subjects12 attended
Session 2 (Sep. 2015) and then returned for at least one other
data collection session. Here, each subject has one or two

12For this analysis, we use all subjects with 1,270 ppi fingerprint images
from Session 2 and at least one other subsequent session. These 223 subjects
are from Subset A and Subset B in Fig. 6.

Fig. 13. Estimated mean trends (with 95% confidence intervals) of genuine
similarity scores obtained from mixed-effects regression models. Trends are
shown for subject age groups (0, 6], (6, 12], and (12, 60] months old for both
the 500 ppi and 1,270 ppi readers in (a) and (b), respectively.

genuine scores corresponding to time gaps of 4 or 6 months
since enrolment. The model used for genuine scores from the
1,270 ppi fingerprints is similar to the model in (1):

yi j = β0 + β1�Ti j + β2 AG Ei + b0i + b1i + εi j . (2)

However, note that this is a straight line (not piecewise linear)
since there are only two genuine scores and two time points
for the 1,270 ppi reader.

Fig. 13 (b) shows the resulting marginal mean trends
for each age group from the mixed-effects model in (2).
We observe that mean genuine similarity scores remain con-
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Fig. 14. Raw longitudinal profiles of genuine similarity scores generated by
the AFIS on (a) 500 ppi fingerprint images of 186 subjects, and (b) 1,270 ppi
fingerprint images of 223 subjects. The thresholds at 0.1% FAR are shown as
red dashed lines. Age group range is indicated in months.

stant from 4 to 6 months time lapse, and all age groups are
significantly different from one another. In this case, however,
the mean trend for the (0, 6] months old age group falls along
the threshold at 0.1% FAR, indicating much poorer accuracy
for the youngest subjects. This could be due to the larger
sample size for this age group, as we recruited additional very
young subjects for enrolment with the 1,270 ppi reader in
Session 2 (Subset B in Fig. 6). Fig. 14 (b) shows that the
genuine scores for subjects (0, 6] months old in Session 2 are
much lower than the other age groups.

VI. CONCLUSIONS AND FUTURE WORK

We have addressed the following three fundamental ques-
tions: (i) do fingerprints of children possess the salient features
necessary to uniquely recognize each child?, (ii) if so, at
what age is it possible to capture a child’s fingerprints with
sufficient fidelity for recognition?, and (iii) can a child’s
fingerprints be used to reliably recognize the child as he ages?
For this purpose, we initiated a data collection effort at the
Saran Ashram hospital, Dayalbagh, India, and fingerprinted
309 children (age range: 0-5 years) in four different sessions
over a one year period. For the first time ever, we demonstrate
the successful capture of fingerprints of a child as young
as 6 hours old using a custom 1,270 ppi fingerprint reader.
Empirical evaluation conducted on the captured fingerprint
data using a state-of-the-art AFIS shows that 500 ppi finger-
prints suffice for recognizing children at least 12 months of age
(TAR = 99.5% at FAR = 0.1%), while 1,270 ppi fingerprints
are required to recognize children that are 6 months or older
(TAR = 98.9% at FAR = 0.1%). Statistical analysis with
mixed-effects models shows that (i) the age at enrolment
has a larger effect on genuine scores generated by the AFIS
than the time lapse between enrolment and query images, and
(ii) the genuine similarity scores do not significantly decrease

due to the 6-12 months time lapse. These results demonstrate
the potential of fingerprint recognition as a feasible solution
for child identification in applications such as vaccination
tracking, improving child nutrition, national identification
programs, and the emerging interest in identity for lifetime.

Given these encouraging results, we plan to continue our
data collection effort by capturing fingerprints of the same
subjects annually for four more years. This will enable us to
further extend our longitudinal study and to better evaluate the
use of fingerprints for providing lifelong identity.

ACKNOWLEDGMENTS

The authors are grateful to Prem S. Sudhish, Dayalbagh
Educational Institute, Dayalbagh, India for his help in organiz-
ing the data collection, and the hospital administration, Saran
Ashram hospital, Dayalbagh for permitting them to use Dr.
Bhatanagar’s office for data collection. They also thank the
volunteers from the Dayalbagh Educational Institute for their
assistance during data collection.

REFERENCES

[1] A. K. Jain et al., “Giving infants an identity: Fingerprint sensing and
recognition,” in Proc. 8th Int. Conf. Inf. Commun. Technol. Develop.,
2016, pp. 29–32.

[2] F. Galton, Finger Prints. London, U.K.: Macmillan Company, 1892.
[3] Y. Koda, T. Higuchi, and A. K. Jain, “Advances in capturing child fin-

gerprints: A high resolution CMOS image sensor with SLDR method,”
in Proc. Int. Conf. Biometrics Special Interest Group (BIOSIG), 2016,
pp. 1–4.

[4] F. Galton, “Finger prints of young children,” Brit. Assoc. Adv. Sci.,
vol. 69, pp. 868–869, May 1899.

[5] “Evaluation report biometrics trial 2B or not 2B,” Dutch Ministry
Interior Kingdom Relations, Tech. Rep., 2004. [Online]. Available:
http://www.dematerialisedid.com/PDFs/88_630_file.pdf

[6] F. Rahmun and O. Bausinger, “Best practice fingerprint enrolment
standards european visa information system,” in Proc. NIST Int.
Biometric Perform. Test. Conf., 2010, pp. 1–35. [Online]. Avail-
able: http://biometrics.nist.gov/cs_links/ibpc2010/pdfs/Rahmun_Fares_
BausingerOliver_20100303_BestPracticeFingerprintEnrolmentVIS.pdf

[7] J. K. Schneider, “Quantifying the dermatoglyphic growth patterns in
children through adolescence,” Ultra-Scan Corporation, Amherst, NY,
USA: Tech. Rep. FR00A178000-1, 2010.

[8] “Fingerprint recognition for children,” Joint Res. Center Eur.
Commission, Italy, Tech. Rep., 2013. [Online]. Available:
https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-
research-reports/fingerprint-recognition-children

[9] H. Cummins and C. Midlo, Finger Prints, Palms and Soles: An Introduc-
tion to Dermatoglyphics, vol. 319. New York, NY, USA: Dover, 1961,

[10] L. S. Penrose and P. T. Ohara, “The development of the epidermal
ridges,” J. Med. Genet., vol. 10, no. 3, pp. 201–208, 1973.

[11] M. Okajima, “Development of dermal ridges in the fetus,” J. Med.
Genet., vol. 12, no. 3, pp. 243–250, 1975.

[12] H. Faulds, “On the skin-furrows of the hand,” Nature, vol. 22, no. 574,
p. 605, 1880.

[13] W. J. Herschel, The Origins of Fingerprinting. Oxford, U.K.: Oxford
Univ. Press, 1916.

[14] S. Pankanti, S. Prabhakar, and A. K. Jain, “On the individuality of
fingerprints,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 24, no. 8,
pp. 1010–1025, Aug. 2002.

[15] Y. Zhu, S. C. Dass, and A. K. Jain, “Statistical models for assessing
the individuality of fingerprints,” IEEE Trans. Inf. Forensics Security,
vol. 2, no. 3, pp. 391–401, Sep. 2007.

[16] C. Su and S. N. Srihari, “Generative models for fingerprint individuality
using ridge models,” in Proc. 19th Int. Conf. Pattern Recognit. (ICPR),
Apr. 2008, pp. 1–4.

[17] C. Su and S. N. Srihari, “Probability of random correspondence
for fingerprints,” in Proc. Int. Workshop Comput. Forensics. 2009,
pp. 55–66.



1514 IEEE TRANSACTIONS ON INFORMATION FORENSICS AND SECURITY, VOL. 12, NO. 7, JULY 2017

[18] S. Yoon and A. K. Jain, “Longitudinal study of fingerprint recognition,”
Proc. Nat. Acad. Sci., vol. 112, no. 28, pp. 8555–8560, 2015.

[19] A. K. Jain, K. Cao, and S. S. Arora, “Recognizing infants and toddlers
using fingerprints: Increasing the vaccination coverage,” in Proc. IEEE
Int. Joint Conf. Biometrics, Apr. 2014, pp. 1–8.

[20] U.are.U 4500 HD Reader. [Online]. Available: http://www.
crossmatch.com/UareU4500Reader/

[21] (2015). World Age Structure. [Online]. Available:
http://www.indexmundi.com/world/age_structure.html

[22] (2015). World Birth Rate. [Online]. Available:
http://www.indexmundi.com/world/birth_rate.html

[23] (2013). Committing to Child Survival: A Promise Renewed. [Online].
Available: http://www.unicef.org/lac/Committing_to_Child_Survival_
APR_9_Sept_2013.pdf

[24] Unique Identification Authority of India. (Jun. 2016). Cap-
turing Infant Biometrics in Aadhaar. [Online]. Available:
http://uidai.gov.in/images/news/corrigendum_notification_for_workshop_
on_capturing_infant_biometrics_in_aadhaar_052016.pdf

[25] D. R. Ashbaugh, Quantitative-Qualitative Friction Ridge Analysis: An
Introduction to Basic and Advanced Ridgeology. Boca Raton, FL, USA:
CRC Press, 1999.

[26] L. van der Maaten and G. Hinton, “Visualizing data using t-SNE,”
J. Mach. Learn. Res., vol. 9, pp. 2579–2605, Nov. 2008.

[27] (2016). Development of NFIQ 2.0. [Online]. Available:
https://www.nist.gov/services-resources/software/development-nfiq-20

[28] (2004). Fingerprint Verification Competition (FVC). [Online]. Available:
http://bias.csr.unibo.it/fvc2004/

[29] J. D. Singer and J. B. Willett, Eds., Applied Longitudinal Data Analy-
sis: Modeling Change and Event Occurrence. New York, NY, USA:
Oxford Univ. Press, 2003.

[30] G. M. Fitzmaurice, N. M. Laird, and J. H. Ware, Applied Longitudinal
Analysis, 2nd ed. Hoboken, NJ, USA: Wiley, 2011.

[31] L. Best-Rowden and A. K. Jain, “Longitudinal study of automatic
face recognition,” Michigan State Univ., East Lansing, MI, USA,
Tech. Rep. MSU-CSE-15-20, 2015.

Anil K. Jain (LF’14) is currently a University
Distinguished Professor with the Department of
Computer Science and Engineering, Michigan State
University, East Lansing, MI, USA. His research
interests include pattern recognition and bio-
metric authentication. He is a member of the
United States National Academy of Engineering
and a Foreign Fellow of the Indian National Acad-
emy of Engineering. He was a member of the United
States Defense Science Board and The National
Academies committees on Whither Biometrics and

Improvised Explosive Devices. He was a recipient of the Fulbright Award, the
Guggenheim Award, the Alexander von Humboldt Award, and the IAPR King
Sun Fu Award. He served as the Editor-in-Chief of the IEEE TRANSACTIONS
ON PATTERN ANALYSIS AND MACHINE INTELLIGENCE from 1991 to 1994.

Sunpreet S. Arora (S’13) received the B.Tech.
degree (Hons.) in computer science from the
Indraprastha Institute of Information Technology,
Delhi, in 2012, and the Ph.D. degree in computer
science from Michigan State University, East Lans-
ing, MI, USA, in 2016. He is currently a Senior Bio-
metrics Researcher with the Risk and Authentication
Products Group, Visa Inc., Foster City, CA, USA.
His research interests include biometrics, pattern
recognition, and image processing. He received the
best paper award at the 15th International Confer-

ence of the Biometrics Special Interest Group in 2016, and the Best Poster
Award at the IEEE Fifth International Conference on Biometrics: Theory,
Applications and Systems in 2012.

Kai Cao received the Ph.D. degree from the Key
Laboratory of Complex Systems and Intelligence
Science, Institute of Automation, Chinese Academy
of Sciences, Beijing, China, in 2010. He is currently
a Post-Doctoral Fellow with the Department of
Computer Science and Engineering, Michigan State
University, East Lansing. His research interests
include biometric recognition, image processing, and
machine learning.

Lacey Best-Rowden (S’16) received the B.S.
degree in computer science and mathematics from
Alma College, Alma, MI, USA, in 2010. She is
currently pursuing the Ph.D. degree with the
Department of Computer Science and Engineering,
Michigan State University, East Lansing, MI, USA.
Her research interests include pattern recognition,
computer vision, and image processing with
applications in biometrics.

Anjoo Bhatnagar has over 30 years experience
in the field of Pediatrics. She was previously
H.O.D. Pediatrics and Neonatology with Fortis
Escorts Hospital, Faridabad, Haryana. She joined
Saran Ashram Hospital, Dayalbagh, Agra, as an
honorary Paediatrician cum Neonatologist along
with teaching faculty in the paramedical program,
Dayalbagh Educational Institute. She is the National
Trainer with the Neonatal Resuscitation Program.
She is also as a Trainer of Accredited Social Health
Activist to reduce neonatal mortality in India. Her

research interests include child development and fetal and neonatal conscious-
ness. She is a Life Member, Indian Academy of Pediatrics, and the Founder
President of the National Neonatology Forum, Faridabad. She has received
the Presidents Medal during MBBS for standing first in order of merit with
the Dayalbagh Educational Institute. She has been selected as Nodal Person
by Govt. of India and UNICEF for SCNU (special care neonatal unit) project
development of National Rural Health Mission.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


