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교교육육이이념념 우리 대학교의 창학 이념은 정숙, 현명, 정대를 지향하는 여성교육과 민족의 전통성 및 주체성을

학립하는 민족교육의 실현이다. 우리 대학교는 이러한 여성교육과 민족교육을 실현하기 위하여 시대가

요청하는 여성을 양성하고, 더 나아가 국가 민족과 세계 인류 발전에 기여하는 전인적이고 지도적인 여성을

배출하고자 한다.

◈ 숙명여자대학교 자연과학연구소 2012년도 연구 결과 백서는 숙명여자대학교 자연과학연구소에서 출판한 것

이며, 아울러 본 논문집은 2012년도 숙명여자대학교 재정지원에 의하여 출판되었음.
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자연과학연구소 연혁

(1) 설립 목적 : 본 연구소는 자연과학의 기초 및 응용분야에 관한 연구를 수행함으로써 자연

과학의 발전에 기여함을 목적으로 한다.

(2) 사업

   1. 자연과학의 기초 및 응용분야의 연구, 개발 및 조사

   2. 학술 강연회와 연구발표회 및 공개 강좌 개최

   3. 연구자료의 확보 및 연구 논문집 발간

   4. 위탁된 연구조사 및 감정 분석 실험

   5. 기타 연구소 설립 목적에 부합되는 사업

   6. 자연과학연구소 NEWSLETTER 발간

(3) 현황

  숙명여자대학교는 21세기를 향한 자연과학분야의 기초 및 응용 분야에 관한 연구내용의 질

적 향상을 도모하고 특성화 분야 연구의 구심적 역할을 수행하여 사회발전에 공헌하기 위하여 

1985년 자연과학연구소를 설립하였다. 연구소의 활동 및 참여 연구원은 이과대학의 교수진 뿐 

아니라 교내 외의 인사들이 대상이었고 현재 물리학 연구부, 화학 연구부, 의약과학 연구부, 

수학 연구부, 컴퓨터과학 연구부, 통계학 및 멀티미디어학 연구부 등에서 전임 교원 및 석·박

사 학위 소지자를 주축으로 활발한 연구활동을 수행하고 있다.

  앞으로 예측되는 기초과학의 중요성에 비추어 볼 때 기초과학연구지원의 증대는 본 연구소

의 연구수행 및 연구지원 활동에 보다 크게 기여할 것이다. 본 숙명여자대학교는 창학 100주

년을 기점으로 새로운 대학으로 거듭나고자 학내 제반 분야에서의 개혁에 강한 의지를 표명하

고 지속적으로 학교의 모든 분야에 대한 과감한 투자 및 개혁을 가속화 해 온 바 있다. 특히, 

연구 분야에 대한 과감한 체재 개혁 및 투자를 한 결과, 행정 조직으로서 연구지원팀을 신설

하여 연구활동 및 국내외 연구교류를 지원토록 하고, 교내 예산의 일부를 학술연구비로 할당 

배분하고, 연구업적 평가제를 도입하여 모든 연구관련 자료를 전산화하고 있다. 또한, 본 연구

소는 1997년에 기자재 확충계획을 수립하여 추진하고 있어 지난 수년 동안 교비 및 교육부 등

의 약 20여 억원의 재정지원을 받아 최첨단 연구기자재를 확충하여 활발한 연구 활동이 진행 

중에 있다.
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Optical and Electronic Properties of Hydrogenated

Silicon Nanoclusters and Nitrogen Passivated Silicon

Nanoclusters: A Density Functional Theory Study
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Silicon nanoclusters have become significant research interest due to their potential application to
optoelectronic devices in visible range. We investigate the electronic and optical properties of hydro-
genated and nitrogen-passivated silicon nanoclusters using density functional theory calculations.
The energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of nanoclusters have varying sizes. They are systematically studied
using the conventional local density approximation, the generalized gradient approximation, and the
time-dependent density functional theory calculations with hybrid functional. The HOMO-LUMO gap
is found to decrease monotonically as the size of nanocluster increases. Introducing one and two
nitrogen passivants to a Si29H36 nanocluster, we find that the HOMO-LUMO gap decreases as the
number of nitrogen passivants increases. It suggests that multi-nitrogen passivants may enable light
emission in visible range from smaller clusters.

Keywords: Silicon Nanocluster, Electronic Structure, Surface Passivation Effect.

1. INTRODUCTION

Silicon (Si) has been used for electronic and mem-

ory devices due to its good electronic properties and

well-estabilished fabrication processes. The application to

optical devices using Si has difficulties since it has indi-

rect band gap. Semiconductor materials have new material

properties when their size is reduced to nanoscale due to

the quantum confinement effect. Different from the bulk

structure, nanoscale Si and porous Si were reported to have

optical emission near infrared regime. The band gap of Si

nanoclusters increases as the cluster size decreases, and the

frequency range covers all visible range,1�2 which opens

the possibility of Si-based optical devices.

The high-temperature annealing of oxide silicon (SiOx,

x < 2) results in Si nanoclusters embedded within the

SiO2 matrix. Controlling the relative amount of oxygen, x,
the peak position of optical emission was changed from

near infrared to red.3 It was qualitatively explained by

the quantum confinement effect of embedded Si nanoclus-

ters and the local distortion of Si sp3 bonding character

by oxygen adatom.4 Although there are several theoretical

reports,2�4�5 quantitative explanations are still unavailable.

In the same manner, high-temperature annealing of SiNx

∗Authors to whom correspondence should be addressed.

(x < 1�33) results in embedded Si nanoclusters in the Si3N4

matrix. As the ratio of Si to N increases, the emission peak

position is shifted to lower energy side covering all vis-

ible range of red to violet,6 suggesting the possibility of

Si-based optoelectronic device.

With the intention of comprehending the Si-based opti-

cal devices, the physical properties in atomistic level are

essential. Density functional theory (DFT) calculations

have been successfully applied for explanation and pre-

diction of electronic properties, surface reconstruction,

atomistic diffusion, adsorption, and desorption of semicon-

ductor materials. Since the underestimation of energy gap

is a well-known shortcoming of conventional exchange-

correlation functionals, we have employed hybrid func-

tional to get the exact value of energy gap for important

geometries. In this report, we show the stable geometries

and band gaps of Si nanoclusters with or without nitro-

gen adatom using DFT calculations. The size dependence

and the effect of nitrogen adatom on electronic and optical

structure of Si nanoclusters are discussed.

2. COMPUTATIONAL DETAILS

We performed quantum mechanical calculations within

DFT framework using atomic orbital basis set calculations
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of DMOL3 code7 and Gaussian03.8 The exchange-

correlation functionals of local density approximation

(LDA)9 and generalized gradient approximation (GGA)10

were used as implamented in DMOL3 code. We first

optimized each possible geometry using LDA and GGA

functionals and defined the most stable structure. Then,

the most stable geometry was reoptimized using hybrid

functional to get the exact value of the energy gap. We

use time-dependent DFT with the B3LYP hybrid func-

tional as implemented in Gaussian03 package. For basis

sets, a double-numeric polarized basis set was used for

DMOL3 calculations while various basis sets were tested

for Gaussian03 code as described later. All dangling bonds

of silicon nanoclusters were saturated by hydrogen atoms

and the atomic structures were relaxed until the force on

each atom was less than 0.1 eV/Å, the maximum displace-

ment was 0.005 Å, and the total energy change is less than

5×10−5 eV.

3. RESULTS AND DISCUSSION

The experimentally observed size of silicon nanoclusters

was about 5 nm, while the Bohr radius of silicon for

quantum confinement effect was 4.9 nm6. To increase

the calculation efficiency, we investigated the Td symmet-

ric silicon nanoclusters with a size of up to 3 nm. For

nitrogen-adsorbed systems, we investigated a silicon nano-

cluster of 1 nm.

First, we investigated the smallest Si nanocluster, the

SiH4 molecule. After optimization, the bond length of

Si–H was 1.492 Å (LDA) and 1.487 Å (GGA), respec-

tively. The dependency of GGA functional of PW91, PBE,

and BLYP was found to be negligible. As the next step,

we systematically calculated the highest occupied molec-

ular orbitals (HOMO) and the lowest unoccupied molec-

ular orbitals (LUMO) gap, using hybrid functional to get

the exact value. Table I presents the excitation energy and

HOMO-LUMO gap for several basis sets. From system-

atic investigations, we decided to use 6–311 g++(2d, 2p)

Table I. Calculated HOMO-LUMO gap and first excitation energy of

a SiH4 molecule by B3LYP hybrid functional and various basis set.

Number of HOMO-LUMO First excitation

Name of basis gap energy (eV)

basis set function (eV) [oscillator strength]

SVP 38 10�9025 10�4665 �0�1175�

6-31g(d,p) 39 10�9523 10�8383 �0�7845�

6-31g++(d,p) 47 9�5163 8�6464 �0�1304�

6–31 g(2d,2p) 57 10�8894 10�5475 �0�0468�

6–31 g+(2d,2p) 61 9�6374 8�7311 �0�1358�

6–31 g++(2d,2p) 65 9�5207 8�5672 �0�1259�

6–311 g++(2d,2p) 75 9�5550 8�5562 �0�1169�

6–31 g++(3df,3p) 114 9�5460 8�5214 �0�1182�

AUG-cc-pVTZ 142 9�4026 8�4824 �0�1052�

AUG-cc-pVQZ 268 9�3890 8�5722 �0�1051�

AUG-cc-pV5Z 451 9�3514 8�5587 �0�1004�

basis set for further calculations, because it showed accu-

racy compared to the experimental value11 and reasonable

computational efficiency.

The HOMO-LUMO gap of optimized structures of

hydrogenated Si nanoclusters is illustrated in Figure 1

as a function of the cluster size. The geometries of Td
symmetric nanolcusters of SiH4, Si5H12, Si17H36, Si41H60,

Si83H128, Si147H148, and Si239H220 were studied. Points rep-

resent the calculated value while the dotted and dashed

lines show the extrapolated values. All three different func-

tionals of LDA, GGA, and hybrid functionals show the

same trend. The HOMO-LUMO gap increases as the clus-

ter size decreases. The LDA and GGA functionals give

smaller value compared to hybrid functional, as expected.

To reveal the nitrogen passivant effect, we take Td sym-

metric Si29H36 cluster with diameter of 1.06 nm. Consid-

ering substitutional sites with surface hydrogen atoms, a

single nitrogen atom can substitute one, two, and three

hydrogen atom (s). Geometrically possible substitutional

sites are depicted in Figure 2(a). Two different cases are

cited for one nitrogen atom substituting a hydrogen atom

according to the number of Si neighbors of hydrogen; a

single silicon atom compared in Figure 2(a) and two Si

atoms compared in Figure 2(a). For the case of an N atom

replacing two neighboring hydrogen atoms to form bonds

with two Si atoms, two possible configurations, D1 and

D2, are cited in Figure 2(a). For the case of three neigh-

boring hydrogen atoms, being replaced by an N atom, two

different possible geometries, T 1 and T 2, are indicated in

Figure 2(a).

We performed geometry optimization for the six ini-

tial geometries within DFT calculations. Since the atom

numbers of each species are different for each system,

one cannot simply compare the total energy to identify

relative stability. We then calculated the binding energy

Ebind as [Etotal−nSi�Si−nH�H−nN�N�/ntotal, where Etotal

Fig. 1. HOMO-LUMO gap of silicon nanoclusters calculates with

LDA-PW (open circle, black), GGA-BLYP (filled diamond, red), and

hybrid-B3LYP (filled triangle, blue) functionals, respectively.
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We report the spontaneous dimerization process of the full-

length Ab42 proteins in water by using unguided, fully atomistic,

explicit-water molecular dynamics simulations. Based on the

thermodynamic analysis, we demonstrate that Ab42 dimerization in

water occurs via a two-step nucleation–accommodation mechanism

driven by water-induced force and by protein internal force,

respectively.

Aggregation of misfolded amyloid-beta (Ab) proteins and

subsequent amyloid-fibril formation have been considered as

a primary cause of Alzheimer’s disease (AD).1 An increasing

number of studies indicate that soluble Ab oligomers formed

prior to amyloid fibrils are the main pathogenic agents in

AD,2,3 leading to more focus on early stages of aggregation

processes.4 The Ab dimer is particularly important since it is

the smallest oligomeric species that potently impairs synapse

structure and function in the AD brain as revealed by a recent

clinical study.5 Yet, experimental investigations on the dimerization

process of Ab proteins in a physiological aqueous environment

have been hindered by their strong tendency to aggregate in water.6

Computational approaches on the spontaneous dimerization of the

full-length Ab proteins also remain challenging due to heavy

computational load, and previous studies have been carried out

for short fragments of Ab proteins7 or for the Ab dimerization in a

continuum water model.8,9 However, the importance of explicit

treatment of water has been suggested to elucidate the role of water

in protein self-assembly.10–12

Here, we report the computational results from unguided, fully

atomistic, explicit-water molecular dynamics (MD) simulations

on the dimer formation of the full-length, 42-residue form of Ab
proteins (Ab42) as well as from the solvation free energy

calculation for the simulated dimer conformations based on the

integral-equation theory of liquids.13,14 From the simulation

pathway analysis of the whole dimerization process starting from

two isolated Ab42 monomers to the formation of a compact

Ab42 dimer structure, we show that Ab42 dimerization occurs

via two steps, the initial nucleation stage followed by the

structural accommodation stage. To elucidate the driving force

in each stage, the solvation free energy along with the protein

internal energy were computed. We demonstrate that those two

stages are, respectively, driven by the water-induced force and the

protein internal force. The atomic-level description of the Ab42
dimerization pathway and the thermodynamic understanding of

the driving force in each stage of the dimerization process may be

critical for the identification of therapeutic targets of AD.

We conducted Ab42 dimerization simulations at 300 K and

1 bar under neutral pH where each Ab42 monomer is in the

�3 charged state due to its amino acid composition. The initial

monomer structure (Fig. 1) was taken from our previous

study, where the conformational transitions of the Ab42
monomer that occur in water prior to aggregation were

investigated by the extensive all-atom, explicit-water MD

simulations.15 Two monomers were initially placed at 45 Å

apart from each other with a random orientation, which were

solvated with 24708 explicit water molecules. Six Na+ counter

ions were added to neutralize the system. No artificial attraction

force was employed between the two monomers. (See ESIw for

more details on the simulation procedure.) The dimerization

process was monitored via the center-of-mass distance between

the two monomers as well as the number of inter-monomer

heavy atom contacts (Fig. 1). Three independent dimerization

simulations were performed with different random initial relative

orientations and velocities. All the three trajectories exhibited

similar Ab42 dimerization processes, except that the time scale

differs for the dimerization events. In the following, we present

the results based on the single representative trajectory.

Two distinctive stages were observed in the Ab42 dimerization

pathway. In the first stage, the two monomers undergo transient

formation of a contact structure followed by detachment, and this

attachment–detachment process is repeated until a critical number

of inter-monomer heavy atom contacts are developed. The relative

orientation of colliding Ab42 monomers seems to play a crucial

role in determining the lifetime of transient contacts as can be

inferred from representative contact structures displayed in Fig. 1.

We refer to this stage as the nucleation stage since it resembles the

nucleation step in the protein folding where the formation of

necessary contacts between nucleation sites is a critical event.16

Once the two approaching Ab42 monomers develop sufficient

heavy atom contacts around potential nucleation sites, they do not

fall apart and the dimerization proceeds to the next stage.
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Hyochangwon-gil 52, Yongsan-gu, Seoul 140-742, Korea.
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In the subsequent stage, the number of inter-monomer heavy

atom contacts further increases, and the two interacting monomers

undertake conformational adjustment which results in a compact

dimer structure. This second stage is the structural accommodation

stage since the most distinctive feature here is the conformational

adjustment of each of the two monomers to form favorable

interactions between them. To validate the structural features of

our Ab42 dimerization simulation, we calculated the collision

cross-sections along the dimerization trajectory (Fig. 1), whose

experimental values are available from ion-mobility mass spectro-

metry.4 The computed collision cross-sections of both the initial

Ab42 monomer structure (752 Å2) and the final Ab42 dimer

structure (1287 Å2) are in good agreement with the experimental

values4 (702 and 1256 Å2, respectively). This assesses the relevance

of our simulation results to experiment.

To elucidate the driving force in each stage of the dimerization

process, we performed the calculation of the protein internal

energy Eu (sum of intra- and inter-monomer energies) and the

solvation free energy Dm for Ab42 dimer conformations taken

from the simulation (Fig. 2). (See ESIw on the solvation free

energy calculation based on the integral-equation theory of

liquids.) The knowledge on the protein solvation free energy in

water is an essential ingredient to understand the water-induced

force between proteins such as the hydrophobic interaction.17

When Eu and Dm are combined, one obtains the solvent-

averaged protein potential energy f = Eu + Dm.18 Averaging

f over dimer conformations yields the Gibbs free energy up to the

protein configurational entropy.18 (The contribution from the

pressure–volume term was found to be negligible, in which case

Gibbs and Helmholtz free energies can be used interchangeably.)

Since the protein configurational entropy would decrease upon

dimerization, the driving force for the dimerization must

originate from f, i.e., either from Eu or Dm.
Fig. 2 demonstrates that the force that drives the initial

nucleation stage is the decrease in the solvation free energy of

the two unfolded monomers upon their approach, which was

acquired through their conformational transitions in water

prior to dimerization.19 Such a water-induced force overcomes

the large unfavorable increase in the protein internal energy

originating from the electrostatic repulsion between the

negatively charged Ab42 monomers, and drives the two

monomers to approach each other. On the other hand, the

force that drives the second structural accommodation stage

of the Ab42 dimerization is the decrease in the protein internal

energy (Fig. 2). In this stage, favorable protein–protein inter-

actions, mainly due to van der Waals contacts, lead to the

formation of compact dimer structures. Consequently, the

collision cross-section is further decreased during the structural

accommodation stage (Fig. 1). Interestingly, the solvation free

energy of the Ab42 dimer is increased during this structural

accommodation stage (Fig. 2). The increased solvation free

energy of the Ab42 dimer may act as the driving force to

recruit other Ab42 proteins in the subsequent nucleation stage

of further oligomerization processes.

Fig. 1 Center-of-mass distance between two monomers (black curve,

left axis) and the number of inter-monomer heavy atom contacts (red

curve, right axis) as a function of time. Initial Ab42 monomer structure

taken from ref. 15 and representative Ab42 contact structures along the

dimerization simulation trajectory are also displayed. Each protein

structure is color-coded according to the sequence, ranging from blue

to red at N- and C-termini, respectively. Numbers in parentheses refer to

the collision cross-section. The simulation trajectory can be divided into

the nucleation and structural accommodation stages (separated by the

vertical dashed line). In the nucleation stage, transient formations of

contact structures are observed between 17.6 and 18.7 ns and between

33.0 to 41.9 ns. In the subsequent structural accommodation stage, a

significant number of heavy atom contacts are developed after 53 ns.

Fig. 2 Protein internal energy Eu (upper panel) and solvation free

energy Dm (lower panel) as a function of time. The initial values are set

to zero. Horizontal red bars represent averages over each 10 ns time

interval. Vertical dashed line refers to 53 ns separating the nucleation

and structural accommodation stages.
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Hydrophobicity is thought to underlie self-assembly in biological
systems. However, the protein surface comprises hydrophobic
and hydrophilic patches, and understanding the impact of such
a chemical heterogeneity on protein self-assembly in water is of
fundamental interest. Here, we report structural and thermody-
namic investigations on the dimer formation of full-length amy-
loid-β proteins in water associated with Alzheimer’s disease.
Spontaneous dimerization process—from the individual diffusive
regime at large separations, through the approach stage in which
two proteins come close to each other, to the structural adjustment
stage toward compact dimer formation—was captured in full
atomic detail via unguided, explicit-water molecular dynamics
simulations. The integral-equation theory of liquids was then ap-
plied to simulated protein structures to analyze hydration thermo-
dynamic properties and the water-mediated interaction between
proteins. We demonstrate that hydrophilic residues play a key role
in initiating the dimerization process. A long-range hydration force
of enthalpic origin acting on the hydrophilic residues provides the
major thermodynamic force that drives two proteins to approach
from a large separation to a contact distance. After two proteins
make atomic contacts, the nature of the water-mediated interac-
tion switches from a long-range enthalpic attraction to a short-
range entropic one. The latter acts both on the hydrophobic and
hydrophilic residues. Along with the direct protein–protein interac-
tions that lead to the formation of intermonomer hydrogen bonds
and van der Waals contacts, the water-mediated attraction of
entropic origin brings about structural adjustment of constituent
monomer proteins toward the formation of a compact dimer
structure.

solvation thermodynamics ∣ dehydration ∣ protein interface

Water-mediated interaction such as hydrophobic interaction
plays a key role in protein folding and protein self-assembly

(1–3), yet elucidating its physical and chemical basis still remains
a challenge. Recent theoretical advances in understanding the
hydrophobic effect have elucidated that the hydrophobic inter
action between small apolar groups is markedly different from
that between large hydrophobic solutes, with the cross-over
length-scale being of the order of 10 Å (see, e.g., refs. 4 and 5 for
review). However, most of previous studies employed solutes
such as cylinders, plates, or hydrophobic chains, and a direct
applicability of findings therefrom to proteins is not obvious.
A major obstacle here is the fact that protein surfaces are both
topologically and chemically heterogeneous (6, 7): Protein sur-
faces are irregular in shape and hydrophobic residues are laced
with hydrophilic ones. The main focus of the present work is to
contribute to the understanding of the impact of chemical hetero-
geneity on protein self-assembly in water via the study of solva-
tion for a realistic system of protein and water.
Self-assembly of large hydrophobic solutes is thought to be

driven by a drying transition of interfacial water (4, 5). It was
demonstrated by simulation that, when two large hydrophobic
plates are brought together to a certain critical distance, interfa-
cial water exhibits a drying transition (8). Such a dewetting tran-
sition gives rise to a strong driving force for hydrophobic collapse
as confirmed by theory and subsequent simulations (9–11).

Possible relevance of the dewetting-induced collapse to protein
self-assembly has also been examined (12–14). (See ref. 15 for
a critical view on the potential role of the dewetting-induced
self-assembly, refs. 16 and 17 on the “lubrication” scenario in the
absence of the dewetting transition, and ref. 18 on the possible
role of water confined in hydrophobic pores.) The existence of
the dewetting transition was found to be sensitive to the details
of protein–water interactions (12–14). In particular, the surface
chemical heterogeneity is expected to have a profound effect.
Indeed, recent works on model hydrophilic plates have addressed
a related issue and shown that the presence of hydrophilic group
provokes wetting against dewetting behavior (19–21). This line of
study was extended to a protein with flattened surface topology,
where a high sensitivity of the dewetting to the local hydropho-
bicity/hydrophilicity of the planar protein interface was demon-
strated (22).
Here, we expand these pioneering works on the nature of the

protein self-assembly in water, and this is done in twofold. Firstly,
we deal with a realistic protein whose surface is both topologically
and chemically heterogeneous. Secondly, a whole dimerization
process of two proteins is examined from the individual diffusive
regime at large separations, through the approach stage in which
two proteins come close to each other, to the structural adjust-
ment stage toward compact dimer formation. Thereby, we ad-
dress the role of hydrophobic and hydrophilic residues in each
stage of the self-assembly process. To this end, we present struc-
tural and thermodynamic investigations on the dimer formation
of full-length, 42-residue amyloid-β (Aβ42) proteins in water.
Aggregation of Aβ proteins is linked to Alzheimer’s disease (23).
Aβ dimer is of particular interest because it is the smallest neu-
rotoxic Aβ oligomeric species as revealed by a recent clinical
study (24). So far, computational studies have been carried out
for the dimer formation of Aβ fragments (14, 25, 26) and for the
Aβ dimerization in a continuum solvent (27, 28) due to the heavy
computational load. Here, a spontaneous Aβ42 dimerization pro-
cess was captured in full atomic detail via an unbiased, explicit-
water molecular dynamics (MD) simulations starting from two
isolated Aβ42 monomers. The simulated dimer structure was
validated through the collision cross-section measured by the
ion-mobility mass spectrometry (29). We then performed solva-
tion thermodynamic and potential of mean force analyses by
applying the integral-equation theory of liquids (30, 31) to simu-
lated protein conformations. The component analysis of the
hydration thermodynamic properties (32, 33) was further con-
ducted to elucidate how hydrophobic and hydrophilic patches on
the protein surface manifest themselves in the thermodynamic
driving force for the Aβ42 self-assembly in water.
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Results
Structural Characteristics of the Dimerization Process.We carried out
Aβ42 dimerization simulations at the temperature T ¼ 300 K
and the pressure P ¼ 1 bar under neutral pH (see Materials
and Methods and SI Text). The initial monomer structure was
taken from our previous study (34), whose collision cross-section
is computed to be 752 Å2 that is in fair agreement with the ex-
perimental value 702 Å2 (29) considering the size and complexity
of Aβ42 protein. Two monomers were initially placed at 45 Å
apart from each other with a random orientation, and no artificial
attraction force was employed between them. The dimerization
process was monitored via the center-of-mass (COM) distance
between two monomers, the number of intermonomer heavy
atom contacts, and the collision cross-section (Fig. 1 A–C). Three
independent dimerization simulations were performed with
different random initial relative orientations and velocities. All
three trajectories exhibit a similar Aβ42 dimerization process,
except the time scales for the dimerization events vary (see
Figs. S1–S4). In the following, we present the results based on
the single representative trajectory.
The Aβ42 dimerization occurs via two stages—the approach

and structural adjustment stages—that stem out from diffusive
dynamics (Fig. 1). Up to around 32 ns, two monomers exhibit
individual diffusive motions. The collision cross-section stays
around 1;500 Å2 in this time regime that is simply a double of
that for monomer (752 Å2). A transient contact is formed at
around 18 ns, but it readily dissociates into two diffusing mono-
mers. After 32 ns, a significant decrease in the COM distance is
observed up to 47 ns, and we refer to this time regime as the ap-
proach stage. A large drop in the collision cross-section also oc-
curs here that indicates that a considerable structural overlap
between two monomers starts to be developed. The approach
stage is not monotonous and involves relative reorientational dy-
namics of two monomers. The second contact that is formed at
33 ns dissociates at 42 ns because relative orientation of two
monomers in this contact does not allow the development of suf-
ficient intermonomer contacts to stabilize the dimer structure.
Two monomers start to contact again at 45 ns with a different
relative orientation. The number of intermonomer heavy atom
contacts further increases after 47 ns, and two monomers do
not dissociate till the end of our 100 ns simulation. The time re-
gime between 47 and 100 ns is the structural adjustment stage
because the most distinctive feature here is the conformational
adjustment of two monomers to form favorable interactions be-
tween them. Such conformational adjustment leads to a more

compact dimer structure that is reflected in the further decrease
in the collision cross-section during the structural adjustment
stage. The computed collision cross-section (1;287 Å2) of the fi-
nal Aβ42 dimer structure is in good agreement with the experi-
mental value (1;256 Å2) (29), and a similar level of agreement is
achieved from other trajectories (Figs. S1 and S3).

Thermodynamic Features of the Dimerization Process. The two-stage
nature of the Aβ42 dimerization process has its thermodynamic
counterpart. We computed the total protein internal energy E tot

u
(the sum of intramonomer and intermonomer energies) directly
from the force field used for the simulations. Solvation free en-
ergy Δμ tot and its enthalpy (Δh tot) and entropy (TΔs tot) compo-
nents along the simulation trajectory were calculated using the
integral-equation theory of liquids (30, 31) (see SI Text). The
approach stage of the dimerization (32 to 47 ns) is characterized
by the increase in the protein internal energy and by the decrease
in the solvation free energy (Fig. 2 A and B). The decrease in
the solvation free energy is dominated by its enthalpy component
(Fig. 2C). On the other hand, just the opposite changes are
observed in the structural adjustment stage (47 to 100 ns). The
decrease in the protein internal energy here reflects the energetic
stabilization of the dimer structure. These thermodynamic fea-
tures are reproduced in other independent trajectories (Figs. S2
and S4).
Enthalpy and entropy components of the Gibbs free energy

reveal the thermodynamic driving force for the dimerization
process. By combining the protein internal energy and the solva-
tion free energy, we obtain a free energy G ¼ E tot

u þ Δμ tot whose
average over protein conformations yields the Gibbs free energy
up to the protein configurational entropy (35). (The contribution
from the pressure–volume term was found to be negligible, in
which case Gibbs and Helmholtz free energies can be used inter-
changeably.) Because the protein configurational entropy would
decrease upon dimerization, the driving force for the dimeriza-
tion must come from G. In fact, the free energy G decreases as
the dimerization proceeds (Fig. 2D and Table 1). We find that the
approach stage is mainly driven by its enthalpy component
H ¼ E tot

u þ Δh tot (Fig. 2E and Table 1). Because the solvation
enthalpy decreases while the protein internal energy increases
in this stage, it is the solvation enthalpy that initiates the approach
stage of the dimerization. On the other hand, the enthalpy H in
the structural adjustment stage increases because the increase in
the solvation enthalpy is found to prevail over the decrease in the
protein internal energy. It is therefore a favorable increase in the
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Fig. 1. Structural characteristics of the Aβ42 dimerization process. (A) COM distance between two Aβ42 monomers, (B) the number of intermonomer heavy
atom contacts (the heavy atom contact is counted when the distance between two heavy atoms is less than 5.4 Å), and (C) the collision cross-section as a
function of time. Vertical dashed lines refer to 32 and 47 ns separating the diffusive regime (0 to 32 ns), the approach stage (32 to 47 ns, colored by light
yellow), and the structural adjustment stage (47 to 100 ns, colored by light orange). (D) Representative Aβ42 dimer conformations during the dimerization
process. Each monomer structure is color-coded according to the sequence, ranging from blue to red at N and C termini, respectively.

Chong and Ham PNAS ∣ May 15, 2012 ∣ vol. 109 ∣ no. 20 ∣ 7637



Elucidating the Molecular Origin of Hydrolysis Energy of
Pyrophosphate in Water
Jooyeon Hong,† Norio Yoshida,‡ Song-Ho Chong,† Chewook Lee,† Sihyun Ham,*,† and Fumio Hirata*,§

†Department of Chemistry, Sookmyung Women’s University, Cheongpa-ro 47-gil 100, Yongsan-Ku, Seoul 140-742, Korea
‡Department of Chemistry, Faculty of Sciences, Kyusyu University, Fukuoka 812-8581, Japan
§Department of Theoretical Molecular Science, Institute for Molecular Science, Okazaki 444-8585, Japan

*S Supporting Information

ABSTRACT: The molecular origin of the energy produced by the ATP hydrolysis has been one of the long-standing
fundamental issues. A classical view is that the negative hydrolysis free energy of ATP originates from intramolecular effects
connected with the backbone P−O bond, so called “high-energy bond”. On the other hand, it has also been recognized that
solvation effects are essential in determining the hydrolysis free energy. Here, using the 3D-RISM-SCF (three-dimensional
reference interaction site model self-consistent field) theory that integrates the ab initio quantum chemistry method and the
statistical mechanical theory of liquids, we investigate the molecular origin of hydrolysis free energy of pyrophosphate, an ATP
analogue, in water. We demonstrate that our theory quantitatively reproduces the experimental results without the use of
empirical parameters. We clarify the crucial role of water in converting the hydrolysis free energy in the gas phase determined
solely by intramolecular effects, which ranges from endothermic, thermoneutral, to highly exothermic depending on the charged
state of pyrophosphate, into moderately exothermic in the aqueous phase irrespective of the charged state as observed in
experimental data. We elucidate that this is brought about by different natures of solute−water interactions depending on the
charged state of solute species: the hydration free energy of low-charged state is mainly subjected to short-range hydrogen-bonds,
while that of high-charged state is dominated by long-range electrostatic interactions. We thus provide unambiguous evidence on
the critical role of water in determining the ATP hydrolysis free energy.

■ INTRODUCTION
ATP conversion into ADP, called ATP hydrolysis, is the source
of energy in all biological functions.1 It has originally been
proposed and is still conceived widely that the negative
hydrolysis free energy is associated with the backbone P−O
bond in ATP, so-called “high-energy” P−O bond.2−13 On the
other hand, the critical importance of solvation effects has also
been recognized in determining the hydrolysis free energy.14−20

George and co-workers proposed that the hydrolysis free
energies of phosphate compounds are determined mainly by
the differences in solvation free energies of reactants and
products, and not by intramolecular effects.14 Subsequent
experimental investigation in aqueous media containing
different concentrations of organic solvents has shown that
the hydrolysis free energy depends strongly on the water
activity.16 However, the joint role of special intramolecular
properties connected with the P−O bond and hydration effects
that vary significantly with the solute charged state remains to
be revealed. For example, the hydrolysis free energies of various
kinds of phosphate compounds in aqueous phase are
experimentally found to be comparable,14 despite the large
difference in sign and magnitude for the gas-phase values.7

Thus, the role of water, though its significance is recognized,
should largely vary for different solute species, but such an
effect has yet been comprehensively understood at the
molecular level.
Most of the previous theoretical studies employed an implicit

solvation model such as the polarizable continuum model to
understand the role of water and solvation free energy of

phosphate compounds. Reliable calculations of solutes in
solution must however take into account not only bulk
electrostatics (i.e., long-range electrostatic polarization effects)
but also shorter-range effects such as the free energy of cavity
formation, dispersion, and solvent structural effects, the latter
including both hydrogen bonding and exchange repulsion
effects.21 Recently, a microsolvation-continuum approach was
applied to compute solvation free energies of phosphate
compounds since the simple polarizable continuum model was
found to be unable to yield accurate solvation free energies.22

However, the treatment requires an empirical determination of
the optimal number of water molecules to be explicitly handled
in order to reproduce experimental values of the hydration free
energies. Nevertheless, this work pointed out a necessity of
molecular treatment of solvation effects in handling the
phosphate compounds.
Here we investigate the molecular origin of hydrolysis free

energy of a model compound of ATP, pyrophosphate, in water
using the 3D-RISM-SCF (three-dimensional reference inter-
action site model self-consistent field) theory that integrates the
ab initio quantum chemistry method and the statistical
mechanical theory of liquids.23−25 The theory treats the
electronic structure of solute and the statistical solvent
distribution around it in a self-consistent manner, and properly
accounts for chemical specificities of solute−water interactions
such as hydrogen bonding similarly to molecular simulations
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with explicit solvent. We apply this method to four different
charged states of pyrophosphate for which experimental data
for hydrolysis free energies are available. By performing the
calculations for the reaction free energies both in the gas phase
and in the aqueous phase without the use of any empirical
parameters, we quantitatively and unambiguously demonstrate
the role of water in the hydrolysis of pyrophosphate. In
particular, we clarify different natures of solute−water
interactions depending on the charged state of pyrophosphate.
We argue that such differences explain why the experimental
results for the aqueous-phase hydrolysis free energies are
moderately exothermic irrespective of the charged state of
pyrophosphate.

■ RESULTS AND DISCUSSION
Hydrolysis Free Energies. For the four possible charged

states of pyrophosphates (see Scheme 1), the computed

reaction free energies of the hydrolysis reactions are
summarized and compared with experimental data in Table 1.

Components of the gas-phase reaction free energies, i.e.,
reaction enthalpies and entropies, are listed in Table 2. The gas-
phase geometries computed at the B3LYP/6-31+G(d) level are
shown in Figure 1. As shown in Figure 1, the pyrophosphate
molecules display maximized hydrogen bondings in a gas phase,
and the average hydrogen bond distance is computed to be
decreased as the total charge of pyrophosphate becomes more
negative. In the gas phase, the hydrolysis reaction is close to
thermoneutral for H4P2O7 (A), endothermic for the mono-
anionic H3P2O7

− (B), and exothermic for the dianionic
H2P2O7

2‑ (C) and the trianionic HP2O7
3‑ (D). The results in

the gas phase can be explained in terms of the localization of

excess electrons in a molecule and of the Coulomb repulsions
among those electrons. In case A, the reaction free energy is
vanishingly small because there is no excess electron either in
the reactant or product states. In case B, the reaction becomes
endothermic because an excess electron is localized in a
phosphate molecule in the product. In cases C and D, the
reaction becomes exothermic because excess electrons are
localized more in the reactants causing electrostatic repulsion
between negatively charged sites of pyrophosphates than in the
products. Overall, the gas-phase hydrolysis free energies are
significantly dependent on the reactant charged states. It is
noted that the gas-phase reaction free energies (ΔGgas) are
mainly determined by the enthalpy term (ΔHgas), and the
relative contribution of the entropy term (TΔSgas) is rather
small at 298.15 K and 1.0 atm except for reaction A (Table 2).
Nevertheless, the gas-phase hydrolysis free energy results are
greatly deviated from the experimental data in which the
hydrolysis reaction is moderately exothermic regardless of the
reactant charged states.14

To obtain the hydrolysis free energy of pyrophosphates in
the aqueous phase, we performed the 3D-RISM-SCF
calculations23−25 for all molecular species in Scheme 1. The
optimized geometries computed by the 3D-RISM-SCF theory
are displayed in Figure 2. Compared to the gas-phase
geometries, the computed structure for the neutral species of
H4P2O7 (A) in the aqueous phase shows the most distinctive
difference among pyrophosphates by having no intramolecular
hydrogen bonding. Since the hydrogen atoms in H4P2O7 (A)
are free from forming H-bonding with phosphate oxygens, they
are available to make H-bonding to solvent water in the

Scheme 1. Schematic Description of the Hydrolysis Reaction
of Pyrophosphate for the Four Possible Charged States

Table 1. Reaction Free Energies in the Gas Phase and in the
Aqueous Phase at 298.15 K and 1.0 atm Computed by DFT
at the B3LYP/6-31+(d) Level and the 3D-RISM-SCF Theory
with Units in kcal/mol

reaction gas phase (DFT) aqueous phase (3D-RISM-SCF) exptla

A −1.7 −8.9 −9.5
B 21.3 −6.2 −7.5
C −56.6 −8.1 −7.7
D −119.5 −7.7 −7.1

aExperimental values from ref 14.

Table 2. Gas-Phase Reaction Free Energies (in kcal/mol),
Enthalpies (in kcal/mol), and Entropies (Multiplied by the
Temperature, in kcal/mol) at 298.15 K and 1.0 atm
Computed by DFT at the B3LYP/6-31+G(d) Level

reaction ΔGgas ΔHgas TΔSgas
A −1.7 1.4 3.1
B 21.3 24.6 3.3
C −56.6 −53.1 3.5
D −119.5 −117.8 1.7

Figure 1. Optimized geometries in the gas phase of the reactants and
products of the reactions A−D computed by DFT at the B3LYP/6-
31+G(d) level. The dotted line and the number (in Å) denote
hydrogen bonding and its distance, respectively.
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We report the development of a formally exact integral equation for the three-dimensional hydration
structure around molecular solutes of arbitrary complexity. A distinctive feature of our theory—
termed aqueous interaction site (AXIS) integral-equation theory—is that it fully takes into account
the intramolecular structural correlations of solvent water, which has been missing in the previous
integral-equation theories such as the three-dimensional reference interaction site model (3D-RISM)
theory. With a simplifying approximation in which the intermolecular bridge function is neglected,
an illustrative application of the AXIS theory is made on the equilibrium oxygen and hydrogen distri-
butions of solvent water surrounding a solute water molecule at ambient and supercritical conditions.
We demonstrate through a comparison with molecular dynamics simulation results that the inclusion
of the exact intramolecular correlations improves upon the 3D-RISM theory in describing the water
distribution around molecular solute, in particular near the surface region of the solute molecule,
though there still remain quantitative differences from the simulation results. To further improve
the quantitative accuracy of the theory, one needs to incorporate the intermolecular bridge function,
and a possible formulation for the approximate bridge function is suggested based on the angular
decomposition. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4758072]

I. INTRODUCTION

Liquid integral-equation theory constitutes an impor-
tant field of research in chemical physics.1, 2 It allows us
to obtain equilibrium solvent distribution around a solute,
and thereby the solvation thermodynamics, without the sam-
pling issue that arises in simulations with explicit solvent
molecules.3 A particularly useful and successful theory for
handling molecular solutions has been the reference interac-
tion site model (RISM) theory pioneered by Chandler and
Andersen4 and extended by Hirata, Pettitt, and Rossky.5–8

The three-dimensional version of the theory (3D-RISM) has
subsequently been developed by Beglov and Roux,9 Cortis,
Rossky, and Friesner,10 and Kovalenko and Hirata,11, 12 which
makes it possible to take into account the full distribution of
the solvent around complex solutes of irregular shape in three-
dimensional space. Such a three-dimensional generalization
is vital for applications to chemically and biologically inter-
esting systems since, for solute molecules with complex in-
ternal structures such as proteins, knowledge of the solvation
structure at specific surface and interior regions is essential
for understanding complicated and localized solute-solvent
interactions. Recent applications of the 3D-RISM theory in-
clude molecular recognition processes in biomolecules,13 de-
velopment of ligand mapping method on protein surfaces14

and screening of bioactive and biomimetic solutes15 toward
computational drug design, salt-induced effects on the DNA
conformational change,16 mutation effects on the aggregation
thermodynamics and conformational stability of proteins,17, 18

a)Author to whom correspondence should be addressed. Electronic mail:
sihyun@sookmyung.ac.kr.

uncovering the impact of chemical heterogeneity on protein
self-assembly in water,19 and elucidating the molecular ori-
gin of the hydrolysis free energy of pyrophosphate, an ATP
(adenosine triphosphate) analog, in water.20

While the three-dimensional integral-equation theory is
becoming such a tool of great utility, further development of
the theory is necessary to achieve quantitative accuracy. In
particular, it is well known that, when supplemented with the
hypernetted-chain (HNC) closure, the 3D-RISM theory some-
times predicts unphysically high or numerically divergent
first peak in the distribution function. It is this observation
that motivated Kovalenko and Hirata to elaborate a hybrid of
the HNC and Percus-Yevick closures, called the Kovalenko-
Hirata (KH) closure, which avoids difficulties for convergence
in solving the 3D-RISM equation.12 More recently, Pettitt
and co-workers incorporated an approximate bridge function
to the HNC closure of the 3D-RISM equation.21 While this
yielded a better result for a protein in terms of agreement
with simulation, somewhat worse result was obtained for a
solute water, i.e., the improvement was not systematic. Yet an-
other kind of attempt for improving the 3D-RISM theory has
been explored on the basis of the recognition that intramolec-
ular bonding effects between constituent atoms of solvent are
missing in the closure relation. To address the lack of such
intramolecular correlations, Du, Beglov, and Roux22 intro-
duced and optimized empirical water hydrogen and oxygen
bridge functions for improving the accuracy of the 3D-RISM
theory. Kovalenko and Hirata proposed a similar correction
to the 3D-RISM theory, termed the repulsive bridge correc-
tion (KH-RBC), that incorporates the Boltzmann factor for
a repulsive core part of the interaction potential through the

0021-9606/2012/137(15)/154101/17/$30.00 © 2012 American Institute of Physics137, 154101-1
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intramolecular distribution function.23 They found that KH-
RBC drastically improves the agreement of the hydration
structure and thermodynamics of hydrophobic solutes com-
pared with simulation data. However, those empirical correc-
tions of the closure relation do not follow from a formal and
rigorous statistical mechanical treatment.

Here, we develop a three-dimensional integral-equation
theory that exactly takes into account the intramolecular cor-
relations of solvent water molecule. Since our theory builds
upon the interaction site formalism, it has a distinctive struc-
ture compared to the 3D-RISM equation, and it is applicable
exclusively to aqueous solutions (see below for the reason),
we term it aqueous interaction site (AXIS) integral-equation
theory. The derivation of the AXIS equation is based on the
density functional theory (DFT) of non-uniform polyatomic
fluid formulated by Chandler, McCoy, and Singer.24, 25 One
of the greatest advantages of adopting the DFT is that, by
employing the methods of functional differentiation and inte-
gration, one can obtain in a straightforward manner formally
exact results for distribution functions and thermodynamic
functions.26 This feature is particularly suitable for the inter-
action site formalism of molecular fluid with which it is non-
trivial to obtain diagrammatically proper integral equation
that practically improves upon the RISM result.27, 28 Through
an illustrative application of the AXIS theory, we investigate
the effect of incorporating full intramolecular correlations on
the equilibrium hydration structure of molecular solute.

The paper is organized as follows. In Sec. II, we derive
the AXIS integral-equation theory based on the DFT of
non-uniform polyatomic fluid. We will also derive with
a common perspective the previous related theories—the
3D-RISM and rational-closure theories—to highlight the
distinctive features of our theory. An illustrative application
of the AXIS theory is presented in Sec. III, where results
are also compared with those from the 3D-RISM theory
and molecular dynamics simulation. Main findings of the
present work and possible further extension of the theory
are discussed in Sec. IV. Section V concludes the paper.
Appendix A is devoted to the introduction and discussion
of higher-order direct correlation functions. Appendix B
presents technical details in evaluating the double integral
that is necessary to solve the AXIS integral equation.

II. THEORY

A. Density functional theory

We start from summarizing the DFT formulated in
Ref. 24 and its generalization incorporating higher-order di-
rect correlation functions to an extent that is necessary to
understand the main result of the present article. Details on
the higher-order direct correlation functions are presented in
Appendix A. We consider as a solvent a one-component
molecular fluid and employ the standard notation of the inter-
action site formalism.29 In particular, ρα(r) stands for the den-
sity at position r of solvent site α. The equilibrium ensemble
average of the solvent density field in the presence of a molec-
ular solute, which can be thought of as a source generating ex-
ternal potential energy fields uα(r), is denoted by 〈ρα(r)〉. We

do not claim any specific functional form of uα(r): it typically
consists of the Lennard-Jones and Coulomb electrostatic po-
tential functions of standard classical force fields, but contin-
uous ab initio charge distributions obtained from solute elec-
tronic wave functions can also be taken into account. We work
with the grand canonical ensemble characterized by the chem-
ical potential μ, volume V , and temperature T. The grand
potential log � is a natural functional of the fields

ψα(r) = βμα − βuα(r), (1)

where β−1 = kBTwith kB denoting Boltzmann’s constant, and
μα is the chemical potential of the solvent site α. The condi-
tion of chemical equilibrium is represented as μ = ∑

αμα .
The principal result of the DFT formulated by Chandler,

McCoy, and Singer24 is that the equilibrium density fields
〈ρα(r)〉 can be determined from the variational principle

δA
δ〈ρα(r)〉 = ψα(r). (2)

Here, A is the free energy functional, which is obtained by the
Legendre transformation of log �, and is a natural functional
of 〈ρα(r)〉. Its formal expression reads

A =
∑

α

∫
dr 〈ρα(r)〉 [

log〈ρα(r)〉λ3 − 1
] + Abond + 	A,

(3)

where the first term represents the standard entropy density
functional for a gas of uncorrelated particles, the second term
(Abond) describes the effects of the intramolecular bonding
between constituent particles, and the third term (	A) ac-
counts for the intermolecular interactions. Here, λ, which
has units of length, is chosen so that the chemical poten-
tial μ(0) of an ideal-gas system of uniform density ρ reads
βμ(0) = log ρλ3: λ can then be specified by inertia parame-
ters of a solvent molecule, whose value however has no ef-
fect on the equilibrium density fields. To separately deal with
intramolecular and intermolecular effects, we introduce the
functionals Dα and Cα such that

Dα(r) ≡ − δAbond

δ〈ρα(r)〉 , Cα(r) ≡ − δ	A
δ〈ρα(r)〉 . (4)

A formal solution to the variational principle (2) can then be
expressed as

〈ρα(r)〉 = λ−3 exp [ψα(r) + Dα(r) + Cα(r)] . (5)

With n denoting the number of interaction sites in a sol-
vent molecule, a formally exact expression for the intramolec-
ular functional Dα(r) is given by25

Dα(r) = log
∫

dr1 · · ·
∫

drn s1···n(r1, . . . , rn)

×
{
δ(rα − r)

∏
γ ( �=α)

exp
[
ψ (0)

γ (rγ )
]}

. (6)

Here, s1. . .n(r1, . . . , rn) represents the n-site intramolecular
distribution function,29 i.e., the probability distribution for
finding within the same molecule the n different sites (labeled
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Received for publication, June 8, 2012, and in revised form, October 17, 2012 Published, JBC Papers in Press, October 17, 2012, DOI 10.1074/jbc.M112.389742

Takaaki Hatanaka‡, Shinji Ohzono§, Mirae Park¶, Kotaro Sakamoto‡1, Shogo Tsukamoto‡, Ryohei Sugita‡,
Hiroyuki Ishitobi§, Toshiyuki Mori�1, Osamu Ito§, Koichi Sorajo§, Kazuhisa Sugimura‡, Sihyun Ham¶2, and Yuji Ito‡3

From the ‡Graduate School of Science and Engineering, Kagoshima University, Kagoshima 890-0065, Japan, the §General
Research Laboratory, Otsuka Chemical Co., Ltd., 771-0193, Japan, the ¶Department of Chemistry, Sookmyung Women’s University,
Hyochangwon-gil 52, Yongsan-gu, Seoul 140-742, Korea, and the �Molecular Targets Laboratory, Center for Cancer Research,
National Cancer Institute, Frederick, Maryland 21702

Background: Pharmaceutical application of human IgA requires a highly specific IgA purification system.
Results: A peptide affinity ligand for IgA was designed and optimized for affinity/specificity using randomized phage libraries
and mutational studies.
Conclusion: The designed IgA-binding peptide has high affinity and specificity for human IgA.
Significance: This IgA-binding peptide can be used for specific purification of human IgA.

Phage display system is a powerful tool to design specific
ligands for target molecules. Here, we used disulfide-con-
strained random peptide libraries constructed with the T7
phage display system to isolate peptides specific to human IgA.
The binding clones (A1–A4) isolated by biopanning exhibited
clear specificity to human IgA, but the synthetic peptide derived
from the A2 clone exhibited a low specificity/affinity (Kd � 1.3
�M). Therefore, we tried to improve the peptide using a partial
randomized phage display library andmutational studies on the
synthetic peptides. The designed Opt-1 peptide exhibited a
39-fold higher affinity (Kd � 33 nM) than the A2 peptide. An
Opt-1 peptide-conjugated column was used to purify IgA from
human plasma. However, the recovered IgA fraction was con-
taminated with other proteins, indicating nonspecific binding.
Todesign a peptidewith increased binding specificity, we exam-
ined the structural features ofOpt-1 and theOpt-1-IgAcomplex
using all-atom molecular dynamics simulations with explicit
water. The simulation results revealed that the Opt-1 peptide
displayedpartial helicity in theN-terminal region andpossessed
a hydrophobic cluster that played a significant role in tight bind-
ing with IgA-Fc. However, these hydrophobic residues of Opt-1
may contribute to nonspecific binding with other proteins. To
increase binding specificity, we introduced several mutations in
the hydrophobic residues of Opt-1. The resultant Opt-3 peptide

exhibited high specificity andhigh binding affinity for IgA, lead-
ing to successful isolation of IgA without contamination.

IgA is most abundantly produced in the human body, partic-
ularly in the mucous membrane, and plays an important role in
mucosal immunity, which is the first line of defense against
bacterial and viral invasion (1). This protein is also the second
most abundant immunoglobulin in human plasma after IgG
(2). IgA is secreted in the mucus as a dimer (secretory form of
IgA) connected by a joining chain via intermolecular disulfide
bridges, whereas themajor form of IgA in plasma ismonomeric
(3). IgA has two subclasses: IgA1 and IgA2. The latter lacks the
13-amino acid proline-rich sequence present in the hinge
region of IgA1 and therefore is more resistant to bacterial pro-
teases (4).
Immunological studies on IgA have focused on vaccine

development for mucosal immunity to control bacterial and
viral infections at themucosal site (5, 6). The Fc receptor for IgA
(CD89 or Fc�RI) has been identified and characterized (7, 8).
This receptor is constitutively expressed on the surface of
immune cells, including monocytes/macrophages, polymor-
phonuclear leukocytes, neutrophils, and eosinophils (9). The
IgA receptor canmediate the various activities, including phag-
ocytosis, oxidative burst, cytokine release, and antibody-depen-
dent cellular cytotoxicity performed by these immune effector
cells (10). Although IgG1 is popularly used as anti-cancer ther-
apeutic antibody at present, IgA may also be a potential candi-
date for anti-tumor therapeutics given its antibody-dependent
cellular cytotoxicity ability. Indeed, a recombinant IgA specific
to tumor cell surfacemarkers kills tumor cells in the presence of
whole blood or neutrophils (11, 12). Furthermore, human IgA
(hIgA)4 induces antibody-dependent cellular cytotoxicitymore
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effectively against solid tumor cells or lymphoma than the rel-
evant IgG (11, 13). These findings encourage the development
of production methodologies, including cell culture (14) and
purification systems, for the clinical use of IgA.

Several IgA purification methods have been reported. Jaca-
lin, a lectin targeting IgA1-specific sugar (a galactosyl �-1,3-N-
acetylgalactosamine) has been used as an affinity ligand for IgA
purification (15). A conventional method using ion exchange
and size exclusion chromatography has also been reported (16).
However, these methods are not suitable for antibody purifica-
tion on an industrial scale, like the protein A column for IgG
purification. On the other hand, specific IgA-binding proteins
have been identified in Staphylococcus groupA (Staphylococcus
pyogenes) and group B bacteria (17, 18). Typically, the M pro-
teins from S. pyogenes, M22, Arp4, or Sir22, exhibit binding
activities toward IgA1 and A2 or the monomeric and secretory
forms of IgA. These proteins recognize the interdomain region
between CH2 and CH3 of IgA-Fc and can inhibit the interac-
tion between IgA and IgA receptor (19–22). A simple and
highly efficient affinity purification method using IgA-binding
proteins was previously described (16). However, the use of
bacterial proteins for pharmaceutical antibody purification
requires careful attention to prevent contamination with endo-
toxin or bacterial proteins, given their highly toxic and anti-
genic nature, as described for the protein A/G column used in
IgG purification for pharmaceutical use (23).

To solve this problem, synthetic low molecular weight
ligands, such as TG19318 (24) and protein A mimetic com-
pounds (25), have been investigated. However, these com-
pounds still suffer from insufficient specificity and affinity for
use in IgA purification. Sandin et al. (26) reported the purifica-
tion of hIgA using a synthetic peptide comprising 50 residues
extracted from the IgA-binding domain (Sap) of the Sir22 M

protein. Using a dimerized form of this peptide (peptide M),
Sandin et al. successfully detected and purified hIgA; however,
the dimerized peptide of 100 residues is too large for industrial
applications.
Here, we report a novel hIgA-binding peptide that was iso-

lated from random peptide T7 phage libraries by biopanning
against hIgA. The essential residues in the peptide were identi-
fied, and the peptide was optimized for affinity/specificity. Our
peptide is only 16 residues long and exhibits high specificity/
affinity for hIgA, which is suitable for hIgA purification.

EXPERIMENTAL PROCEDURES

Materials—Polyclonal hIgA1/IgA2, IgE, and IgG were pur-
chased from Acris Antibodies GmbH (Herford, Germany),
Athens Research&Technology (Athens, GA), and ICN/Cappel
Biomedicals (Aurora, OH), respectively. Anti-HER2 IgG1
humanized antibody, Trastuzumab (Herceptin), and anti-hu-
man IL13-specific hIgA2 were from Chugai Pharmaceutical
Corp. Ltd. (Tokyo, Japan) and Invivogen (San Diego, CA). The
recombinant human Fc�R/CD89 was obtained from R&D Sys-
tems (Minneapolis, MN). Mouse IgG and IgE were from
PharMingen (San Diego, CA).
Construction of theT7PhageDisplayLibrary andBiopanning—

The T7 phage libraries displaying typically X3CX7–10CX3 ran-
dom peptides, where X represents the randomized amino acid
positions generated using mixed oligonucleotides on template
DNA, were constructed using the T7 Select vector 10–3b from
Merck (Tokyo, Japan), according to methods described previ-
ously (27).
Microplate wells (Nunc Maxisorp) were coated with poly-

clonal hIgA (1 �g/300 �l/well) and blocked with 0.5% BSA in
PBS. The T7 phage libraries (5 � 1010 pfu) of X3CX7–10CX3
were incubated for 1 h in wells coated with hIgG and HSA to

FIGURE 1. Isolation of hIgA-specific phage clones from T7 phage-displayed random peptide libraries. A, binding specificities of the phages from the initial
library and the X3CX7–10CX3 library enriched by five rounds of biopanning against hIgA were examined by ELISA. B, binding specificities of the four phage clones
(A1–A4) isolated by biopanning were confirmed by ELISA. C, binding specificities of the A2 synthetic peptide were examined by ELISA. hIg, human immuno-
globulin; mIg, mouse immunoglobulin; HSA, human serum albumin; hLF, human lactoferrin.
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Role of Chain Length in the Adsorption Structures and Geometric
Configurations of Phenylalanine Derivatives on Ge(100) Surfaces
Youngchan Park, Heeseon Lim, Sena Yang, and Hangil Lee*
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ABSTRACT: The variation of the adsorption structures and
geometric configurations among phenylalanine derivatives (2-
amino-4-phenylpropanoic acid (PhenA), 2-amino-5-phenylpro-
panoic acid (PhenB), and 2-amino-6-phenylpropanoic acid
(PhenC)) adsorbed on Ge(100) surfaces was investigated using
density functional theory (DFT) calculations. The chain length
of a linker bonded to the α-carbon of the phenylalanine deriva-
tives influenced the preferred adsorption structure in self-
assembled monolayers (SAMs). We confirmed that the “O−H
dissociated-N dative bonded structure” is the most favorable
structure among the five possible adsorption structures. Interestingly, geometric differences in the adsorption configurations
indicated that the phenyl rings of PhenA and PhenB were tilted with respect to the Ge(100) surface, with an angle 30° from the
surface normal. In contrast, the phenyl ring of PhenC was tilted with an angle of 60° with respect to the surface normal. We
therefore confirmed that PhenA and PhenB are available to use in SAMs considering the geometrical configurations and the
adsorption energies. The theoretical results were further supported by conducting DFT calculations of the reaction pathways,
leading to the favored adsorption geometries.

I. INTRODUCTION
Over the past several decades, semiconductor-based materials
and devices have become important components in modern tech-
nology. In this sense, many researchers pay attention to func-
tionalization of organic molecules on semiconductors. Particularly
important are the interactions between semiconductors and bio-
organic molecules, such as amino acids. Amino acids are the
fundamental components of proteins and play a vital role in the
development of biochips, biosensors, and microelectronic
devices.1−5 Biosensors and electrochemical devices are an im-
portant potential application of self-assembled monolayers (SAMs),
and SAMs have attracted significant interest over the past several
years. However, it is notable that only a few examples of organized
SAMs bonded directly to bare semiconductor surfaces have been
reported because examples of highly organized films almost
exclusively involve oxides and coinage metal substrates.6−9

In this paper, we used a Ge(100)-2 × 1 surface as a semi-
conductor substrate to observe the interactions between bio-
organic molecules and semiconductor surfaces. The adsorption
structures and geometric configurations of phenylalanine deriva-
tives were calculated using density functional theory (DFT).
Germanium substrates permit a greater product selectivity than is
achieved using any other semiconductor surface due to the
tendency of germanium to impose relatively large activation
energy barriers on surface reactions.10−12 Large activation energy
barriers are an important factor for preparing stable multifunc-
tional systems, for example, amino acids, which can react via
many possible routes. Precise interfacial control can be achieved
using atomically clean surfaces, which can facilitate such applica-
tions. Because Ge(100) surfaces hold a weaker π-bond between
pairs of surface dimer atoms, Ge dimers are buckled away from a

symmetric configuration at room temperature. The tilted dimers
produce an unequal distribution of charge, resulting in zwitterion-
like properties.13,14 The “up” Ge atom is an electron-rich nucleo-
phile, and the “down” Ge atom is an electron-poor electrophile.
These properties provide a framework for understanding the
adsorption reactions of amino acids that present several functional
groups at a semiconductor surface.10−13

Here, we begin by introducing adsorption structures and geo-
metric configurations of phenylalanine and three of its deriva-
tives on Ge(100) surfaces. Phenylalanine is an essential amino
acid and plays a critical role in our body because it provides the
starting material for the synthesis of tyrosine, which is involved
in several brain chemicals.14,15 As an amino acid, phenylalanine
includes a carboxyl group (−COOH), an amino group (−NH2), a
hydrogen atom (−H), and a benzyl ring as a side chain. Previously,
our group examined the electronic configurations and structures of
several amino acids adsorbed onto Ge(100)-2 × 1 surfaces. We
observed that amino acids form the “O−H dissociated-N dative
bonded structure” as the most stable adsorption structure.16−21

In this study, phenylalanine (2-amino-3-phenylpropanoic
acid) will be referred to as PheN, 2-amino-4-phenylpropanoic
acid as PhenA (Scheme 1(a)), 2-amino-5-phenylpropanoic acid
as PhenB (Scheme 1(b)), and 2-amino-6-phenylpropanoic acid
as PhenC (Scheme 1(c)). The phenylalanine derivatives are
distinct in the number of carbon atoms present. PheN includes
a benzyl ring attached to the α-carbon of the amino acid.
PhenA includes one more carbon than is present in PheN, and
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the benzyl ring of PhenA attaches to the β-carbon of the amino
acid. The benzyl rings of PhenB and PhenC attach to the γ-
carbon and δ-carbon of the amino acids, respectively. The adsorp-
tion energies and geometric configurations of the phenylalanine
derivatives were examined using DFT calculations. Although these
systems were not examined experimentally, the theoretical studies
are meaningful because they provide important information about
the adsorption structures and geometric configurations of the
various amino acid derivatives when it applies to SAMs.
Here, we focus on the role of the side chain length on the

molecular tilt angle with respect to the surface normal upon
adsorption onto Ge(100) surfaces. In addition, we considered
the possibility of self-assembled structure for phenylalanine
derivatives. SAMs form spontaneously during immersion of an
appropriate metal or semiconductor substrate into a solution or
gas-phase medium. Widely known, single molecules are stable
on inorganic surfaces with a tilt angle of 30° relative to the
surface normal.22 π−π interactions with the phenyl ring can
contribute to self-assembly, which suggests that phenylalanine
derivatives might be capable of well-ordered self-assembly as
well.23,24 The computational study described here furthers our
understanding of surface chemistry and contributes to the ob-
tainment of critical information for considerable development
of applications. To our knowledge, no prior research has examined
phenylalanine derivatives on Ge(100) surfaces.

II. COMPUTATIONAL DETAILS

DFT calculations were conducted to predict the energetics of
the reaction pathways and geometrically optimized structures of
the phenylalanine derivatives adsorbed onto Ge(100) surfaces.
All DFT adsorption energy calculations were carried out using
the JAGUAR 9.1 software package employing a hybrid density
functional method that included Becke’s three-parameter
nonlocal exchange functional with the correlation functional
of Lee−Yang−Parr (B3LYP).25 These calculations considered
four dimer (Ge35H32) cluster models. The geometries correspond-
ing to the important local minima on the potential energy surface
were determined at the B3LYP/LACVP** level of theory. The
LACVP** basis set is a mixed basis set that uses the LACVP

basis set to describe Ge atoms and the 6-31G basis set to describe
the remaining atoms. The LACVP basis set describes atoms
beyond Ar in the periodic table using the Los Alamos effective
core potentials developed by Hay and Wadt.26 For each cluster,
optimization was performed by fixing the bottom two layers of
the Ge atoms in ideal Ge crystal positions while allowing the
top layer of the Ge atoms (including the dimer atoms) and the
atoms of the chemisorbed adsorbate to relax. The geometries of
important local minima and transition states on each energy
surface were calculated. Local minima and transition states were
confirmed to be optimized using the same basis sets.27

III. RESULTS AND DISCUSSION

DFT calculations were performed to determine the optimized
configurations and reaction pathways associated with the
adsorption of phenylalanine derivatives onto Ge(100) surfaces.
On the basis of previous phenylalanine studies, we first examined
the five possible adsorption structures for the three phenylalanine
derivatives adsorbed on Ge(100) surfaces. The following five
configurations were included in this examination for PhenA: (1)
N dative bonded structure, as shown in Figure 1(a); (2) O dative
bonded structure, as shown in Figure 1(b); (3) N−H dissociated
structure, as shown in Figure 1(c); (4) O−H dissociated struc-
ture as shown in Figure 1(d); (5) O−H dissociated-N dative
bonded structure, as shown in Figure 1(e). In addition, DFT
calculations were performed to model each of the five possible
adsorption structures of PhenB and PhenC.
Figures 1(a) and 1(b) show that the nitrogen atom of the

amine group or the oxygen atom of the carboxyl group may
bond to the Ge(100) surface through a dative bonding configura-
tion. The −NH moiety of the amine group and the −OHmoiety
of the carboxyl group may also potentially be bonded to the
Ge(100) surface via N−H dissociation (Figure 1 (c)) and O−H
dissociation (Figure 1(d)), respectively. Moreover, we consid-
ered the “O−H dissociated-N dative bonded structure” as well
(Figure 1(e)). Toward a comprehensive understanding, we calcu-
lated the adsorption energies of all possible structures. The specific
values of every adsorption structure are listed in Table 1, for
phenylalanine derivatives when adsorbed onto Ge(100) surfaces.

Scheme 1. (a) 2-Amino-4-phenylpropanoic Acid (PhenA), (b) 2-Amino-5-phenylpropanoic Acid (PhenB), and (c) 2-Amino-6-
phenylpropanoic Acid (PhenC)a

aEach gray, blue, red, and white-colored ball indicates carbon, nitrogen, oxygen, or hydrogen, respectively.
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ABSTRACT: The discrepancy of geometric configuration between
phenylalanine and tyrosine adsorbed on Ge(100) surfaces was
investigated using scanning tunneling microscopy (STM) in conjunction
with density functional theory (DFT) calculations and core-level
photoemission spectroscopy (CLPES). The study focused on the role
of nucleophilic group (hydroxyl group) on phenyl ring of tyrosine, and
we elucidated the difference of the adsorption geometry between
phenylalanine and tyrosine on Ge(100) surfaces. We first confirmed that
the “O−H dissociated−N dative bonded structure” was the most
favorable structure in both molecules at low coverage by results of
CLPES and DFT calculations. Geometric differences for the adsorption
configurations between phenylalanine and tyrosine were observed: the
phenyl ring of phenylalanine was aligned axially with respect to the
Ge(100) surface, whereas that of tyrosine was tilted, as determined by
DFT calculations. In sequence, we found out the results of STM images to confirm DFT results. We determined the different
geometric configurations are attributed to the nucleophilic hydroxyl group of tyrosine, which creates an uneven charge
distribution.

1. INTRODUCTION

As the industrial applications of semiconductors are extended,
research into the chemical modifications and molecular
adsorption structures adsorbed on semiconductor surfaces has
become important in a variety of industrial and academic
fields.1−3 Organic materials may be functionalized to tune their
chemical properties via substitution or addition reactions, and
the adsorption of such organic materials may be readily
exploited in applications such as biosensors, biochips, and
electronic devices.4−8 Recently, several studies have examined
the adsorption of a variety of bioorganic molecules on
surfaces.9−12 Specially, research into the adsorption of amino
acids, which include carboxyl, amino, sulfur, or a variety of
functional groups, onto semiconductor surfaces is expected to
provide fundamental knowledge of semiconductor functional-
ization for various biorelated applications.13−16 Among various
semiconductors, germanium (Ge) is a potential candidate for
the new channel material because of its superior electronic
properties.17 Specifically, Ge(100)-2×1 reconstructed surfaces
feature tilted dimers with a strong σ bond and a weak π bond at
room temperature. The tilted dimers create an uneven charge
distribution over the dimer, resulting in an electron-rich
(nucleophilic) “up” atom and an electron-deficient (electro-
philic) “down” atom, and thus the up and down atoms of the

dimers show zwitterionic character and function as a Lewis base
and acid, respectively, which makes Ge(100)-2×1 recon-
structed surfaces an excellent substrate for various adsorption
reactions with multifunctionalized molecule.4,18

We have examined the adsorption structures and behaviors
of 10 natural amino acids on Ge(100)-2×1 surfaces.19−26 We
have identified the general trend among the adsorption
structures of amino acids that the “O−H dissociated−N dative
bonded structure” is the most stable structure at low coverage.
We also have investigated the effects of functional groups and
steric hindrance on the adsorption geometries to explain the
observed differences.
In this study, we focused on the differences in geometric

configurations between phenylalanine and tyrosine in spite of
their structural similarities when they adsorb on Ge(100)
surfaces. Phenylalanine and tyrosine are composed primarily of
a central carbon atom bonded to a carboxyl group (−COOH),
an amino group (−NH2), and either a phenyl or a phenol ring,
respectively. Except for the presence of the hydroxyl group on
the phenyl ring of tyrosine, the two amino acids have identical
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structures. We assume that the hydroxyl group of tyrosine
differentiates the two amino acids adsorption configurations.
The goal of this study is to clarify a discrepancy of geometric

configurations between phenylalanine (Scheme 1a) and

tyrosine (Scheme 1b) adsorbed on the Ge(100) surface and
to identify how the hydroxyl group (nucleophilic site) of
tyrosine affects the geometric configurations in the adsorption
process. Information about the adsorption structures and
geometric configurations of phenylalanine and tyrosine on
Ge(100) surfaces was obtained using core-level photoemission
spectroscopy (CLPES) in conjunction with density functional
theory (DFT) calculations and scanning tunneling microscopy
(STM). We determined the effects of the −OH group of
tyrosine on the adsorption geometry in terms of the
interactions between the hydroxyl group (nucleophile) and
adjacent down dimer (electrophile) of the Ge(100) surface. To
our knowledge, this is the first experimental and theoretical
characterization of the adsorption structures and geometrical
configurations of phenylalanine and tyrosine on Ge(100)
surfaces using CLPES, DFT calculations, and STM techniques.

2. EXPERIMENTAL AND COMPUTATIONAL SECTION
Ge(100) surfaces (p-type, R = 0.10−0.39 Ω) were cleaned by
several cycles of sputtering with 1 keV Ar+ ions at 700 K for 20
min, followed by annealing at 900 K for 10 min. The cleanliness
of the Ge(100)-2×1 surfaces was checked using low energy
electron diffraction (LEED) and STM. Phenylalanine
(C9H11NO2, 99% purity) and tyrosine (C9H11NO3, 99%
purity) were purchased from Aldrich and were further purified
through several sublimation and pumping cycles to remove
dissolved gases prior to exposure to the Ge(100) surface.
We performed CLPES at the 10D beamline of the Pohang

Accelerator Laboratory. The C 1s, N 1s, and O 1s core-level
spectra were obtained with a PHOIBOS 150 electron energy
analyzer equipped with a two-dimensional charge-coupled
device (2D CCD) detector (Specs GmbH) using photon
energies of 340, 460, and 588 eV to enhance the surface
sensitivity. The binding energies of the core-level spectra were
calibrated with respect to the clean Au 4f core-level spectrum
(84.0 eV) collected at the same set of photon energies. The
base pressure in the chamber was maintained below 9.5 × 10−11

Torr. All spectra were recorded in the normal emission mode.
The core-level spectra were carefully analyzed using a standard
nonlinear least-squares fitting procedure with Voigt functions.27

DFT calculations were used to analyze the energetics of the
potential pathways for the tyrosine and phenylalanine reactions
on the Ge(100) surface. All DFT calculations of the adsorption
energies were performed using the JAGUAR 9.1 software
package, which applies a hybrid density functional method and
includes Becke’s three-parameter nonlocal-exchange functional
with the correlation functional of Lee−Yang−Parr (B3LYP).28
The calculations were performed using a six-dimer (Ge49H40)
cluster model. The geometries of important local minima on
the potential energy surface were determined at the B3LYP/
LACVP** level of theory. The LACVP** basis set is a mixed
basis set that uses the LACVP basis set to describe the Ge
atoms and the 6-31G basis set to describe the remaining atoms.
The LACVP basis set is useful for describing atoms heavier
than Ar in the periodic table and is based on the Los Alamos
effective core potentials developed by Hay and Wadt.29

Optimization of each cluster was performed by fixing the
bottom two layers of the Ge atoms in the ideal Ge crystal
positions, permitting the top layer of Ge atoms (including the
dimer atoms) and the atoms of the chemisorbed adsorbate to
relax. The geometries of important local minima and transition
states on each energy diagram were calculated. The local
minima and transition states in the optimized structures were
verified using the same set of basis sets.30

STM observations were performed in an ultrahigh vacuum
(UHV) chamber equipped with an OMICRON VT-STM
instrument at a base pressure below 1.0 × 10−10 Torr. All STM
images were recorded with electrochemically etched W-tips at
bias voltages of Vs = −2.0 V and a tunneling current of It = 0.1
nA to obtain the filled-state images.

3. RESULTS AND DISCUSSION

We first acquired CLPES data for phenylalanine and tyrosine
adsorbed on Ge(100) surfaces. Figure 1 shows the C 1s, N 1s,
and O 1s core-level spectra being included in both molecules.
The top and bottom panels indicate the three core-level spectra
of the phenylalanine and tyrosine adsorbed on the Ge(100)
surfaces at 300 K. Figure 1a shows the C 1s core-level spectrum
obtained after 0.15 monolayer (ML) phenylalanine deposition
on the Ge(100) surface (at low coverage: below half

Scheme 1. Models of the Chemical Structures of (a)
Phenylalanine and (b) Tyrosinea

aThe gray, blue, red, and white balls indicate carbon (C), nitrogen
(N), oxygen (O), and hydrogen (H), respectively.

Figure 1. C 1s, N 1s, and O 1s core-level spectra (a)−(c) of
phenylalanine and (d)−(f) of tyrosine obtained at a low coverage
(0.15 ML) deposition on a Ge(100) surface. The dots indicate
experimental values, and the solid lines represent the results of peak
fitting.
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ABSTRACT: Biosilification is of interest due to its capability
to produce a highly intricate structure under environmentally
friendly conditions. Despite the considerable effort that has
been devoted toward biomimetic silification, the synthesis of
highly complex silica structures, as found in the structures of
diatom cell walls, is still in its infancy. Here, we report the
bioinspired fabrication of well-organized and symmetric silica
nanostructured networks, involving phase separation and silicic
acid polymerization processes, in analogy to the morpho-
genesis of diatom cell walls. Our approach exploits self-assembled silica spheres as a self-source of the silicic acids as well as
scaffolds that, interplayed with droplets of ammonium hexafluorosilicate, direct the site-specific silification. Moreover, we have
achieved multiple morphological evolutions with subtle changes in the process, which demonstrates exquisite levels of control
over silica morphogenesis.

KEYWORDS: Biomimetic synthesis, biosilification, biochemistry, nanopatterning, silicic acid polymerization, phase separation

Silica, existing in various allotropic forms of silicon dioxide,
not only makes up ∼12% of the earth’s crust but can also

be found in human bodies and plant resources as well as in
unicellular marine algaes. With its material abundance and
diverse application areas, various types of silica have been
produced synthetically.1,2 However, traditional methods are
usually performed under very harsh conditions of high
temperature and extreme pH and also lack control over the
morphology and structure of the products.2−4

In comparison, biological organisms can produce the
complex and elaborated silica nanostructures with a wide
diversity in form under mild conditions with lower energy
consumption.5−9 Outstanding examples for such biosilica are
the silicified cell walls of diatoms, single-celled margin
algae.10−12 Motivated by a characteristic feature of biogenetic
production of silica structures, considerable efforts have been
directed toward mimicking biosilification. The identification of
organic biomolecules such as polyamine and polypeptides as
major biosilica constituents and their specific interaction with
silicic acid provided insight into in vitro synthesis of silica with
its various forms including spheres,5,6 and nanotubes.8 In
addition, a model based on the phase separation events, which
are associated with the amphiphilic properties of polycationic
peptides, has been proposed to explain biosilica morphogenesis
in diatoms.13−18 However, nanopatterning of silica with high
complexity to produce exquisite structures comparable to those
of diatom cell walls is still in its infancy.19,20 This is primarily
because of our limited understanding of the mechanism
underlying genetic control of this biosilification process and
the difficulty in creating laboratory conditions identical to those

of the in vivo biosilification event; silica deposition in diatoms
takes place inside specialized intracellular compartments, silica
deposition vesicles (SDVs), in which selective release of silicic
acid and its polymerization are biologically controlled.21−24

Inspired by the morphogenesis in biosilica, we demonstrate
the spontaneous transformation from self-assembled silica
spheres to highly intricate and symmetric networked structures.
This method is different from the previous biomimetic
approaches that generally utilize a homogeneous mixture of
silicic acid derivatives and biomolecular additives or their
synthetic analogues.5−8,19,20,25 Instead of using these macro-
molecular constituents, we introduce very common additives of
hydrofluoric acid (HF) and ammonium fluoride (NH4F) to
yield the relevant constituents via chemical reaction with the
silica spheres. Moreover, precipitation of silica at specific sites is
induced within the scaffolds of the silica spheres, which thereby
enables the synthesis of tailored, well-organized silica networks.
One simple example is sphere-bridge network (SB-NW)
structures, in which silica spheres are interlinked with the
neighboring spheres via nanobridges (Figure 1). The key steps
to fabricate SB-NWs include (i) self-assembly of a hexagonally
closed-packed monolayer of silica spheres on a PMMA layer,
(ii) anchoring the silica spheres to the PMMA layer, and (iii)
immersing the sample in a near neutral solution (pH 6.7−6.8)
of a 1:30 (v/v) mixture of 49% HF and 40% NH4F (see
methods in the Supporting Information).
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Figure 1a,b shows the scanning electron microscopy (SEM)
images of the representative SB-NW structures. Cylindrical
bridges were formed at the nearest points between the silica
spheres. The process of SB-NW formation is different from
previous cases that relied on high-temperature sintering to
produce overlapping spheres with wide necks and subsequent
isotropic etching to form the adjoining bridges.26 To make this
point clear, we performed a time-resolved analysis on the
morphology development (Figure S1). Initially, closed-packed
silica spheres were isotropically etched, and almost simulta-
neously, its reverse reaction, i.e., nanobridge formation,
occurred. Since silica growth prevails over the etching process,
the diameter of the bridge increased steadily to ∼150−200 nm
for the first 10 s; however, with the further elapse of time, the
bridges began to be etched from the center. After that, the silica
bridges became elongated and narrower at 15−18 s and finally
disappeared after 20 s (Figure S2). In addition, the reaction rate
was further decreased by reducing the concentration of HF,
with which we could monitor the early stage dynamics of SB-
NW formation. A series of SEM images in Figure S3 illustrate

the isotropically etched silica spheres at the outset of the
process and the subsequent development of silica bumps,
demonstrating that the bridges grow out from the silica surface.
Further structural characterization of the SB-NWs was

carried out using transmission electron microscopy (TEM)
for the sample prepared directly on the lacey carbon-coated
copper grid. Amorphous bridges with a mean diameter less than
∼60 nm protrude out from both spheres (Figure 1c,d).
Moreover, higher magnification image obtained by zooming in
one of the nanobridges reveals that the spheres are completely
interlinked by the bridges without producing any gap (Figure
1e). Energy dispersive X-ray spectrometry (EDS) spectra
measured at the centers of the sphere and bridge confirmed the
existence of Si and O elements (Figure 1f). Further, the atomic
ratio of the Si:O in the bridge was estimated to be 1:1.61, which
is quite similar to that in the sphere (1:1.66) and close to the
stoichiometric composition of SiO2.
On the basis of our experimental observations, we propose a

mechanism for the formation of the SB-NW structures that is
analogous to biosilica morphogenesis. Studies on biosilification

Figure 1. Sphere-bridge network (SB-NW) structures. (a) Top-view and (b) cross-sectional SEM images of SB-NW structures. Scale bars: 500 nm.
Inset of (b): high-magnification image showing the bridge and the traces of severed bridges on the sphere surfaces. Scale bar: 200 nm. (c) TEM
image of SB-NWs. For measurement, sample was prepared directly on the TEM gird. Scale bar: 500 nm. (d, e) Higher-magnification TEM images
highlighting the amorphous bridge consisting of a pair of cylinders touching each other. Scale bars: 50 nm (d), 10 nm (e). (f) EDS spectra measured
at the centers of the silica sphere (red) and bridge (blue); the measurement positions are marked by crosses in the inset of the dark-field STEM
image.
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The neurite outgrowth and path-finding behaviors of neurons
are governed by two protrusive, actin-based molecular
structures, filopodia and lamellipodia, the diameter of which
is generally in the range of 100–300 nm.[1] The dynamic
stability of filopodia and lamellipodia allows neuronal cells to
recognize the surrounding environments at the nanometer
scale and to subsequently modify their cytoskeletal structures
in response to stimuli/cues.[2] For example, permissive cues
impede the retrograde flow of actin filaments and promote
their assembly by generating tensions to the filopodia,[3]

resulting in the overall advance of neurites toward the cues.
Neurons encounter nanotopographical distributions of

permissive and non-permissive cues in vivo, exemplified by
protein structures in the extracellular matrix and tissue
scaffolds or external morphologies of supporting cells.
Although the surface roughness is known to affect the
neuronal behaviors in vitro in various aspects, such as attach-
ment and survival,[4] axonal guidance,[5] and neurite out-
growth,[6] there have been few reports on developmental
responses of neurons to nanotopographies.[7,8] Because the
polarized morphology and specialized compartments (e.g.,
axons and dendrites) of neurons are crucial and decisive

characteristics for neuronal activities, it is much more
beneficial to the precise control of neuron/materials inter-
faces to manipulate neuronal development and neurite
outgrowth than to do general behaviors, such as attachment
and survival. The concrete understanding of nanotopograph-
ical effects also would contribute to the biomedical applica-
tions, which demand the controlled development or regener-
ation of nerve systems at a certain position towards a pre-
determined direction, as well as to fundamental studies on
nanotopographical role for neuronal development in vivo.[9]

To understand the function of filopodia as an antenna for
the environmental exploration,[2] it is necessary to investigate
the developmental responses of neurons to nanostructures,
the feature size of which is comparable to that of filopodia
(100–300 nm). Herein, we systematically varied the feature
sizes of nanostructures by organizing spherical nanoparticles
with different diameters on a glass substrate, and found that
the neuritogenetic acceleration of hippocampal neurons
occurred on the nanostructures the period of which was
larger than 200 nm.

For the generation of nanosurfaces with various feature
sizes, silica beads with the diameters ranging from 100 to
700 nm were synthesized by hydrolysis of tetraethyl orthosi-
licate.[10] The diameter was controlled to be 110, 190, 320, 480,
or 670 nm by changing the re-growth cycles of seeds and the
concentrations of reactants (See the Supporting Information
for the experimental details; Figure S1). The silica beads were
denoted as SB-110, SB-190, SB-320, SB-480, and SB-670,
respectively. Among the methods for organizing nano-sized
beads into two-dimensional arrays on a solid substrate,[11]

rubbing was reported to be a highly effective in themonolayer
assembly with the precise control of the interparticle distance,
and simple, fast, and reproducible on a large area (Fig-
ure 1a).[12] Figure 1b shows the SEM images of the bead
monolayers with the different diameters, formed by the
rubbing method. This simple method yielded high-quality
monolayers with uniform interparticle distance regardless of
the bead diameters. To prevent the undesired detachment of
silica beads from the surface during cell culture, we baked the
substrate at 350 8C for 3 h (see the Supporting Information,
Figure S2, for the experimental details). Figure 1c shows
a representative SEM image of a hippocampal neuron
cultured on a monolayer of SB-110, where the beads are
smaller than the filopodia.

The surface of silica beads was made to be neuron-
adhesive by 2 min-O2-plasma treatment, followed by 1 h
dipping in aqueous poly-d-lysine solution (0.1 mgmL�1 in
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deionized water). Hippocampal neurons were then plated at
the density of 50 cells/mm2. Figure 2a shows phase-contrast
optical images of the neurons at 1 DIV (day in vitro) and
2 DIV. Based on neuronal morphologies, the substrates were
categorized into two groups: Group-I (SB-110 and SB-190)
and Group-II (SB-320, SB-480, and SB-670). We observed
noticeable differences in neuronal development between the
two groups even at 1 DIV. In Group-I, most of neurons had
either lamellipodia or short minor neurites at 1 DIV, and the
ratio between neurons with and without neurites was about
4:6. This ratio was similar to neurons grown on a polylysine-
treated glass coverslip at 1 DIV.[13] In a stark contrast, more
than 80% of Group-II neurons had neurites at 1 DIV, and the
length of the neurites was significantly longer than that of
Group-I neurons. In terms of axonal development, more
neurons in Group-II had a major neurite (“putative” axon)
than those in Group-I, which implied that axonal polarization
processes were more active on Group-II substrates than
Group-I substrates. At 2 DIV, Group-II neurons had one long
branching axon and a few minor neurites, which was
a phenotype of cultured hippocampal neurons.[13] The immu-

nostaining showed that the microtubules and filopodial/
lamellipodial structures were well-developed on all the bead
substrates (See the Supporting Information; Figure S3).
These results were in a good agreement with our previous
report: the developmental acceleration occurred on a 400 nm-
pitched anodized aluminum oxide substrate.[8]

Scanning electron microscopy (SEM) was used to exam-
ine the physical interactions of neurons with silica beads. The
bead size seemed to affect the filopodial contact with the
substrate in a different fashion: filopodia of the neurons in
Group-I extended straight regardless of the bead curvature,
while filopodia in Group II did not grow straight and seemed
to have many interactions with surface structures such as
trenches, bead surfaces, and gaps between the beads (Fig-
ure 2b, insets). The SEM micrographs showed that different
bead sizes caused the different spatial distribution of inter-
action spots between the filopodia and the substrate. These
interactions were believed to be phenomenologically differ-
ent from the ones with microstructures. Microtopographies,
such as microchannels and micropillar array with feature sizes
larger than 1 mm,[4–6] were reported to have influences on
neuronal growth directly at cellular scale; entire neurites were
trapped within the microstructures, which physically
restricted the direction of neurite growth or generated
cellular-scale tensions.[5,6] In contrast, nanotopographies
would have localized effects on subcellular structures such
as filopodia, amplified to the cellular-scale responses such as
developmental acceleration. Our results supports the idea
that nanotopographical features trigger intracellular signaling
pathways through mechanotransductions of cytoskeletal
structures, and the discontinuous or jumping stimuli of

Figure 1. a) A schematic illustration of the formation of two-dimen-
sional nanostructures of silica beads on a glass substrate. b) SEM
images of the nanostructures assembled with SB-110, SB-190, SB-320,
SB-480, and SB-670 (from left to right). The scale bar is 1 mm. c) SEM
image of a neuron at 1 DIV cultured on SB-110. The scale bar is 5 mm.
The arrowheads indicate filopodia.

Figure 2. a) Phase-contrast optical micrographs of hippocampal neu-
rons cultured on bead-packed substrates. The scale bar is 50 mm.
b) SEM images of the hippocampal neurons on SB-110 (left) and SB-
480 (right). The scale bar is 5 mm. Insets: Magnified images of
filopodial tips. The scale bar is 1 mm. The original gray images were
rendered with a monochromatic color for the comparison between the
groups.
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During the monolayer assembly of zeolite microcrystals using sonication with stacking (SS) method, the

factors that govern the degree of close packing (DCP) between the microcrystals, the rate of attachment (rA) of

microcrystals onto the substrate, the degree of coverage (DOC), and the binding strength (BS) between each

crystal and the substrate were investigated for each mode of binding linkage (MBL). The tested MBLs were

covalent linkage (CL), ionic linkage (IL), and polyelectrolyte-mediated ionic linkage (p-IL). Unlike the

monolayers of zeolite crystals assembled on glass with a covalent linkage, the strong BS, very high DOC, and

very high DCP do not decrease during monolayer assembly on glass through ionic linkages. This results

indicate that the surface migration of crystals undergo linkage-nondestructively when crystals were attached to

the substrates through ionic linkages.

Key Words : Zeolite, Monolayer assembly, Sonication, Binding linkage, Surface migration

Introduction

The bottom-up approach for fabricating nano-structured

materials, which could lead to highly integrated functional

entities, has played an important roles in utilizing building

blocks to advanced materials.
1,2

 Using several building

blocks with different shape and size, we can design and

fabricate multi-functional heterogeneous system on various

substrates, and this has been the focus of interests during the

last several decades.
1-9

 The organization of building blocks

have been intensively explored, and a number of assembly

methods have been demonstrated to achieve ordered arrays

on various substrates.

From the efforts to organize micro building blocks in the

form of closely packed monolayers on various substrates, a

number of attempts have been reported to improve the

degree of close packing (DCP) between the microcrystals,

the rate of attachment (rA) of microcrystals onto the sub-

strate, the degree of coverage (DOC), and the binding

strength (BS) between each crystal and the substrate using

large numbers of interconnecting molecular linkages.
10-19

Recently, we discovered that sonication-induced strong

agitation of the microcrystals and the interposition of a

functional-group-tethering glass plate between two bare

glass plates leads to very high DOC and DCP of the micro-

crystals on substrates within very short periods of time (< 2

min) during the monolayer assembly of microcrystals on

substrates through covalent linkages.
20,21

 This method was

named as ‘sonication with stacking’ (SS). Furthermore,

under the SS mode, we found an interesting phenomenon

that BS, DOC, and DCP gradually decrease with increasing

the reaction time, despite of DOC reaches ~100% with a

quite fast rA. Conclusively, we ascribed the progressive de-

crease in DOC to the progressive weakening of BS between

the crystals and glass substrate under the sonication condi-

tions as a result of the diminution of the numbers of func-

tional groups on the surfaces of the crystals and glass

substrates upon repeatedly undergoing of the cycle of bond-

formation and bond-breakage during the courses of surface

migration and replacement of the attached crystals with

those in the solution.
20,21

As a means to settle the above critical limitation for

applications, we try to change covalent linkages with ionic

linkages during the monolayer assembly of microcrystals on

glass using SS mode.
22

 For this purpose, we adopted the

previously established methods of forming ionic linkages

between the surface-bound full-fledged ionic centers or ionic

linkages mediated by alternating layer of oppositely charged

polyelectrolytes.
14

 Here, we report that indeed, the mode of

binding linkage (MBL) sensitively affects to rA, rate of the

surface migration (rSM), DCP, DOC-t profile, and BS-t pro-

file. Furthermore, we have discovered that DOC and BS are

governed with not only the mode of reaction promotion

(MRP) but also the MBL undergoing of the cycle of bond-

formation and bond-breakage during the courses of surface

migration and replacement of the attached crystals with

those in the solution.

Experimental Section

Materials. 3-Aminopropyltrimethoxysilane (AP-TMS,

Aldrich) was distilled and kept in a Schlenk storage flask

under argon. 3-Chloropropyltrimethoxysilane (CP-TMS,

Aldrich) and 3-Cyanopropyltrichlorosilane (CNP-TCS,

Merck) were used as received. For simplicity, 3-aminoprop-

yl, 3-Chloropropyl, and 3-Cyanopropyl are denoted as AP,

CP, and CNP, respetively. Poly(sodium 4-styrenesulfonate)

(Na
+

PSS
−

, Mw 70,000, Aldrich) and poly(diallyldimethyl-

ammonium chloride) (PDDA
+

Cl
−

, 20 wt % in water, ~Mw

100,000-200,000, Aldrich) was used as received. Cover

glasses (18 × 18 mm
2

) were purchased from Marienfeld and

treated in a piranha solution (H2SO4: 30% H2O2 = 3:1) at 95-
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100 
o

C for 1 h to remove organic residues on the surface.

The acid-treated glasses were washed with distilled deioniz-

ed water and dried at 120 
o

C for 30 min prior to treatment

with AP-TMS or CP-TMS. Optical grade fused silica plates

were purchased from CVI Laser Co. and the surfaces of

them were similarly cleaned with piranha solution prior to

treatment with CNP-TCS. All the organic solvents were

purified according to the well-known literature procedures

prior to use.

Mode of Binding Linkage. The types of linkage used in

this report were (a) the covalent linkage achieved by reaction

between bare silicalite crystals (Z) and chloropropyl-tether-

ing glass (CP-G) plates, (b) the direct ionic linkage achieved

by reaction between sodium butyrate-tethering silicalite (Z)

crystals and trimethylpropylammoinum iodide-tethering

glass (G
+

) plates, and (c) poly(sodium 4-styrenesulfonate)

(Na
+

PSS) and poly(diallyldimethylammonium chloride)

(PDDA
+

Cl)-mediated ionic bonding between Z and G
+

,

respectively. Preparation of CP-G, Z, and G
+ 

was carried out

according to the procedures described in previous report.
14

The size of each glass plate was 1.8 × 1.8 cm
2

. The average

size of Z was 1.3 × 0.6 × 1.8 μm
3

. 

Assembly of Z
−

 on G
+ 

(or PDDA
+

/PSS
−

/G
+

) using the

SS Mode. The MRPs tested in this report were sonication

with stacking between the glass plates (SS mode).
20,21

 Comb-

shaped Teflon supports were used as such without attaching

underlying supporting legs so that the glass plates inserted

into the gaps can have direct contacts with the bottom of the

round-bottomed flasks (50 mL). Typically, a comb-shaped

Teflon support was placed at the bottom of a round-

bottomed flask charged with 40 mL of toluene and 50 mg of

Z
−

. For the test of the effect of SS mode, a G
+

 (or PDDA
+

/

PSS
−

/G
+

) plate was interposed between two clean bare glass

(BG) plates, and three sets of BG/G
+

 (or PDDA
+

/PSS
−

/G
+

)/

BG stack were inserted, stack by stack, into each gap of the

comb-shaped Teflon support. Sonication of the glass reactors

was carried out using an ultrasonic bath with the dimension

of 22 × 12 × 11 cm
3

 equipped with two ultrasound generators

(28 kHz, 95 W each) attached to the bath from the bottom.

After reaction, the Z
−

-attached G
+

 (or PDDA
+

/PSS
−

/G
+

)

plates were mildly sonicated for 30 s in toluene to remove

the microcrystals that were physically or very weakly ad-

hered to the glass plates and to the silicalite monolayers that

were chemically attached to the glass plates using the ultra-

sonic bath equipped with two 50-W ultrasound generators

before conducting the measurements of the attached amounts

(WAs) onto G
+

 (or PDDA
+

/PSS
−

/G
+

)
 

plates on a microbalance,

the analyses of the glass plates with scanning electron

microscopy (SEM), and the sonication-induced silicalite

detachment test. DOC was deduced from each WA based on

eq. (1), 

DOC = (WA/WA,max) × 100 (1)

where, WA,max represents the maximum obtainable WA on a

glass plate used in our study (on both sides of 1.8 × 1.8 cm
2

).

As for the WA,max, the average WA obtained from Z
−

/G
+

 (or

Z
−

/PDDA
+

/PSS
−

/G
+

) plates prepared by carrying out the

attachment reaction under the condition of SS was used

since the silicalite monolayers obtained under the above

condition were nearly perfect in many respects such as DCP,

coverage, negligible amounts of mircocrystals on the mono-

layers.

Comparison of the Linkage-Dependent BS between

Silicalite Crystals and Glass Plates. The linkage-depen-

dent BS between silicalite crystals (Z or Z
−

) and glass plates

(CP-G, G
+

, or PDDA
+

/PSS
−

/G
+

) were compared by monitor-

ing the progressive DOC-t profile, and BS-t profile. The

details about the procedure can be found from our previous

report.
20,21

 

Sonication-Induced Detachment Test. Into an indepen-

dent ultrasonic cleaning bath equipped with two 100 W

ultrasound generators was added 2.5 L of water. Into a vial

(i.d. = 2.4 cm, length = 5.4 cm) were added a Z-G (Z/CP-G,

Z
−

/G
+

 or Z
−

/PDDA
+

/PSS
−

/G
+

) plate and 10 mL of fresh

toluene. With the help of a clamp and a clamp holder placed

outside the bath, the vial was placed in the center of the

water pool, 9 cm above from the bottom of the bath. The

water inside the bath was maintained at ~20 °C using an

immersion cooler. After 30 min of sonication, the substrate

was removed from the vial, dried in an oven (120 °C) for 3

min, and its weight was measured on a microbalance. Fresh

toluene was charged into the vial after each weighing. The

total weight of pure silicalite crystals bound to the substrate

was deduced from the initial weight of the Z-G plate that

was measured after removal of physisorbed crystals by mild

sonication for 30 s. The WAs from three Z-G plates were

averaged for each data point.

Instrumentation. The SEM images of silicalite crystals

and the Z-G plates were obtained from a FE-SEM (Hitachi

S-4300) at an acceleration voltage of 10 to 20 kV. The SS

method were tested using an ultrasound cleaning bath

equipped with two 95-W ultrasound generators operated at

28 kHz (Saehan Ultrasonic SH-2100). The weights of the

glass plates were measured on a Mettler microbalance (MT5).

Results and Discussions

Basic Concept for the Linkage-Dependent Promotion

Test. In the previously study,
20,21

 we have investigated the

effects of MRP on the progress of the monolayer assembly

of zeolite microcrystals on glass through large numbers of

molecular covalent linkages between zeolite microcrystals

and glass plates and the characteristic properties of the

assembled monolayers. Again, by charged amount (AC) of

zeolite microcrystals into account, we have discussed how

DOC and BS are governed with the MRP undergoing of the

cycle of bond-formation and bond-breakage during the

courses of surface migration and replacement of the attached

crystals with those in the solution. 

However, we now have fixed several factor, such as MRP

(SS mode), charged amount (AC) of zeolite microcrystals

(AC = 50 mg) and reaction temperature (20
o

C), for the

investigation of the only linkage-dependent attachment and

detachment profile. As illustrated in Figure 1, the tested
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Retroviruses have often been used for gene therapy because of 
their capacity for the long-term expression of transgenes via stable 
integration into the host genome. However, retroviral integration 
can also result in the transformation of normal cells into cancer 
cells, as demonstrated by the incidence of leukemia in a recent 
retroviral gene therapy trial in Europe. This unfortunate outcome 
has led to the rapid initiation of studies examining various 
biological and pathological aspects of retroviral integration. This 
review summarizes recent findings from these studies, including 
the global integration patterns of various types of retroviruses, 
viral and cellular determinants of integration, implications of 
integration for gene therapy and retrovirus-mediated infectious 
diseases, and strategies to shift integration to safe host genomic 
loci. A more comprehensive and mechanistic understanding of 
retroviral integration processes will eventually make it possible to 
generate safer retroviral vector platforms in the near future. [BMB 
reports 2012; 45(4): 207-212]

INTRODUCTION

Retroviruses are RNA viruses that carry a diploid positive-sense 
RNA genome (1, 2). These viruses are classified into five retro-
viral genera (the alpha- to epsilon-retroviruses) and two addi-
tional genera, the spumaviruses and lentiviruses. Retroviruses 
cause various fatal human diseases, including acquired im-
munodeficiency syndrome (AIDS), inflammatory diseases and 
multiple types of cancer (3-6). Ironically, because of the unique 
ability of retroviruses to efficiently integrate genetic material 
within their genome into host chromosomes, these viruses have 
been used to reverse genetic defects in patients (2). This benefi-
cial use of retroviruses was made possible by an early under-
standing of retroviral biology and the development of powerful 
molecular biology techniques (7, 8). After removing genes that 
are needed for viral replication (for safety reasons), the genomes 

of retroviruses were further engineered to carry therapeutic 
transgenes between two long terminal repeats (LTRs) (7-9). 
These engineered, replication-defective forms of retroviruses, 
which have been designated retroviral vectors, have been main-
ly used in making genetic modifications to stem cells for 
cell-based therapy and in the gene therapy mediated treatment 
of various human diseases, including blood disorders, diabetes, 
and neurological disorders (2, 10-15). Unfortunately, there have 
been unexpected side effects from retroviral gene therapy that 
largely stem from where the retroviral genome integrates into 
the host genome. When retroviral integration occurs near onco-
genes, normal cells can be transformed into cancerous cells, as 
demonstrated by the incidence of leukemia in a gene therapy tri-
al (11). This minireview summarizes the recent findings regard-
ing the integration patterns of various types of retroviruses, the 
impact of these integration patterns on the initiation and pro-
gression of retrovirus-mediated infectious diseases and sporadic 
virus-initiated cancer, and the viral and host factors that de-
termine these integration patterns. In addition, the ways in 
which both viral and host components have been engineered to 
develop safer retroviral vector platforms are briefly discussed. 

RETROVIRAL INTEGRATION PREFERENCES FOR GENOMIC 
REGIONS RICH IN GENE REGULATORY ELEMENTS

Whereas retroviruses were previously thought to randomly in-
tegrate into the host genome, many of them display a non-ran-
dom integration pattern. For example, murine leukemia virus 
(MLV), a gamma-retrovirus that has been well studied and is often 
used in gene therapy, shows a strong preference for integrating 
into genomic regions within or near transcriptional start sites 
(TSSs) and CpG islands (16-19), which are enriched in gene regu-
latory elements. MLV demonstrates equivalent levels of in-
tegration upstream and downstream of TSSs (16, 18). This in-
tegration pattern has been suggested to be closely linked to the 
incidence of leukemia in young patients who were treated with 
retrovirally modified CD34+ cells (11). The underlying mecha-
nism by which cells are transformed during retroviral gene ther-
apy is related to the ability of the promoter and enhancer compo-
nents in the LTR and/or in the regions upstream of the therapeutic 
genes within the retroviral genome to activate host oncogenes, 
such as LMO2, when the viruses integrate near the TSSs of these 
genes (11). Activated oncogenes often turn normal cells into can-
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cerous cells by perturbing the regulation of cell growth and 
survival. The retroviral promoter and enhancer components have 
recently been shown to affect cellular transcription over a long 
range, independent of vector type, thereby increasing the tumor-
igenicity of the viral vector (20). The retroviral propensity for fre-
quently targeting oncogenes and cell growth/survival genes and 
the integration preference for TSSs and CpG islands synergisti-
cally increase the malignant potential of retroviral vectors (21).

In addition, MLV considerably prefers transcription factor 
binding sites (TFBSs) (22) and moderately genes, especially high-
ly expressed genes, during integration (16, 21). Another gam-
ma-retrovirus, porcine endogenous retrovirus (PERV), shows a 
similar integration pattern, favoring TSSs and CpG islands (23). 
Xenotropic murine leukemia virus related virus (XMRV) has an 
even greater integration preference for TSSs and CpG islands 
than MLV (24). Relative to other genomic regions, the loci near 
gene regulatory elements are more deleterious sites of retroviral 
integration.

LENTIVIRAL INTEGRATION INTO ACTIVELY 
TRANSCRIBED GENES

HIV-1, a representative lentivirus, strongly prefers integrating in-
to genes instead of genomic regions near TSSs and CpG islands 
(16-18, 25). In particular, HIV-1 targets actively transcribed 
genes, and this strong preference for genes has been consistently 
observed in different cell lines and multiple types of primary cells 
from different species (26). Furthermore, in both dividing and 
quiescent cells, HIV-1 demonstrates a strong preference for in-
tegration into highly transcribed genes. These findings suggest 
that the features of cellular physiology do not always affect the 
overall retroviral integration patterns (27). Whereas the extent of 
HIV-1’s preference for genic regions positively depends upon the 
transcription level of the genes, interestingly, HIV-1 shows a re-
duced preference for the most highly expressed genes (21, 26). In 
contrast to HIV-1, the integration patterns of gamma-retroviruses, 
such as MLV and PERV, do not depend upon the expression level 
of the genes (23). HIV-1 normally integrates into entire transcrip-
tional units (TUs) without a significant bias for a certain region of 
a gene. In addition, HIV-1 targets oncogenes and the genes in-
volved in cell growth and survival (21). In contrast, HIV-1 dis-
favors CpG islands and does not show any preference for TFBSs 
(16, 22, 26). Interestingly, integrated lentiviral vectors can both 
up- and down-regulate host gene expression, in contrast to MLV 
(20). Another lentivirus, simian immunodeficiency virus (SIV), al-
so shows a similar integration pattern of favoring actively tran-
scribed genes with no preference for TSSs and CpG islands (19, 
28, 29). Therefore, retroviruses and lentiviruses in the same ge-
nus often share similar integration preferences, as illustrated by 
MLV and PERV and HIV-1 and SIV (23).

The first molecular-level impact of viral integration on the host 
is the increased expression of genes that harbor retroviral in-
tegrants or are adjacent to retroviral integrants; this increased ex-
pression can be up to 3-fold compared with the control (26). 

Such effects are particularly apparent in HIV-1-infected cells. 
The site at which retroviruses and lentiviruses integrate into the 
host genome can affect the initiation and progression of disease. 
A study using Cdkn2a /  mice, which develop tumors from can-
cer-triggering genetic changes because of the lack of the Rb1- 
and p53-dependent tumor-suppressor pathways, demonstrated 
that retroviral infection of the mice produced tumors following 
integration at oncogenes and cell cycle controlling genes in a vi-
rus dose dependent manner (30). In contrast, lentiviral in-
fections did not significantly affect the extent of tumor formation 
even at high virus doses, indicating that lentiviral vectors may be 
less tumorigenic than other retroviral vectors (30). 

SEMI-RANDOM INTEGRATION OF RETROVIRUSES

In contrast to MLV, PERV, HIV-1 and SIV, which have strong in-
tegration preferences for particular genomic regions, avian sar-
coma leucosis virus (ASLV), an alpha-retrovirus, has an in-
tegration pattern that cannot be clearly distinguished from a hy-
pothetical random pattern (26). ASLV has only a weak prefer-
ence for actively expressed genes and no significant preference 
for TSSs. A spumavirus, foamy virus (FV), does not show strong 
preference toward either TSSs or active genes (31). Similarly, a 
delta-retrovirus, human T-cell leukemia virus type I (HTLV-I), 
does not have a strong preference for any host genomic features 
except alphoid sequences and demonstrates an almost random 
integration pattern (3). The sequence similarity between the 
ASLV and HTLV-1 integrases, both of which have seemingly ran-
dom-like integration patterns, suggests that the viral integrase 
plays an important role in the selection of sites during in-
tegration (32). Retroviruses with random integration patterns can 
be considered safer platforms for gene delivery vehicles com-
pared with other retroviruses that demonstrate strong integration 
preferences for TSSs or transcribed genes. Random integration 
will have a lower chance of disturbing genes that regulate cell 
growth and survival than integrations targeted to genomic re-
gions enriched in genes or gene regulatory elements. 

Whereas integrated retroviral genomes affect the expression 
of host genes that harbor or are adjacent to the integrants, the 
host genomic environment surrounding the viral genomes also 
affects the expression of viral proteins and genomic RNA, ulti-
mately regulating the production of viral progeny. Such mutual 
genetic effects between proviruses and host cells can lead to 
complications in the initiation and progression of infectious dis-
eases and sporadic cancer, both of which are caused by retro-
viral infections. This scenario has been experimentally observed 
in vivo even in infections with retroviruses that display seem-
ingly random integration patterns. For example, HTLV-I in-
fection often results in an asymptomatic carrier disease state that 
can progress to adult T cell leukemia (ATL) (3, 33). In the carrier 
state, many infected cells harbor viral genomes at random loci 
without a strong bias for TSSs and TUs, but only cells in which 
the viral genome is integrated into the regions not actively tran-
scribed, such as alphoid sequences, can escape from the im-
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The metabolic fate of 3,6-anhydro-L-galactose (L-AHG) is unknown in the global marine carbon cycle. Vibrio sp. strain EJY3 is an
agarolytic marine bacterium that can utilize L-AHG as a sole carbon source. To elucidate the metabolic pathways of L-AHG, we
have sequenced the complete genome of Vibrio sp. strain EJY3.

Microbial degradation of marine algal biomass contributes
considerably to the global marine carbon cycle (1). The

main cellular component of red algal biomass (e.g., Rhodophyta) is
an agar polysaccharide that is composed of 3,6-anhydro-L-galac-
tose (L-AHG) and D-galactose (11, 14). L-AHG is a rare anhydro-
sugar whose metabolic fate and fermentability are completely un-
known to date (4, 12, 16). We isolated a marine agarolytic
bacterium using L-AHG as a sole carbon source from a decom-
posed grapsid crab (Grapsidae) collected from the coast of the
West Sea (Incheon, South Korea). The phylogenetic and molecu-
lar analysis based on the 16S rRNA sequence indicated that the
strain was closely related to Vibrio species, notably Vibrio atypicus
HHS02T (98.9%) (15), Vibrio diabolicus HE800T (98.9%), and
Vibrio mytili LMG 19157T (98.7%).

The genome sequence of Vibrio sp. strain EJY3 was assembled
from two read libraries produced by the Roche 454 genome se-
quencer (GS-FLX) and the Solexa/Illumina genome analyzer
(GA). The read library of GS-FLX is composed of 256,552 paired-
end reads with 3-kb inserts (17-fold coverage), and the GA read
library is comprised of 44,352,754 paired-end reads with about
350-bp inserts (821-fold coverage). Combining two read libraries
with the Newbler gsAssembler 2.3 (454 Life Sciences, Branford,
CT), we obtained 12 scaffolds, including 34 gaps. We arranged and
verified the order of 12 scaffolds by comparing them to the other
known genomes in the Vibrio genus. The 34 gaps in the scaffolds
were filled by local reassembly using the Newbler gsAssembler and
ABI 3730 sequencing of PCR products of the gap region. Gene
finding and annotation were carried out by the NCBI Prokaryotic
Genomes Automatic Annotation Pipeline (PGAAP) (http://www
.ncbi.nlm.nih.gov/genomes/static/Pipeline.html) and RAST
server (2). Finally, the frameshift and homopolymer issues giving
annotation discrepancies were manually inspected using a combi-
nation of BWA (6), GATK (4), IGV (10), SAMtools (7), and
SSAHA2 (9) programs. The genome of Vibrio sp. strain EJY3
showed two circular chromosomes consisting of 3,478,307 bp and
1,974,339 bp with GC contents of 45.0% and 44.6%, respectively.
The large chromosome (chromosome I) has 3,115 coding se-
quences (CDS), 110 tRNA genes, and 8 rRNA operons with one
additional 5S rRNA gene. The small chromosome (chromosome
II) has 1,731 CDS, 13 tRNA genes, and one rRNA operon.

Compared to known microbial agarolytic enzymes (3, 5), four
�-agarase genes belonging to the glycoside hydrolase 50 (GH50)
family were found in chromosome I of Vibrio sp. strain EJY3. The
other typical �-agarases belonging to the GH16 and GH86 family
were not identified in the genome. The agarases of AEX22317.1
(952 amino acids [aa]), AEX22316.1 (1,016 aa), and AEX22315.1
(971 aa) were clustered in the same locus of chromosome I. The
agarase AEX22315.1 showed 97.5% sequence similarity to Aga41A
of Vibrio sp. strain CN41 (8). By means of investigating the full
genome, we anticipate unveiling the unknown metabolic pathway
of L-AHG in Vibrio sp. strain EJY3.

Nucleotide sequence accession numbers. The complete ge-
nome sequence of Vibrio sp. strain EJY3 has been deposited in
NCBI GenBank under accession numbers CP003241 and
CP003242.
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Abstract
The properties of enzymes, which can cause reversible changes in currents through redox
reactions in solution, are of fundamental and practical importance in bio-electrochemical
applications. These redox properties of enzymes are often associated with their charge-trap
sites. Here, we demonstrate that reversible changes in resistance in dried lysozyme (LYS)
films can be generated by an externally applied voltage as a result of charge trap/release.
Based on such changes, LYS can be used as resistive switching active material for nonvolatile
memory devices. In this study, cationic LYS and anionic poly(styrene sulfonate) (PSS) layers
were alternately deposited onto Pt-coated silicon substrates using a layer-by-layer assembly
method. Then, top electrodes were deposited onto the top of LYS/PSS multilayers to complete
the fabrication of the memory-like device. The LYS/PSS multilayer devices exhibited typical
resistive switching characteristics with an ON/OFF current ratio above 102, a fast switching
speed of 100 ns and stable performance. Furthermore, the insertion of insulating
polyelectrolytes (PEs) between the respective LYS layers significantly enhanced the memory
performance of the devices showing a high ON/OFF current ratio of ∼106 and low levels of
power consumption.

S Online supplementary data available from stacks.iop.org/Nano/23/155604/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

The integration of enzymes with electronic elements to
yield functional devices has attracted considerable attention
because of the potential of these devices in applications
such as biosensors and biofuel cells [1–6]. Recent research
efforts have been directed toward the utilization of enzymes
for the assembly of practical memory devices. For example,

4 These authors contributed equally to this work.

it has been shown that ferritin with a large quantity of
Fe ions in its inner cavity of approximately 8 nm could
be converted into magnetite nanoparticles via pyrolysis of
organic components. The resulting nanoparticles could be
used as charge-trap elements in traditional complementary
metal–oxide–semiconductor (CMOS) devices [7, 8]. Another
study has showed how an electrochemical redox reaction
within enzymes, monitored by cyclic voltammetry in an
aqueous buffer solution, can be employed as a electric
memory unit (i.e. oxidation involving charge release and

10957-4484/12/155604+09$33.00 c© 2012 IOP Publishing Ltd Printed in the UK & the USA
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reduction involving charge trap). Although modifications
need to be made to improve their performance and simplify
their fabrication processes to the level of conventional
vacuum-deposited transition-metal-oxide-coated or spin-
coated organic (i.e. synthesized organometallic compounds)
memory devices [9–18], these findings from bio-inspired
memory devices suggest intriguing new potentials of
biomaterials for use in memory devices. Our study has been
motivated based on the possibility that redox reactions within
enzymes in solution can be utilized for nonvolatile memory
in organic devices that operate via charge-trap/release
mechanisms under externally applied voltages in an air
atmosphere. Furthermore, instead of using single layer
structures that are prepared from spin-coating processes, we
relied on intelligently designed heterogeneous film structures
to enhance the memory performance of devices.

Among the various deposition methods available, the
layer-by-layer (LbL) assembly method, which is based on
a solution dipping process and complementary interactions
(i.e. electrostatic, hydrogen-bonding and covalent-bonding
interactions), has been reported to be quite useful in the
preparation of organic and/or inorganic nanocomposite films
that have tailored electrical properties and layer thicknesses
and have various functional components on substrates with
different sizes and shapes [19–30]. The Advincula group
has reported that the nanometer-scale charging of LbL films,
based on conjugated polymers, can provide a write–read
device using current-sensing atomic force microscopy [27].
Recently, the Pal group has reported that electrostatically
assembled multilayers composed of CdSe quantum dots could
exhibit electrical bistability according to an externally applied
voltage sweep [28]. Our group has also reported that LbL
multilayer films containing gold and iron oxide nanoparticles
could be employed as active layers for charge-trap flash [29]
and resistive switching nonvolatile memory devices [16],
respectively.

Here, we demonstrate for the first time the use of
lysozyme (LYS) proteins, in which charge release and
trapping take place, as resistive switching active materials
in nonvolatile memory devices. In this study multilayer
films composed of cationic LYS and anionic polyelectrolyte
(PE) were incorporated onto Pt-coated substrates using the
electrostatic LbL assembly method. We ultimately aimed to
use the LbL assembly method to modulate and significantly
enhance the memory performance (i.e. to obtain a high
ON/OFF current ratio greater than ∼106 and a low level
of current flow) of LYS multilayers additionally taking
advantage of the additional insertion of insulating PEs of
nanoscale thickness. To the best of our knowledge, the finding
of nonvolatile memory functionalities of enzymes and the
control of their memory performance via molecular-level
manipulation of enzyme film architectures have been reported
in detail for the first time in this study. We believe that
our approach will be very effective for the preparation
of bio-inspired memory devices, ultimately allowing easy
modifications of electrical properties, low power consumption
and tailored nanostructures under mild conditions (i.e. room
temperature and an air atmosphere).

2. Materials and Methods

2.1. Preparation of multilayers

The concentrations of LYS (from hen egg white, Sigma
Aldrich), poly(styrene sulfonate) (PSS; Mw = 70 000, Sigma
Aldrich), poly(acrylic acid) (PAA; Mw = 1800, Sigma
Aldrich) and PAH (Mw = 70 000, Sigma Aldrich) solutions
used for all the experiments were 1 mg ml−1. The pH levels
of the LYS, PAH, PSS and PAA solutions were adjusted to
6. For these experiments, LYS and PAH were used as the
cationic components, and PSS and PAA were used as the
anionic components. The anionic surface of the Pt-coated Si
substrates was prepared via irradiation with UV light. These
substrates were dipped in the cationic LYS or PAH solution
for 10 min, washed twice by submersion in water for 1 min,
and then air-dried with a gentle stream of nitrogen. The
anionic PSS or PAA was subsequently deposited onto the
LYS (or PAH)-coated substrates using the same adsorption,
washing, and drying procedures described above. This process
was repeated until the desired number of layers had been
deposited; the resultant multilayer films were then sufficiently
dried to remove the residual moisture under an air atmosphere.

2.2. Quartz-crystal microgravimetry (QCM) measurements

A QCM device (QCM200, SRS) was used to quantify the
mass of the material deposited in each adsorption step.
The resonance frequency of the QCM electrodes was about
5 MHz. The adsorbed mass of the LYS and PSS, �m, can
be calculated from the change in the QCM frequency, �F,
according to the Sauerbrey equation: �F (Hz) = −56.6�mA,
where �mA is the mass change per quartz-crystal unit area in
μg cm−2. Because Kasemo and co-workers have reported that
the correlation described in the Sauerbrey equation (i.e. the
adsorbed mass and the frequency change) is difficult to
observe when applied to viscoelastic, thick or hydrogel layers
that contain water molecules in the solid–liquid interface [30],
the QCM measurements in our study were made only after
the adsorbed layer was sufficiently dried using nitrogen gas.
In addition, the respective thicknesses of the polyelectrolytes
and LYS were less than 2 nm per layer. Therefore, the
polyelectrolytes/LYS multilayers that were adsorbed on the
crystal surface can be regarded as rigid, but evenly distributed
and thin, films that satisfy the Sauerbrey equation.

2.3. X-ray reflectometry

The internal structure and film thickness of LYS/PSS
multilayer films were determined by x-ray reflectivity using
a Cu Kα (λ = 1.54 Å) beam from a narrow line source of a
18 kW Rigaku Ru-300 rotating anode generator.

2.4. Measurement of catalytic properties of lysozymes using
an Enzchek lysozyme assay kit

Fluorescence-labeled Micrococcus lysodeikticus cells were
dissolved in a reaction buffer solution with pH of 7.5 at
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In the mammalian brain, neurogenesis persists throughout adulthood 
in the subgranular zone (SGZ) of the hippocampal dentate gyrus1 
and the subventricular zone (SVZ) of the lateral ventricles2. In these 
niches, neural stem cell (NSC) maintenance, proliferation, and dif-
ferentiation are orchestrated by a delicate balance of microenviron-
mental cues. The importance of such instructive signals in the niche 
is supported by the absence of significant neurogenesis in the adult 
mammalian CNS outside of these regions3,4 and by the development 
of aberrant neurogenesis in patients with pathologies that disrupt the 
natural chemistry of the brain, for example epilepsy5, inflammation6, 
and neurodegenerative diseases7.

In the SGZ, adult neurogenesis entails the activation of quiescent 
type 1 NSCs to produce mitotic, multipotent type 2a NSCs8,9; the 
differentiation of the type 2a NSCs to lineage-committed, prolif-
erative type 2b neuronal precursors and subsequently type 3 neuro-
blasts; and the survival, migration, and maturation of neuroblasts as 
they differentiate into granule cells that synaptically integrate into 
the existing neural network8–10. Each of these stages is regulated by 
signals within the niche. For example, bone morphogenic protein11 
and Notch12,13 signaling modulate the balance between quiescent and 
proliferative NSCs, and Sonic hedgehog14, fibroblast growth factor-2 
(ref. 15), vascular endothelial growth factor16 and Wnt7a17 regulate 
NSC proliferation.

Although there is increasing knowledge of niche factors that regu-
late NSC division, substantially less is known about key signals that 
instruct cells in the SGZ to undergo neuronal differentiation18,19. 
GABA inputs from local neuronal circuitry20 and systemic retinoic 

acid levels21 modulate NSC neuronal fate commitment. Furthermore, 
while neuronal differentiation precedes gliogenesis during CNS 
development, adult hippocampal astrocytes directly induce neuronal 
differentiation of NSCs in vitro via both secreted and membrane-
associated factors22, and the former have since been found to include 
Wnt3a23 and potentially additional secreted signals19. However, the 
membrane-bound astrocytic components22 that may be critical for 
neuronal fate commitment in vivo remain unknown.

Ephrins are a diverse class of glycophosphatidylinositol-linked 
(ephrinA1–6) and transmembrane (ephrinB1–3) cell surface ligands 
that bind Eph receptors (EphA1–10 and EphB1–6) on opposing cell 
membranes to initiate bidirectional signaling24. Ephrin-Eph signaling 
is traditionally known to control the spatial organization of cells and 
their projections by modulating intercellular attractive and repulsive 
forces25. For example, ephrin-Eph signaling instructs topographical 
mapping of hippocampo-septal and entorhino-hippocampal projec-
tions during development26 and regulates neuronal dendrite spine 
morphogenesis and synaptogenesis of adult hippocampal neurons27.

Recent studies have also indicated that ephrin-Eph signaling has an 
earlier role in regulating stem cell behavior. For example, ephrin-A–
EphA signaling promotes embryonic telencephalic NSC differentia-
tion28, and ephrin-B3–EphB3 signaling may exert an anti-proliferative 
effect on NSCs in the developing SVZ29. In the adult CNS, infusion of 
ephrin-B2 or EphB2 ectodomains into the lateral ventricles induced 
SVZ NSC proliferation and disrupted neuroblast migration through the 
rostral migratory stream30. In addition, signaling between ephrin-A2+ 
neural stem cells, and EphA7+ ependymal cells and putative stem cells,  

1Department of Chemical and Biomolecular Engineering, University of California Berkeley, Berkeley, California, USA. 2Life Sciences Division, Lawrence Berkeley 

National Laboratory, Berkeley, California, USA. 3Present address: Department of Biomedical Engineering, Wisconsin Institutes for Discovery, University of Wisconsin 

Madison, Madison, Wisconsin, USA (R.S.A.), Department of Medical and Pharmaceutical Sciences, College of Science, Sookmyung Women’s University, Seoul, Korea 

(K.-I.L.). 4These authors contributed equally to this work. Correspondence should be addressed to D.V.S. (schaffer@berkeley.edu).
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Astrocytes regulate adult hippocampal neurogenesis 
through ephrin-B signaling
Randolph S Ashton1,3,4, Anthony Conway1,4, Chinmay Pangarkar2, Jamie Bergen1, Kwang-Il Lim1,3, Priya Shah1, 
Mina Bissell2 & David V Schaffer1

Neurogenesis in the adult hippocampus involves activation of quiescent neural stem cells (NSCs) to yield transiently 
amplifying NSCs, progenitors, and, ultimately, neurons that affect learning and memory. This process is tightly controlled 
by microenvironmental cues, although a few endogenous factors are known to regulate neuronal differentiation. Astrocytes 
have been implicated, but their role in juxtacrine (that is, cell-cell contact dependent) signaling in NSC niches has not 
been investigated. We found that ephrin-B2 presented from rodent hippocampal astrocytes regulated neurogenesis  
in vivo. Furthermore, clonal analysis in NSC fate-mapping studies revealed a previously unknown role for ephrin-B2 in 
instructing neuronal differentiation. In addition, ephrin-B2 signaling, transduced by EphB4 receptors on NSCs, activated 
b-catenin in vitro and in vivo independently of Wnt signaling and upregulated proneural transcription factors. Ephrin-B2+ 
astrocytes therefore promote neuronal differentiation of adult NSCs through juxtacrine signaling, findings that advance 
our understanding of adult neurogenesis and may have future regenerative medicine implications.
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was shown to suppress proliferation of NSCs in the adult SVZ31. In 
the adult SGZ, ephrin-B3+ neurons in the granule cell layer have 
been proposed to regulate EphB1+ NSC polarity, SGZ positioning, 
and proliferation32. Similarly, in Efna5−/− mice, a decrease in both the 
proliferation of NSCs and the survival and maturation of newborn 
neurons in the adult SGZ was observed33. Thus, ephrin-Eph signaling 
has been shown to affect the proliferation, migration and survival of 
adult NSCs; however, its potential regulation of NSC fate commitment 
remains unknown.

We found that ephrin-B2 presented by hippocampal astrocytes 
instructed neuronal differentiation of NSCs in the SGZ of the adult 
hippocampus. Furthermore, ephrin-B2–EphB4 forward signaling 
induced neuronal differentiation of NSCs by activating -catenin, 
independent of Wnt signaling, and inducing transcription of prone-
ural transcription factors. Our findings describe a juxtacrine signaling 
mechanism by which astrocytes actively regulate neuronal differentia-
tion of NSCs during adult neurogenesis.

RESULTS
Ephrin-B2 and EphB4 expression in the SGZ
In the SGZ, type 1 NSCs express the SRY-box 2 (Sox2) transcrip-
tion factor and stain for glial fibrilary acid protein (GFAP) and 
Nestin along radial granule cell layer (GCL)-spanning or horizontal 
processes13. Type 2a NSCs9 remain Sox2+ and Nestin+, but down-
regulate GFAP expression, and fate-restricted, proliferative type 2b 
neuronal precursors coexpress Sox2 and doublecortin (DCX) while 
downregulating Nestin expression. The latter then mature into 
(Sox2− DCX+) type 3 neuroblasts, which migrate into the GCL and 
become neuronal-specific nuclear protein (NeuN)+ DCX− granule  
neurons8,10,11,13. Alternatively, type 1 NSCs can differentiate into 
stellate, Sox2− GFAP+ hippocampal astrocytes, which are primarily 
located in the hilus adjacent to the SGZ10.

As part of a candidate screen, we investigated ephrin-B2 expression 
in the hippocampal dentate gyrus. Antibody to Ephrin-B2 consist-
ently labeled GFAP+ astrocytes in the hilus, SGZ and molecular layer  

(Fig. 1a,b). In contrast, EphB4, an ephrin-B2 receptor, was expressed 
by Sox2+ DCX−, Sox2+ DCX+, Sox2− DCX+ and Sox2+ GFAP− cells in 
the SGZ, as well as by the majority of cells in the GCL (Fig. 1a,c,d). 
Thus, EphB4 appeared to be expressed in type 2a (Sox2+ DCX− 
GFAP−) NSCs and persisted as these cells became type 2b neuro-
nal precursors (Sox2+ DCX+), type 3 neuroblasts (Sox2− DCX+) and 
eventually granule neurons. Some type 1 NSCs were EphB4+, although 
EphB4 was not expressed at levels detectable by immunostaining in 
many cells (data not shown). Overall, these results indicate that astro-
cytes are a source of ephrin-B2 ligand in the dentate gyrus and suggest 
that EphB4-expressing NSCs, neuronal precursors and neuroblasts 
contact these ligand-expressing astrocytes (Fig. 1e,f).

Ephrin-B2 increases neurogenesis in vitro and in vivo
Ephrin-Eph signaling begins with clustering of multiple ligand-receptor  
complexes at sites of cell-cell contact24. Thus, to initially explore a 
possible role for ephrin-B2 in regulating NSC fate, we added antibody-
clustered ephrin-B2–Fc fusion molecules (Fc–ephrin-B2)34 to adult 
hippocampus–derived NSCs in culture and found that they induced 
a strong, dose-dependent increase in NSC neuronal differentiation 
(Fig. 2a,b). No biological activity was observed with monomeric, 
unclustered ephrin-B2 and Fc, consistent with previous findings30,34, 
and no proliferative effect was observed under any conditions (data not 
shown). To investigate which receptor mediated Fc–ephrin-B2’s acti-
vity, we pre-incubated the NSCs with an antibody to either EphB2 or 
EphB4, two known ephrin-B2 receptors, before adding Fc–ephrin-B2.  
Inhibition of EphB4, but not EphB2, significantly reduced Fc–ephrin-B2  
induction of neuronal differentiation (P = 0.002; Fig. 2c), indicating 
that EphB4 receptors mediate the proneuronal effect of Fc–ephrin-B2.  
Reverse transcription PCR (RT-PCR) and immunocytochemistry  
results confirmed that hippocampus-derived NSCs express EphB4  
(Fig. 2d), in contrast with SVZ NSCs, which reportedly do not express 
this receptor (ref. 30).

Given our staining and in vitro results, we hypothesized that astro-
cytic ephrin-B2 actively promotes neuronal differentiation of NSCs 

a
Ephrin-B2/GFAP/Sox2/DAPI EphB4/GFAP/Sox2

b
Ephrin-B2/GFAP/

Sox2/DAPI

c
EphB4/DCX/Sox2/DAPI

d
EphB4/GFAP/Sox2/DAPI

e EphB4/ephrin-B2/Sox2 f
Ephrin-B2/DCX/Sox2/DAPI

Figure 1 In vivo, SGZ type 2a NSCs, type 2b neuronal precursors and type 3  

neuroblasts express EphB4, and hippocampal astrocytes express ephrin-B2.  

(a) Staining of the hippocampal dentate gyrus revealed that GFAP+ hilar (H)  

astrocytes expressed ephrin-B2. In addition, cells in the SGZ and neurons  

in the granule cell layer (GCL) expressed EphB4 on the cell soma. Scale  

bars represent 100 m. Black lettering corresponds to white in images throughout.  

(b) GFAP+ astrocytes adjacent to the SGZ coexpressed ephrin-B2. (c,d) EphB4  

expression persisted throughout NSC neuronal differentiation, including type 2a  

NSCs (Sox2+ DCX− GFAP−), type 2b neuronal precursors (Sox2+ DCX+) and  

type 3 neuroblasts (DCX+). Confocal images in c show EphB4 expression in  

Sox2+ DCX− cells (large arrowheads) in the SGZ. The magnified region depicts the presence of EphB4 expression on a Sox2+ DCX+ type 2b neuronal 

precursor (small arrowheads) and a DCX+ type 3 neuroblast (arrows). Confocal images in d show EphB4 expression by Sox2+ GFAP− cells (small 

arrowheads); thus, Sox2+ DCX− GFAP− type 2a NSCs also expressed EphB4. (e,f) Given the close proximity of ephrin-B2+ astrocytes to EphB4+ cells 

in the SGZ, ephrin-B2–EphB4 juxtacrine signaling is in a position to induce NSC differentiation into Sox2+ DCX+ type 2b neuronal precursors (small 

arrowheads) and subsequently Sox2− DCX+ type 3 neuroblasts (arrows). The scale bars represent 10 m (b–f). Crosshairs represent the position of x-z 
(right panel) and y-z (bottom panel) orthogonal slices of the confocal stack depicted in the image (b,d,e).
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INTRODUCTION

Breast cancer is one of the most common cancers and the 
second leading cause of cancer death in American women 
according to the estimation by the American Cancer Society 
(ACS). Over 200,000 new cases of breast cancer are diag-
nosed each year and more than 40,000 deaths have been re-
ported in women in the USA in 2010 alone (Jemal et al., 2010). 
Despite advances in early detection, therapeutic regimens, 
and understanding the molecular basis of breast cancer biol-
ogy, nearly 30% of all patients with early stage breast cancer 
have recurring disease, which is metastatic in most cases. 
Breast cancer is a hormone-dependent tumor and estrogen is 
known to play a major role in the initiation and progression of 
the disease. Biological actions of estrogen are mediated with 
the estrogen receptor (ER) and nearly 70% of breast tumors 
express the ER, progesterone receptor (PR), and/or estrogen-
responsive and ER-dependent gene products. Therefore, tar-
geting the ER using ER antagonists or antiestrogens has been 
a reliable therapeutic measure for all stages of the disease in 
both pre- and postmenopausal women.

Tamoxifen is a triphenylethylene derivative pharmacologi-
cally classi� ed as a selective ER modulator (SERM) that acts 
as an agonist in the uterus but as an antagonist in the breast. 
Tamoxifen is the most commonly used chemotherapeutic 
agent for patients with ER–positive breast cancer, which rep-
resents almost 70% of all cases. In the hormone-sensitive 
breast, tamoxifen acts as a partial antagonist, impairing ER 

Tamoxifen is a central component of the treatment of estrogen receptor (ER)-positive breast cancer as a partial agonist of ER. It 
has been clinically used for the last 30 years and is currently available as a chemopreventive agent in women with high risk for 
breast cancer. The most challenging issue with tamoxifen use is the development of resistance in an initially responsive breast 
tumor. This review summarizes the roles of ER as the therapeutic target of tamoxifen in cancer treatment, clinical values and is-
sues of tamoxifen use, and molecular mechanisms of tamoxifen resistance. Emerging knowledge on the molecular mechanisms 
of tamoxifen resistance will provide insight into the design of regimens to overcome tamoxifen resistance and discovery of novel 
therapeutic agents with a decreased chance of developing resistance as well as establishing more ef� cient treatment strategies.

Key Words: Breast cancer, Estrogen receptor, Tamoxifen, Antiestrogen resistance
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Abstract

function by competing with estrogen for binding to the recep-
tor (Banerjee et al., 2003). Tamoxifen bound ER complex pre-
vents the genes from being switched on by estrogen, leading 
to inhibition of estrogenic effects, which are responsible for 
cancer cell growth or proliferation (Chang et al., 2007). Many 
ER-positive patients regardless of the high level of ER demon-
strate intrinsic resistance to hormonal therapies. A substantial 
proportion of patients with localized disease and all nearly with 
advanced disease who initially respond to tamoxifen develop 
de novo or acquired resistance (EBCTCG, 2005). Interest-
ingly, many patients who relapse on tamoxifen therapy will 
respond to different types of hormonal manipulation including 
either ER downregulators/ER angatonists or aromatase inhibi-
tors (AIs), implying that ER continues to play a major role in 
breast cancer progression (Pike et al., 1993; Forbes et al., 
2008; Mouridsen et al., 2009). 

Although the molecular mechanisms underlying resistance 
to tamoxifen remains unclear, various mechanisms have 
been proposed; for example, differential metabolic activation 
of tamoxifen, loss of ER function/expression, alterations in 
crosstalk between ER and growth factor-mediated signaling 
pathways, the presence of ER-negative cancer stem cells, 
and dynamic responses to oxidative stress. 

This review will focus the molecular basis of the ER-me-
diated mammary carcinogenesis, clinical use of tamoxifen in 
breast cancer treatment targeting the ER, and various molecu-
lar mechanisms of tamoxifen resistance. A better understand-
ing of the mechanisms for tamoxifen resistance may provide 
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Fig. 1. Schematic representation of the common structural and 
functional domains of ER� and ER�. The cDNA coding for ER is 
composed of 8 exons. The functional domains of the receptors are 
indicated (A-F), as are the regions responsible for transcriptional 
activation, DNA binding, ligand binding, and heat shock protein 
(hsp) 90 binding. The percentage of amino acid homology between 
regions A through F in ER� and ER� is indicated by the numbers 
written on the structure of ER�. Two transcriptional activation do-
mains, activation function (AF) domains are present in the A/B and 
E region of the ERs.

novel strategies to overcome or bypass tamoxifen resistance 
and make further improvements in cancer therapeutics. Fi-
nally, this review will suggest future directions on tamoxifen-
associated endocrine therapies. 

 
THE BIOLOGY OF ESTROGEN RECEPTOR-MEDIATED 
SIGNALING IN MAMMARY CARCINOGENESIS

Mechanisms of action of the estrogen receptors
Two ERs, ER� and ER�, belong to the nuclear receptor 

(NR) family of transcription factors (Greene et al., 1986). Both 
receptors are encoded by unique genes composed of eight 
exons, which are located on different chromosomes with 
ER� found on the long arm of chromosome 6 and ER� on 
chromosome 14 (Fig. 1) (Chang et al., 2002). They contain 
the evolutionarily conserved modular structure of functional 
domains characteristic of many other NR families (Mangels-
dorf et al., 1995). The central and most conserved domain, 
the DNA-binding domain (DBD), is involved in DNA recogni-
tion and binding, and exhibits a high degree of homology be-
tween both ER� and ER� (Fig. 1). Another functional domain 
includes the ligand-binding domain (LBD), which occurs near 
the C-terminal with 60% homology between two ERs. The N-
terminal domain represents the most variable domain where 
homology between two ERs was found to be only 18%. In 
addition, hinge (E region) and F regions are also not well con-
served (Mosselman et al., 1996). Transcriptional activation is 
facilitated by two distinct activation functions, AF-1 and AF-2. 
From the structural and functional points of view, it is reason-
able to conclude that the two ERs interact with the same DNA 
response elements and have similar binding af� nities for 17�-
estradiol (E2) (Kuiper et al., 1997). 

Binding of E2 to its receptor, ER�/�, ampli� es signals in ei-
ther the genomic, nongenomic, or mitochondrial ER-mediated 
signaling pathways that lead to increased cell proliferation and 
inhibition of apoptosis, uncontrolled cell division or growth and 

tumor promotion (Björnström and Sjöberg, 2005). Molecular 
pathways for ER-mediated signaling transduction are found 
elsewhere (Heldring et al., 2007) and therefore, they will not 
be discussed in this review.

Tamoxifen binds to the ER and undergoes conformational 
change in a similar fashion in which E2 interacts with the ER, 
except for the repositioning of helix 12 (Shiau et al., 1998). 
Analysis of the E2-ER LBD complex showed that helix 12 is 
packed against helix 3, 5/6, and helix 11, sealing the ligand 
binding pocket like a lid (Brzozowski et al., 1997). This con-
formation allows the speci� c amino acids in the AF-2 region 
to interact with coactivators for transcriptional activation of 
the target genes. In the 4-OHT [4-hydroxytamoxifen is the ac-
tive metabolite of tamoxifen in vivo (Jordan, 1977; Jordan et 
al., 1977)]-ER LBD complex, helix 12 binds to and occludes 
the coactivator recognition site. The binding mode of the side 
chain of 4-OHT results in repositioning of helix 12 that pre-
vents the binding of coactivators and thus AF-2 transcription 
is blocked. Therefore, tamoxifen acts as an ER antagonist on 
genes which depend on AF-2 activation for ER-mediated tran-
scription. On the other hand, tamoxifen may function as an 
agonist in the transcription of genes where the AF-1 domain, 
instead of AF-2 plays a critical role in transcription (McGuire 
et al., 1977; Tzukerman et al., 1994). The presence of cell or 
tissue-speci� c AF-1 or AF-2-activated genes may explain the 
differential agonistic or antagonistic activity of tissue-speci� c 
tamoxifen. The potential for the agonist activity of tamoxifen 
to outweigh its antagonist effects may serve as one of the 
molecular ER-mediated mechanisms of tamoxifen resistance. 
Since the therapeutic target for breast cancer intervention 
is the ER�, ER refers to ER� throughout this review unless 
speci� ed otherwise.

Estrogen and ER-mediated carcinogenesis
Estrogen is implicated in the development of breast can-

cer, based on the data from the relationship between life-time 
estrogen exposure and cancer incidence (Henderson and 
Feigelson, 2000). The greater increase in the risk of develop-
ing breast cancer, the longer women are exposed to estrogen 
either through early onset of menstruation, nulliparity, delayed 
� rst childbirth, short duration of breast feeding, late meno-
pause, and estrogen replacement therapy. Estrogens are 
considered to play a critical role in promoting the proliferation 
of both the normal and the neoplastic breast epithelium. The 
most biologically active estrogen, E2, acts locally in the mam-
mary gland, stimulating DNA synthesis and promoting bud 
formation through an ER-mediated mechanism (Russo et al., 
2000). The fact that the normal epithelium contains receptors 
for estrogen lends support to the receptor-mediated mecha-
nism as a major player in the hormonal regulation of breast 
development. The role of estrogen on the proliferative activity 
of the breast, which is indispensable for its normal growth and 
development, has been for a long time the subject of contro-
versy (Russo and Russo, 2006). Experimental animal systems 
and clinical observations, however, support the carcinogenic-
ity of estrogens. There are three major mechanisms that have 
been considered as the molecular mechanisms underlying the 
estrogen-induced carcinogenesis; 1) ER-mediated hormonal 
activity, which has been related to stimulation of cell prolifera-
tion and rates of cell division, resulting in more opportunities 
for accumulation of genetic damages (Russo et al., 1988; Ha-
bel and Stanford, 1993; Russo et al., 1999), 2) direct geno-
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a b s t r a c t

Metabolism of LB42908, a novel farnesyl transferase inhibitor, was investigated for preclinical develop-
ment. In vitro hepatic metabolism of LB42908 gave rise to at least 9 metabolites via phase I biotransfor-
mation pathways, which were characterized by HPLC-UV, LC-MS, and LC-MS/MS analyses. N-
Dealkylation was shown to be a major phase I metabolic pathway. Species-specific in vitro metabolism
of LB42908 was studied in liver fractions of rat, dog, monkey, and human. Order of metabolic stability
is human � dog > rat �monkey in both S9 and microsomal fractions. Tissue-specific metabolism of
LB42908 in various tissue homogenates of rats demonstrated that the liver was the major organ respon-
sible for phase I metabolism of LB42908. The results from both qualitative and quantitative metabolism
studies such as metabolic profiling and metabolic clearance indicated that dog would be the animal
model of choice for preclinical toxicology studies. In addition, LB42908 was a potent CYP3A4 inhibitor
in human liver microsomes and induced the activities of several CYP isozymes, implying that it has
the potential for drug–drug interactions. Repeated dosing of LB42908 in rats did not significantly affect
its own metabolism, indicating that long-term administration of LB42908 would not alter its pharmaco-
kinetic profiles.

� 2012 Elsevier Ltd. All rights reserved.

Farnesyl transferase is a molecular target of interest in cancer
therapy.1 It catalyzes a key step in coupling of an aliphatic isopren-
oid group to a wide range of target proteins. Farnesyl transferase
inhibitors (FTIs) are a new class of biologically active anticancer
agents that specifically inhibit FT and target Ras, a G-protein with
4 isoforms (H-, N- and K-RasA/K-Ras B), that requires prenylation
for its activity.2,3 Ras plays a pivotal role in relaying cell growth-
stimulating signals, and mutation of the ras gene may lead to con-
stant activation of the protein, ultimately resulting in uncontrolled
cell proliferation. The antiproliferative and antitumor activities of
FTIs have been demonstrated in preclinical and clinical studies.
However, it has become clear in many instances that Ras may
not be the critical or only target of FTIs.4,5 These observations sug-
gest the possibility that many other protein targets containing

CAAX are subject to farnesylation by FT and may be potential tar-
gets for FTI.6 Clinical trials of FTI monotherapy produced just mod-
est efficacy, which was contributed to the alternative prenylation
of Ras and some other proteins by GGTase-1.7,8 Recently observed
synergistic efficacy in both preclinical and clinical studies reignited
interest in FTI as an anticancer agent.9

LB42908, [1-{[1-(1,3-benzodioxole-5-ylmethyl)-1H-imidazole-
5-yl]methyl}-4-(1-naphthyl)-1H-pyrrole-3yl](4-methyl-1-piperaz-
inyl)methanone, is a novel pyrrole-based FTI developed as an anti-
cancer drug (Structure in Fig. 1). Its antitumor activity is believed
to be derived from suppressing the growth of tumors with an acti-
vated ras oncogene. It displayed excellent antitumor activities in
both in vitro and in vivo animal models and had a high oral bio-
availability in preclinical models.10,11 However, systemic exposure
level and clearance in male Sprague–Dawley (SD) rats following
oral administration of LB42908 showed significant gender differ-
ences. In addition, pretreatment of female rats with dexametha-
sone (known as a CYP3A inducer) caused elevated clearance and
a decrease in oral absorption. Since the pharmacokinetic profile
of a compound is the primary determinant of its efficacy and safety
during the drug development process, preclinical studies of a can-
didate compound provide a great understanding and opportunity
to evaluate its potential as a candidate for clinical development.
Our preclinical investigation of LB42908, including pharmacology,
absorption, and distribution, prompted us to investigate the
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metabolism of LB42908 to determine whether to proceed further
with preclinical and/or clinical development of LB42908. In partic-
ular, it was expected that species-specific in vitro or in vivo metab-
olism studies would provide meaningful information on the
metabolic clearance pattern of LB42908 and that the study results
would help us choose preclinical species for further preclinical
development prior to a first-in-man study. Inhibitory and inductive
effects of a specific cytochrome P450 (CYP) isozyme by LB42908

were examined to explore the potential of LB42908 in drug–drug
interactions as part of a preclinical investigation of drug safety.
In this Letter, we describe the metabolic pathways, metabolite
identification, and metabolic profiling of LB42908 in four different
species, namely, rat, dog, monkey, and human. The effects of
LB42908 on CYP activities in vivo will also be discussed.

NADPH-dependent phase I metabolism of LB42908 was
confirmed in liver fractions including S9 and microsomes of rat
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Abstract. Peroxiredoxin 5 (Prx5) is a member of a family 
consisting of six antioxidant enzymes. Prx5 is ubiquitously 
expressed in various tissues including mitochondria and 
peroxisomes, implying that Prx5 functions as a regulator of the 
cellular oxidation state. Prx5 plays a critical role in protecting 
cells from oxidative stress by inhibiting the accumulation of 
reactive oxygen species and cell death. Overexpression of 
Prx5 in mammary tissue is associated with poor prognosis of 
breast cancer. The present study was conducted to elucidate 
the regulatory mechanisms of Prx5 gene expression and the 
physiological relevance of Prx5 in breast cancer cell survival. 
Analysis of the promoter region of the Prx5 gene and reporter 
gene assays revealed the promoter region critical for Prx5 gene 
regulation to which the novel negative transcription regulator, 
GATA1 binds in human breast cancer cell lines. GATA1 was 
��������	
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���������
�������������	�����
����	�
���
�������
gene expression in another set of transfection assays using 
a reporter gene construct that contained a mutated GATA1 
binding site. Direct binding of GATA1 to the Prx5 promoter 
was demonstrated using chromatin immunoprecipitation and 
electrophoretic mobility shift assays. Finally, functions of Prx5 
associated with apoptosis were examined in two human breast 
cancer cell lines displaying high levels of either Prx5 or GATA1 
expression. Knockdown of GATA1 led to increased expression 
of Prx5 and inhibition of apoptosis. Our data suggest that Prx5 
may protect cells from oxidative stress-mediated apoptosis in a 
GATA1-regulated manner.

Introduction

Peroxiredoxins (Prxs) are a family of antioxidant enzymes that 
regulate the levels of reactive oxygen species (ROS) in cells 
(1). Since ROS are involved in necrotic or apoptotic cell death 
as well as the control of signal transduction, critical roles of 
Prxs include protecting cells against oxidative stress as well 
as serving as redox regulators of signal transduction (2,3). 
Knock-out of Prxs 1, 2, 3, or 6 in various animal or cell models 
results in abnormal physiological conditions such as anemia, 
malignancies, disruption of hematologic homeostasis, increased 
���	������������
���
�����

��
�������
��������
������������
span, and accelerated senescence (4-8). It has been noted that 
such effects are rescued upon overexpression of Prxs or cata-
lase, implying a role of antioxidant Prxs and hydrogen peroxide 
(H2O2) (4,9,10).

There are six mammalian Prxs which all contain the 
conserved cysteine residue(s) responsible for peroxide scav-
enging. Prx1 through Prx5 have two catalytically-active 
cysteine residues whereas Prx6 has only one cysteine residue. 
The human Prx5 gene was cloned in 1997 and the full cDNA 
of this gene was isolated and sequenced in 1999 (11,12). Crystal 
structure studies and site-directed mutagenesis of human Prx5 
suggested the functional importance of two cysteines (Cys47 
and Cys151) as well as the role of Prx5 as an antioxidant (2,13). 
Human Prx5 gene organization as well as its promoter have 
been studied (14) and the expression of Prx5 in concert with 
Prx1 is regulated by interaction between the Ets transcription 
factor and high mobility protein group B1 in prostate cancer 
cells (15). However, the promoter-driven regulatory mechanisms 
of Prx5 gene and endogenous factors that modulate Prx5 gene 
expression remain unclear.

Prx5 is found in various cell compartments including the 
cytosol as well as the major intracellular sources of ROS, 
namely mitochondria and peroxisomes, suggesting that it may 
have an important role as a signaling molecule and antioxidant 
���
�������������!"�#�����
�
��	����
����
���������$��������������
by its ability to prevent p53-induced apoptosis (3), inhibit 
various types of DNA damage (16,17), and suppress TNF-%-
mediated accumulation of H2O2 (2). Overexpression of Prx5 
in lung cancer cells has been associated with the protection of 
cells from apoptosis, implying that Prx5 prevents apoptosis or 
oxidative damage (18). In addition, the physiological roles of 
Prx5 were examined in Drosophila where Prx5 is thought to 

GATA-binding protein 1 is a novel transcription regulator 
of peroxiredoxin 5 in human breast cancer cells

MIN JI SEO1,  XIYUAN LIU1,  MINSUN CHANG2  and  JONG HOON PARK1

Departments of 1Biological Science and 2Medical and Pharmaceutical Science, Sookmyung Women's 

University, 52 Hyochangwon Road, Yongsan-gu, Seoul 140-742, Republic of Korea

Received August 8, 2011;  Accepted September 28, 2011

DOI: 10.3892/ijo.2011.1236

Correspondence to: Dr Jong Hoon Park, Department of Biological 
Science, Sookmyung Women's University, Seoul 140-742, Republic 
of Korea
E-mail: parkjh@sookmyung.ac.kr

Dr Minsun Chang, Department of Medical and Pharmaceutical 
Science, Sookmyung Women's University, Seoul 140-742, Republic 
of Korea
E-mail: minsunchang@sookmyung.ac.kr

Key words: peroxiredoxin 5, GATA1, breast cancer, apoptosis, 
transcription factor



SEO et al:  GATA1 REGULATION OF Prx5 EXPRESSION IN BREAST CANCER CELLS656

be involved in the modulation of immune responses and protec-
tion against oxidative stress that may lead to longevity (7,19). 
Interestingly, expression of Prx5 was shown to be dependent on 
tissue type and grade of breast and its expression was induced in 
response to ROS, indicating that Prx5 is involved in mammary 
tumorigenesis (20). The mechanistic roles and pathways of Prx5 
in gene regulation, apoptosis, and carcinogenesis should be 
studied further to provide insights into the pathophysiological 
roles of Prx5 in breast cancer cells and tissues.

Our present study investigated the role of Prx5 in cell 
survival and apoptosis in human breast cancer cell lines and 
a novel regulatory mechanism of Prx5 gene expression. Our 
results showed that expression Prx5 gene was breast cancer 
	������������	��	"�&*+<�	����������������
�����	��

����������	�
agent adriamycin MCF7-Adr showed high expression levels of 
Prx5 whereas MDA-MB-231 cells had low Prx5 expression 
levels. Both cell types are associated with multi-drug resistance 
and serious malignancies compared to other breast cancer cell 
lines (21). Analysis of the Prx5 promoter region revealed that 
the 500 bp core region was responsible for gene regulation and 
����������������������	�����
���������
��
�������������������������
two cell lines. We demonstrated that Prx5 may help protect cells 
against oxidative stress-mediated apoptosis in a DNA binding 
factor (GATA1)-dependent manner. In addition, we suggest 
that GATA1 acts as a transcription repressor of the Prx5 gene 
and that GATA1 is associated with Prx5 during apoptosis in a 
human breast cancer cell model.

Materials and methods

Cell culture and reagents. MCF7s cell line is a steroid-sensitive 
sub-line developed from MCF7 human breast cancer cells and 
was provided by Dr Robert Clarke (Lombardi Cancer Center, 
Georgetown University, Washington D.C. USA) (22). It is grown 
in cultured in RPMI-1640 supplemented with 10% fetal bovine 
serum (FBS) and 1% antibiotic-antimycotic solution. MCF7-Adr 
cell line, a MCF7-derived line resistant to adriamycin, has been 
previously characterized (23). Both MCF7-Adr and MDA-MB-
231 (American Tissue Culture Collection, GA, USA) cells 
were grown in DMEM supplemented with 10% FBS and 1% 
antibiotic-antimycotic solution. Cells were maintained in a 
��
��������>�*?2���

����������Q<V*"�Z���	����	����������������
were purchased from WelGENE (Daejeon, South Korea). 
Restriction endonucleases and T4 DNA ligase were purchased 
from Fermentas MBI (Amherst, NY, USA). Pfu polymerase was 
obtained from Takara Bio Inc. (Shiga, Japan). Oligonucleotides 
were synthesized by GenoTech (Daejeon, South Korea). Other 
molecular biology reagents were purchased from Sigma-Aldrich 
(St. Louis, MO, USA) unless stated otherwise.

Plasmid construction. The 3000 bp Prx5 promoter region 
was amplified by polymerase chain reaction (PCR) using 
the forward primer 5'-GAAGATCTGACAGCCGACGCA 
ACTACAAATG-3' and reverse primer 5'-CCCAAGCTT 
TCGCTGTCGCTGTCTGACCAGATGTC-3'. The PCR product  
was isolated by gel electrophoresis and digested with BglII 
and HindIII (sites underlined in the primers) to generate 
the sticky ends for ligation with the expression vector. The 
�������
��	��[������	�
�������
�����������
��
���
��
������
luciferase reporter gene in the pGL3-basic vector (Promega, 

Madison, WI, USA). The resulting construct was designated 
as pGL3-p3000. A series of reporter gene plasmids containing 
various portion of the 3000 bp Prx5 promoter region were 
generated using pGL3-p3000 as a template. The forward PCR 
primer sequences used for each promoter-reporter construct 
are listed in a Table I. The number shown in the designation 
of each plasmid represents the approximate distance from the 
translation start site in the Prx5 gene. In addition, a pGL3-F500 
construct which contains 500 bp upstream of the translation 
start site in the Prx5 gene was generated using pGL3-p3000 
as template plasmid DNA with the following primers; 
5'-GAAGATCTACATGCGAGCTCAGCAGATTGTGGG-3' 
(forward) and 5'-GGGAAGCTTCGCCTCCACTGCGCAGGC 
GCGAGC-3' (reverse).

Site-directed mutagenesis. The promoter regions of three 
target genes, Ets-like gene 1 (ELK1), NF-E2-related factor 2 
(Nrf2), and GATA-binding protein 1 (GATA1), were subjected 
to site-directed mutagenesis to study the function of each gene 
as potential Prx5 gene regulators. Site-directed mutagenesis 
was performed using Quikchange site-directed mutagenesis 
kit (Stratagene, La Jolla, CA, USA) according to the manu-
facturer's instructions. Three constructs containing mutated 
sequences in the transcription binding sites were generated to 
���$������	�������	�����
����	�
����

����������
��������	��	�
region of the Prx5 promoter region using the primers listed in 
Table II. The mutated sites are underlined as follows: mtELK1 
(AACCGGAAGT�AACCTTAAGT), mtNrf2 (CCGGAAG 
CGTCT�CCTTCCGCGTCT), and mtGATA1 (GGGATAG 
AC�GGGATTCAC).

Transfection and luciferase reporter assay. Luciferase tran-
scription was quantitated by transient transfection of various 
pGL3 constructs containing the respective DNA sequences 
corresponding to the promoter regions of Prx5 gene as well as 
������������	�����������
���������"�*�����[�����������������]5 
cells/well in a 6-well plate and the appropriate pGL3 plasmid 
(2 μg/well) was transfected into the cells 24 h after seeding 
using FuGENE HD transfection reagent (Roche, Basel, 
Switzerland) according to the manufacturer's instructions. 
The cells were cotransfected with a phRL-CMV plasmid 
(Promega) encoding Renilla luciferase to normalize lucif-
erase activity. Luciferase activity 24 h after transfection was 
measured using a Dual Luciferase Assay system (Promega) 
according to the manufacturer's instructions with a Victor3™ 
(PerkinElmer, Waltham, MA, USA) in a 96-well plate format. 
Data are reported as the relative luciferase activity calculated 
by dividing firefly luciferase activity by Renilla luciferase 
activity.

Reverse transcription polymerase chain reaction (RT-PCR). 
Total cellular RNA was extracted and reverse transcribed as 
���	��������
$�"�#������
����������
����
��_������	���
��
��
������
������	��	�������[��������
��
[�`�{Z#Z����|�*###*Z�
GGTGTACCCATTGCT-3' (forward) and 5'-TAGGTAGTG 
GCCTGTCCTGTC-3' (reverse); Prx5, 5'-ACGGTGCAGTGA 
AGGAGAGT-3' (forward) and 5'-ACATTCAGGGCCTTCACT 
ATG-3' (reverse); and GAPDH, 5'-CCATCCAATCGGTAG 
TAGCG-3' (forward) and 5'-GTAACCCGTTGAACCCCATT-3' 
(reverse). PCR was performed with a GeneAmp PCR system 
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We derive Harnack-type inequalities for non-negative solutions of the porous medium
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1. Introduction

Harnack inequalities are well known not only for the elliptic equations but also for
parabolic equations. For the heat equation

∂

∂t
u = Δu, t > 0,

it is known that a positive solution satisfies the inequality

u(x2, t2) ≥
(

t1
t2

)n
2

u(x1, t1) exp
(
−‖x2 − x1‖2

4(t2 − t1)

)
, (1.1)

where 0 < t1 < t2, and xi ∈ R
n. In the case of complete Riemannian manifolds

with non-negative Ricci curvature, a nice extension of (1.1) was studied by Li and
Yau [6].
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Furthermore, there has been important works on Harnack inequalities for various
types of nonlinear parabolic equations (e.g. [3–5]). Di Benedetto studied Harnack
inequalities for solutions of degenerate parabolic equations (see [4]), especially
he showed the following intrinsic Harnack-type inequality for the porous medium
equation.

Theorem 1.1 ([4]). For an open subset Ω ⊂ R
n, let u ≥ 0 be any local weak

solution of the porous medium equation ut(x, t) = Δum(x, t) in Ω× (0, T ]. Assume
that u(x̄, t̄) > 0 for some (x̄, t̄) ∈ Ω× (0, T ]. Then there exist two constants C0, C1

depending only upon m and n such that

u(x̄, t̄) ≤ C0 inf
x∈BR(x̄)

u(x, t̄ + θ),

where

θ =
C1R

2

[u(x̄, t̄)]m−1
,

provided B2R(x̄)× (t̄− θ, t̄ + θ) is contained in Ω× (0, T ].

Also, Auchmuty and Bao studied pointwise bounds of solutions of parabolic
equations which could be degenerate (see [3]). Precisely, they showed that for pos-
itive solutions of the porous medium equation

∂u

∂t
= Δ(uM ), t > 0, x ∈ R

n, M > max
{

0, 1− 2
n

}
, M �= 1,

the following estimate holds:

f(x2, t2) ≥
(

t1
t2

)μ [
f(x1, t1)− δ

4
|x2 − x1|2

tδ2 − tδ1

1
tμ1

]
,

where f =
(

M
M−1

)
uM−1, μ = M−1

M−1+ 2
n

, δ = 1− μ.
In this paper, we mainly deal with intrinsic Harnack-type inequalities for the

porous medium equation on a complete Riemannian manifold with non-negative
Ricci curvature. Especially, we extend Theorem 1.1 to the case of Riemannian
manifold with non-negative Ricci curvature by using gradient estimates similar
to [3, 6].

We refer [1] for detail on the porous medium equation. Also throughout this
paper, M is assumed to be an n-dimensional complete Riemannian manifold with
the non-negative Ricci curvature unless otherwise stated. Also, we denote ρ, ∇,
and Δ by the Riemannian distance function, the Riemannian connection, and the
Laplace–Beltrami operator on M , respectively.

1250009-2
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Abstract
In this paper we obtain some new bounds for Chebyshev polynomials and their
analogues. They lead to the results about zero distributions of certain sums of
Chebyshev polynomials and their analogues. Also we get an interesting property
about the integrals of certain sums of Chebyshev polynomials.
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1 Introduction
Let Tn(x) andUn(x) be the Chebyshev polynomials of the first kind and of the second kind,
respectively. These polynomials satisfy the recurrence relations

T(x) = , T(x) = x, Tn+(x) = xTn(x) – Tn–(x) (n≥ )

U(x) = , U(x) = x, Un+(x) = xUn(x) –Un–(x) (n≥ ).
()

Chebyshev polynomials are of great importance in many areas of mathematics, particu-
larly approximation theory. Many papers and books [, ] have been written about these
polynomials. Chebyshev polynomials defined on [–, ] are well understood, but the poly-
nomials of complex arguments are less so. Reported here are several bounds for Cheby-
shev polynomials defined on C including zero distributions of certain sums of Chebyshev
polynomials. Moreover, we will introduce certain analogues of Chebyshev polynomials
and study their properties. Also we get an interesting property about the integrals of cer-
tain sums of Chebyshev polynomials.
Other generalized Chebyshev polynomials (known as Shabat polynomials) have been

introduced in [] and they are studied in the theory of graphs on surfaces and curves over
number fields. For a survey in this area, see [].
For n≥  and  – ε >  + ε ≥ , i.e., ≤ ε < /, we let

Tn,ε(z) := ( + ε)
(
Tn(z) – Tn()

)
+ Tn(),

Un,ε(z) := ( – ε)
(
Un(z) –Un()

)
+Un().

In detail,

Tn() =Un() =

⎧⎨
⎩
 if n is odd,

(–)n/ if n is even,

T,ε(z) =U,ε(z) = T(z) =U(z) = ,

© 2012 Kim; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribu-
tion License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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and it is easy to show that for an odd integer n,

Tn+,ε(z) = zTn,ε(z) – Tn–,ε(z),

Un+,ε(z) = zUn,ε(z) –Un–,ε(z).

Since Tn,(z) = Tn(z), we may apply results about Tn,ε(z) to those about Tn(z). ButUn,(z) =
Un(z) and ε was a nonnegative real number less than /, and so properties of Un(z) will
be investigated separately from those of Un,ε(z).

2 New results
In this section we list some new results related to the bounds of Chebyshev polynomials
Tn(z), Un(z) and their analogues Tn,ε(z), Un,ε(z) defined on C including zero distributions
of certain sums of Chebyshev polynomials and their analogues. And we will get an inter-
esting property about the integrals of certain sums of Chebyshev polynomials. We first
begin with properties about bounds of Tn(z), Un(z), Tn,ε(z) and Un,ε(z). We may compute
that for n≥ ,

Tn,ε(z) =

⎧⎪⎪⎨
⎪⎪⎩

( + ε)Tn(z) if n is odd,

( + ε)Tn(z) – ε if n is even and  | n,
( + ε)Tn(z) + ε if n is even and  � n,

and

Un,ε(z) =

⎧⎪⎪⎨
⎪⎪⎩

( – ε)Un(z) if n is odd,

( – ε)Un(z) –  + ε if n is even and  | n,
( – ε)Un(z) +  – ε if n is even and  � n.

Proposition  Suppose that z is a complex number satisfying |z| ≥ . Then for n≥ ,

∣∣Un(z)
∣∣ – ∣∣Un–(z)

∣∣ ≥ 

and

∣∣Un(z)
∣∣ – ∣∣Tn(z)

∣∣ ≥ . ()

Also

∣∣Un,ε(z)
∣∣ – ∣∣Un–,ε(z)

∣∣ ≥  ()

and

∣∣Un,ε(z)
∣∣ – ∣∣Tn,ε(z)

∣∣ >
⎧⎨
⎩
 + ε if n is odd,

ε if n is even.
()

Proposition  will be used in the proofs of Theorems  and .
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On Two Sequences of Polynomials Satisfying Certain Recurrence
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Abstract

Bae and Kim displayed a sequence of 4th degree self-reciprocal polynomials whose maximal zeros are related in a

very nice and far from obvious way. Kim showed that the auxiliary polynomials in their results are related to Chebyshev

polynomials. In this paper, we study two sequences of polynomials satisfying the recurrence of the auxiliary polynomials

with generalized initial conditions. We obtain same results with the auxiliary polynomials from a sequence, and some

interesting conjectural properties about resultants and discriminants from another sequence.
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1. Introduction

Bae and Kim
[2]

 displayed a sequence of 4 th degree

self-reciprocal polynomials whose maximal zeros are

related in a very nice and far from obvious way. In fact,

they proved

Theorem 1 (Bae and Kim). For each real number

n > 6, there is a sequence  of fourth degree

self-reciprocal polynomials such that the zeros of

p
k
(n, z) are all simple and real, and every p

k+1
(n, z) has

the largest (in modulus) zero αβ where α and β are the

first and the second largest (in modulus) zeros of

p
k
(n, z), respectively. One such sequence is given by

p
k
(n, z) so that

,

where q
0
(n) = 1 and other q

k
(n)'s are polynomials in n

defined by the severely nonlinear recurrence

for m ≥ 1, with the usual empty product conventions,

i.e. .

For notational convenience, write q
k
 instead of q

k
(n)

in the theorem. The auxiliary polynomials q
k
 that par-

ametrize their coefficients are of significant independent

interest and they satisfy good recurrence relations (see

Lemma 3 (i) of
[2]

)

(1)

Kim
[3]

 showed the polynomials q
k
 are some sort of

Chebyshev polynomials.

Proposition 2 (Kim). Define

,

where T
n
(x) is the nth degree Chebyshev polynomial of

the first kind. Then the sequence

(2)

comes from the recurrence

(3) 

with initial conditions

(4)

p
k
n z,( ){ }

k 1=

∞

p
k
n z,( ) z

4

q
k 1–

n( )z
3

– q
k
n( ) 2+( )z

2

q
k 1–

n( )z– 1+ +=

4q
2m 1–

n( ) q
2m 2–

2

n( ) 4n 1+( ) q
2j

2

n( )

j 0=

m 2–

∏–=

4q
2m

n( ) q
2m 1–

2

n( ) n 2–( ) n 6–( ) q
2j 1+

2

n( )

j 0=

m 2–

∏
–=

b
j

j 0=

1–

∏ 1=

q
k 1+

q
k 1–

2

2q
k

– 4 k 1≥,–=

H n( ): 2T
2

n

1

2

--- 4 x–
⎝ ⎠

⎛ ⎞
=

H 1( )
2

2H 2( ) H 2( )
2

2H 3( ) H 3( )
2

2H 4( ) …, , , , , ,

Q
k 1+

Q
k 1–

2

2Q
k

– 4–=

Q
0
Q

1
Q

2
, ,{ } 0 x– 2x 4–, ,{ }=
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where the sequence (2) begins with Q
3
.

The recurrence (3) for polynomials Q
k
 is in the same

form as (1) for polynomials q
k
. Proposition 2 asserts that

the polynomials q
k
 are some sort of Chebyshev poly-

nomials. In this paper, we study two sequences {Q
k
} of

polynomials satisfying the recurrence (3) from different

generalized initial conditions

(5)

and

(6)

where the sequence {Q
k
} from the latter initial condi-

tions begins with Q
1
. In (5), we see that Q

2
=

, but  in (6). However, in

both,  if , and for a = 3/2, (5)

is the same as (4) and Q
0
, Q

2
 in (6) are same as those in

(4). The sequence {Q
k
} from (5) will deduce same results

with Proposition 2 by replacing H(n) in Proposition 2

with  . The proof of this easily

follows from that of Proposition 2. We will provide it

in Proposition 3 in Section 2.

A resultant is a scalar function of two polynomials

which is non-zero if and only if the polynomials are rel-

atively prime. The theory of resultants is an old and

much studied topic in what used to be called the theory

of equations. The resultant of two polynomials is in

general a rather complicated function of their coeffi-

cients. However some polynomials such as any two

cyclotomic polynomials have elegant formulas
[1]

. The

discriminant of a polynomial can be computed using

resultants. More specifically, 

where deg p(x) = n and a
n
 is the leading coefficient of

p(x). It seems that the sequence {Q
k
} from (6) has very

interesting properties about factorizations and zero dis-

tributions. We will obtain some interesting conjectural

properties about resultants and discriminants in Section

2.

2. Two Sequences of Polynomials from 

Different Initial Conditions

We begin with the sequence {Q
k
} from (5).

Proposition 3. Define

,

where T
n
(x) is the nth degree Chebyshev polynomial of

the first kind. Then 

and the sequence

(7)

comes from the recurrence

with initial conditions

where the sequence (7) begins with Q
3
.

Proof. Using an identity 

followed from double angle formula, we may compute

(8)

We use induction on . For k = 3,

and

Q
0
Q

1
Q

2
, ,{ } 0 x– a

3

2

---–+ 2x 2a– 1–, ,

⎩ ⎭

⎨ ⎬

⎧ ⎫

=

Q
0
Q

1
Q

2
, ,{ } 0 x– 2x 2a– 1–, ,{ }=

Q
0

2

2Q
1

– 4– Q
2

Q
0

2

2Q
1

– 4–≠

Q
k 1+

Q
k 1–

2

2Q
k 4–

–= k 3≥

H n( ) 2T
2

n

1

2

--- a
5

2

--- x–+

⎝ ⎠

⎛ ⎞
=

Disc
x
p x( )( )

1–( )
n n 1–( ) 2⁄

a
n

-------------------------Res
x
p x( ) p′ x( ),( )=
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2

n

1

2

--- a
5

2
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=
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2
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2
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2
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2
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Q
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ON SOME COMBINATIONS OF SELF-RECIPROCAL

POLYNOMIALS

Seon-Hong Kim

Abstract. Let Pn be the set of all monic integral self-reciprocal poly-
nomials of degree n whose all zeros lie on the unit circle. In this paper
we study the following question: For P (z), Q(z) ∈ Pn, does there exist

a continuous mapping r → Gr(z) ∈ Pn on [0, 1] such that G0(z) = P (z)
and G1(z) = Q(z)?

1. Introduction

Throughout this paper, U denotes the unit circle and n is a positive integer.
If all zeros of P (z) ∈ R[z] of degree n lie on U , it is well known that P (z) =
±znP (1/z), and P (z) is called self-reciprocal when P (z) = znP (1/z). In what
follows we denote by Pn the set of all monic integral self-reciprocal polynomials
of degree n whose all zeros lie on U . Our basic goal in this paper is the study
of the following question.

Question A. For given polynomials P (z), Q(z) ∈ Pn, does there exist a
continuous mapping r → Gr(z) ∈ Pn on [0, 1] such that

G0(z) = P (z), G1(z) = Q(z)?

The condition P (z) and Q(z) self-reciprocal in Question A seems to be neces-
sary because z+1 and z− 1 are the only monic integral polynomials of degree
1 with all zeros on U and so no Gr(z) in Question A exists. One may ask
naturally whether Gr(z) in Question A is the convex combination of P (z) and
Q(z), that is Gr(z) = (1− r)P (z) + rQ(z) where 0 ≤ r ≤ 1. However Gr(z) is
not always the convex combination, for example the polynomials

P (z) = (z2 − z + 1)(z4 + 1)(z6 + z5 + z4 + z3 + z2 + z + 1),

Q(z) = (z4 − z3 + z2 − z + 1)(z8 − z6 + z4 − z2 + 1)
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have all their zeros on U , but (P (z) + Q(z))/2 has four zeros of modulus
1.15963 · · · . This yields a question about the existence of Gr(z) which is not
the convex combination. If Question A is true, we will write

P ∼ Q,

and specially if Gr(z) is the convex combination, we will write

P ↪→ Q.

Preliminary attempts using computer algebra lead to the various unproved
examples including

z2n+1 − 1

z − 1
↪→

(
zn+1 − 1

z − 1

)2

and (
zn − 1

z − 1

)3

↪→ z3(n−1) + z3(n−1)−1 + · · ·+ 1.

And Kim [2] showed

(z2n + 1)2 ∼ (z2 − 1)(z4n−2 − 1)

for some Gr(z) that is not the convex combination. But it seems to be hard to
find such Gr(z).

In Section 2, we will give examples of self-reciprocal polynomials P (z) and
Q(z) satisfying P ∼ Q in different two ways and one of them is P ↪→ Q.
This generalizes Theorem 1 of [2]. In Section 3, we will consider self-reciprocal
polynomials that are products of finite geometric series. Let

Fa1,...,au(z) =

u∏
j=1

zaj − 1

z − 1
,

Fu,n =

⎧⎨
⎩Fa1,...,au(z) : all aj ∈ N− {1} (1 ≤ j ≤ u) are distinct,

u∑
j=1

aj = n

⎫⎬
⎭ .

We will prove a conjecture given in [2] that f1 ↪→ f2 for any f1, f2 ∈ F2,n.
In case of u ≥ 3, not all g1, g2 ∈ Fu,n satisfy g1 ↪→ g2. But we will see that,
using the case u = 2, for any g1, g3 ∈ F3,n, there exists g2 ∈ F3,n such that
g1 ↪→ g2 ↪→ g3, and such g2 is not unique. Also we will study how to show
g1 ↪→ g2 where g1, g2 ∈ F3,n are specifically given. The main tool for this
is Fell’s lemma [1]. Finally in Section 4, we will discuss whether “∼” is an
equivalence relation or not over the set Fu,n. It is obvious that “∼” is reflexive
and symmetric. But we don’t give an answer for transitivity but at least we
will see that a natural candidate for this does not work.
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Abstract. In this article we provide estimates on the first eigenvalue of stable minimal hyper-
surfaces in a Riemannian manifold with sectional curvature bounded from below and above by
negative constants. We also obtain a lower bound of the total scalar curvature of a stable minimal
hypersurface if the scalar curvature of the ambient space is positive.

1. Introduction

As it is well known, the first Dirichlet eigenvalue of a Riemannian manifold Σ
with boundary is characterized as

λ1 = inf
f

∫
Σ |∇ f |2∫

Σ f 2 ,

where the infimum is taken over all piecewise smooth functions in Σ vanishing on the
boundary ∂Σ . Recently Candel [1] gave an upper bound for the first eigenvalue of a
stable minimal surface in H

3 . We say that a minimal hypersurface Σ in an (n + 1)-
dimensional Riemannian manifold M is stable if the second variation of its volume is
always nonnegative for every compactly supported deformation of Σ in Mn+1 . More
precisely, an n -dimensional minimal hypersurface Σ in a Riemannian manifold M is
called stable if for any compactly supported Lipschitz function f on M

∫
Σ
|∇ f |2− (Ric(en+1)+ |A|2) f 2 � 0 (1.1)

holds, where Ric(en+1) is the Ricci curvature of M in the direction of en+1 , en+1 is the
unit normal vector of Σ in M , and |A|2 is the squared length of the second fundamental
form of Σ .

Recall that the Yamabe invariant of the conformal class [g] of an n -dimensional
Riemannian manifold Σ is defined by

Y (g) = inf{E(g) : g = u(x)
2n

n−2 g,u(x) > 0,u ∈ H1(M)},
Mathematics subject classification (2010): 53C21, 53A10.
Keywords and phrases: Stability, minimal hypersurface, first eigenvalue, Yamabe invariant.
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where E(g) is defined by

E(g) =

∫
Σ( 4(n−1)

n−2 |∇u|2 + Rgu2)dvg

(
∫

Σ u
2n

n−2 dvg)
n−2

n

.

Here Rg and dvg denote the scalar curvature and the volume form of the metric g on
Σ , respectively. Then the Yamabe invariant of Σ is defined by

σ(Σ) = sup{Y (g) : g is a smooth metric on Σ }.
Ho [4] generalized Candel’s result to higher-dimensional cases. He gave estimates on
the first eigenvalue of a stable minimal hypersurface Σ in hyperbolic space H

n+1 for
n � 3 under the assumption that the Yamabe invariant σ(Σ) satisfies that σ(Σ) < 0.
Actually he proved

THEOREM 1.1. Let Σ ⊂ H
n+1 be a compact stable minimal hypersurface with

boundary. If σ(Σ) < 0 , then the first eigenvalue of Σ satisfies

1
4
(n−1)2 � λ1(Σ) <

n2(n−2)

7n−6
.

In this paper we extend Ho’s result to stable minimal hypersurfaces in a Rieman-
nian manifold of variable curvature. We provide the upper bound of the first eigenvalue
when the ambient space has negative scalar curvature. More precisely, we prove

THEOREM 1.2. Let M be an (n+1)-dimensional Riemannian manifold with sca-
lar curvature S satisfying that −S0 � S < 0 for some positive constant S0 , n � 3 . Let
Σ ⊂ M be a compact stable minimal hypersurface with boundary. If σ(Σ) < 0 , then
the first eigenvalue of Σ satisfies

λ1(Σ) <
S0(n−2)

2n
.

If the ambient space M has sectional curvature bounded from below and above by
negative constants, we can extend Theorem 1.1 as follows.

THEOREM 1.3. Let M be an (n+1)-dimensional Riemannian manifold with sec-
tional curvature KM satisfying −b � KM �−a < 0 for some positive constants a and
b, n � 3 . Let Σ⊂M be a compact stable minimal hypersurface with boundary. Assume
that σ(Σ) < Cσ for some constant Cσ ∈ [0,

3n−2
n−2

1
Cs

) , where Cs is a Sobolev constant
in [5]. Then the first eigenvalue of Σ satisfies

(n−1)2

4
a � λ1(Σ) <

n(n + 1)b−na
3n−2
n−2 −CσCs

.

When the scalar curvature of the ambient space is positive, we estimate the total
scalar curvature of a stable minimal hypersurface Σ and the Yamabe invariant σ(Σ) of
Σ .
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Abstract We give an estimate of the smallest spectral value of the Laplace operator on a
complete noncompact stable minimal hypersurface M in a complete simply connected Rie-
mannian manifold with pinched negative sectional curvature. In the same ambient space, we
prove that if a complete minimal hypersurface M has sufficiently small total scalar curvature
then M has only one end. We also obtain a vanishing theorem for L2 harmonic 1-forms on
minimal hypersurfaces in a Riemannian manifold with sectional curvature bounded below by
a negative constant. Moreover, we provide sufficient conditions for a minimal hypersurface
in a Riemannian manifold with nonpositive sectional curvature to be stable.
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1 Introduction

Let M be a complete noncompact Riemannian manifold and let � be a compact domain in
M . Let λ1(�) > 0 denote the first eigenvalue of the Dirichlet boundary value problem

{
� f + λ f = 0 in �

f = 0 on ∂�
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where � denotes the Laplace operator on M . Then, by the domain monotonicity principle,
the first eigenvalue λ1(M) of a complete noncompact manifold M is defined by

λ1(M) = inf
�

λ1(�),

where the infimum is taken over all compact domains in M .
In this article, we shall find an esimate of the smallest spectral value of the Laplace oper-

ator on minimal hypersurfaces. Let us briefly introduce previous results in this direction. In
[4], Cheung and Leung obtained the first eigenvalue estimate for a complete noncompact
submanifold with bounded mean curvature in hyperbolic space. In particular, they proved
that for a n-dimensional complete minimal submanifold M in the m-dimensional hyperbolic
space H

m

1

4
(n − 1)2 ≤ λ1(M).

Here this inequality is sharp because equality holds when M is totally geodesic [7]. Bessa
and Montenegro [1] extended this result to complete noncompact submanifolds in a com-
plete simply connected Riemannian manifold with sectional curvature bounded above by a
negative constant. Indeed they proved

Theorem 1 ([1]) Let N be an n-dimensional complete simply connected Riemannian mani-
fold with sectional curvature KN satisfying KN ≤ −a2 < 0 for a positive constant a > 0. Let
M be a an m-dimensional complete noncompact submanifold with bounded mean curvature
H in N satisfying |H | ≤ b < (m − 1)a. Then

[(m − 1)a − b]2
4

≤ λ1(M).

Candel [2] gave an upper bound for the smallest spectral value of the universal cover of a
complete stable minimal surface in the 3-dimensional hyperbolic space H

3. More precisely,
it was proved

Theorem 2 ([2]) Let M be a complete simply connected stable minimal surface in H
3. Then

the first eigenvalue of M satisfies

1

4
≤ λ1(M) ≤ 4

3
.

Recall that an n-dimensional minimal hypersurface M in a Riemannian manifold N is called
stable if it holds that for any compactly supported Lipschitz function f on M∫

�

|∇ f |2 − (Ric(en+1)+ |A|2) f 2 ≥ 0,

where en+1 is the unit normal vector of M in N ,Ric(en+1) is the Ricci curvature of N in the
direction of en+1, and |A| is the length of the second fundamental form of �. Recently, the
second author [13] extended the above theorem to higher-dimensional cases as follows:

Theorem 3 ([13]) Let M be a complete stable minimal hypersurface in H
n+1 with finite

L2-norm of the second fundamental form A (i.e.,
∫

M |A|2dv <∞). Then we have

(n − 1)2
4

≤ λ1(M) ≤ n2.
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Abstract In this paper, we provide various Sobolev-type inequalities for smooth
nonnegative functions with compact support on a submanifold with variable mean
curvature in a Riemannian manifold whose sectional curvature is bounded above by a
constant. We further obtain the corresponding linear isoperimetric inequalities involv-
ing mean curvature. We also provide various first Dirichlet eigenvalue estimates for
submanifolds with bounded mean curvature.

Keywords Isoperimetric inequality · Sobolev-type inequality · First eigenvalue ·
Mean curvature
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1 Introduction

The classical isoperimetric inequality says that for a given bounded domain D in R
n ,

if ωn is the volume of a unit ball in R
n , then

nnωnVol(D)n−1 ≤ Vol(∂ D)n

and equality holds if and only if D is a ball. As an extension of the above classical
isoperimetric inequality, it is conjectured that any n-dimensional compact minimal
submanifold M of R

m still satisfies the above inequality. Moreover, equality holds
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if and only if M is an n-dimensional ball. When n = 2, there are several partial
results ([9,16,18], see also [15] for more references). In particular, for any minimal
surface � in R

n with at most two boundary components, � satisfies the following
sharp isoperimetric inequality (see [6,12]):

4πArea(�) ≤ Length(∂�)2,

where equality holds if and only if � is a disk. When n ≥ 3, the only known result
was due to Almgren [2] who proved that the above conjecture is true for n-dimen-
sional area-minimizing submanifolds in R

m . Even though the conjecture is still open,
one may try to extend the classical isoperimetric inequality to more general submani-
fold with variable mean curvature vector in a Riemannian manifold. In this direction,
Allard [1] proved an isoperimetric inequality which involves mean curvature term.
More precisely, he showed that given n-dimensional compact submanifold M in R

m ,

c(n) Vol(M)n−1 ≤
⎛
⎝Vol(∂ M)+

∫

M

|H |
⎞
⎠

n

, (1.1)

where c(n) is a constant which depends only on n and H is the mean curvature vec-
tor of M in R

m . In [14], Michael and Simon also obtained the similar isoperimetric
inequality by proving the corresponding Sobolev inequality on a submanifold in a
Euclidean space. One year later, Hoffman and Spruck [10] generalized the inequality
on a submanifold in a Riemannian manifold.
In this paper, we study linear isoperimetric inequalities and the first (Dirichlet)

eigenvalue estimates for submanifolds with variable mean curvature in a Riemannian
manifold whose sectional curvature is bounded above. In Sect. 2, we derive some
useful inequalities on the Laplacian of functions of distance by virtue of Hessian com-
parison theorem. For minimal surface cases, such inequalities were obtained by Choe
[7]. We modify his arguments to obtain more general inequalities (Lemmas 2.3–2.5)
for submanifolds (not necessarily minimal) with variable mean curvature.
Let� be a domain in a hyperbolic spaceH

n or an n-dimensional minimal subman-
ifold of H

m . Then the following linear isoperimetric inequality holds [8,19]:

(n − 1)Vol(�) ≤ Vol(∂�).

In Sect. 3, we extend the above result and obtain more general linear isoperimetric
inequalities for submanifolds in a complete simply connected Riemannian manifold
with sectional curvature bounded above by a constant. We further obtain the corre-
sponding Sobolev-type inequalities involving mean curvature for smooth nonnega-
tive functions with compact support on submanifolds. In Sect. 4, we provide various
first (Dirichlet) eigenvalue estimates for submanifolds with bounded mean curva-
ture. The first (Dirichlet) eigenvalue of a Riemannian manifold � with boundary is
characterized as

λ1 = inf
f

∫
�
|∇ f |2∫
�

f 2
,
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Let C be a closed convex set in a complete simply connected Riemannian manifold M with sectional curvature
bounded above by a positive constant K . Assume that Σ is a compact minimal surface outside C such that Σ is
orthogonal to ∂C along ∂Σ∩∂C and ∂Σ ∼ ∂C is radially connected from a point p ∈ ∂Σ∩∂C . We introduce
a modified volume Mp (Σ) of Σ and obtain a sharp isoperimetric inequality

2πMp (Σ) ≤ Length(∂Σ ∼ ∂C)2 ,

where equality holds if and only if Σ is a geodesic half disk with constant Gaussian curvature K . We also
prove higher dimensional isoperimetric inequalities for minimal submanifolds outside a closed convex set in a
Riemannian manifold using the modified volume.

c© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Let Σ be a domain in a complete simply connected surface with constant Gaussian curvature K. The classical
isoperimetric inequality says that

4πArea(Σ) − KArea(Σ)2 ≤ Length(∂Σ)2 ,

where equality holds if and only if Σ is a geodesic disk. One natural way to extend this optimal inequality is to find
the corresponding relative isoperimetric inequality. Let C be a closed convex set in a complete simply connected
surface S with constant Gauussian curvature K ≤ 0. It has been known that if Σ is a relatively compact subset in
S ∼ C, then

2πArea(Σ) − KArea(Σ)2 ≤ Length(∂Σ ∼ ∂C)2 , (1.1)

where equality holds if and only if Σ is a geodesic half disk [2]. Here ∼ denotes the set minus operator. The in-
equality (1.1) is called the relative isoperimetric inequality for Σ. Recently the author [8] extended the inequality
(1.1) for a relatively compact subset Σ in S ∼ C of Gaussian curvature bounded above by a nonpositive constant.
Surprisingly, the relative isoperimetric inequality (1.1) still holds for a compact minimal surface Σ with partially
free boundary in a Riemannian manifold M with sectional curvature bounded above by a nonpositive constant,
if the relative boundary ∂Σ ∼ ∂C is radially connected [7], [9]. Note that a curve Γ is said to be radially con-
nected from a point p ∈ M if {dist(p, q) : q ∈ Γ} is a connected interval. Although we do not know whether
the inequality (1.1) holds for Σ in a Riemannian manifold with sectional curvature bounded above by a positive
constant or not, we introduce a concept of the modified volume Mp(Σ) to obtain the following isoperimetric

∗ e-mail: kseo@sookmyung.ac.kr, Phone: +82 2 2077 7465, Fax: +82 2 2077 7323

c© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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inequality (Theorem 2.6) without the additional curvature term:

2πMp(Σ) ≤ Length(∂Σ ∼ ∂C)2 .

Notice that there is no curvature term of the ambient space in the above inequality.
In Section 3, we study relative isoperimetric inequalities for an n-dimensional minimal submanifold Σ outside

a closed convex set C in a Riemannian manifold with sectional curvature bounded above by a constant. Under
the strong assumption that the relative boundary ∂Σ ∼ ∂C lies on a geodesic sphere centered at p ∈ ∂Σ ∩ ∂C,
we prove the following relative isoperimetric inequality (Theorem 3.2)

1
2
nnωnMp(Σ)n−1 ≤ Vol(∂Σ ∼ ∂C)n ,

where ωn is the volume of a unit ball in R
n .

For the higher dimensional case, let Σ be a domain in hyperbolic space H
n or an n-dimensional minimal

submanifold of H
m . Then the following linear isoperimetric inequality is well-known [5], [10]:

(n − 1)Vol(Σ) ≤ Vol(∂Σ).

However, it is not yet known whether this linear isoperimetric inequality holds for the ambient space with sec-
tional curvature bounded above by a positive constant. Using the concept of the modified volume, we obtain the
modified linear isoperimetric inequality (Theorem 3.3).

Let Γ be a submanifold in a Riemannian manifold M . Given p ∈ M , we define a cone p××Γ from p over Γ to
be the union of the geodesic segments from p to the points of Γ. Denote by St(p) the geodesic sphere of radius t
with center at p. Then, in case that Γ is a curve, the angle of a curve Γ viewed from p is defined as follows and
denoted by Angle(Γ, p)

Angle(Γ, p) = lim
t→0

1
t
Length((p××Γ) ∩ St(p)).

2 Two-dimensional relative isoperimetric inequalities

Let p be a point in the m-dimensional sphere S
m ⊂ R

m+1 and let r(x) be the distance from p to x in S
m . Choe

and Gulliver [5] defined the modified volume Mp(Σ) of Σ with center at p as

Mp(Σ) =
∫

Σ
cos r.

Similarly for Σ in the m-dimensional hyperbolic space H
m , they defined the modified volume of Σ by

Mp(Σ) =
∫

Σ
cosh r.

Using the concept of the modified volume, they were able to prove the isoperimetric inequalities for minimal sub-
manifolds in S

m or H
m . Motivated by this, we introduce the modified volume of a submanifold in a Riemannian

manifold of variable curvature.

Definition 2.1 Let M be a complete simply connected Riemannian manifold with sectional curvature bounded
above by a positive constant K = k2 for k > 0. Let p be a point in M and let r(x) be the distance from p to x in
M . For a given n-dimensional submanifold Σ in M , the modified volume Mp(Σ) of Σ with center at p is defined
as

Mp(Σ) =
∫

Σ
cos kr.

Similarly, when M is a complete simply connected Riemannian manifold with sectional curvature bounded above
by a negative constant K = −k2 for k > 0, we define the modified volume of Σ by

Mp(Σ) =
∫

Σ
cosh kr.

www.mn-journal.com c© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In Duursma and Park (2010) [7], the authors formulate new coset

bounds for algebraic geometric codes. The bounds give improved

lower bounds for the minimum distance of algebraic geometric

codes as well as improved thresholds for algebraic geometric linear

secret sharing schemes. The bounds depend on the delta set of

a coset and on the choice of a sequence of divisors inside the

delta set. In this paper we give general properties of delta sets

and we analyze sequences of divisors supported in two points on

Hermitian and Suzuki curves.

© 2012 Elsevier Inc. All rights reserved.

0. Introduction

The best known lower bounds for the minimum distance of an algebraic geometric code are the

floor bound and the order bound. In [7], the authors improve both the Lundell–McCullough floor

bound [12] and the Beelen order bound [1]. The improvements are formulated separately but are

such that the improved order bound is always at least equal to the improved floor bound. The order
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bound considers a subcode of a code and gives lower bounds for the weights in a coset of the subcode.

In [7], to each coset is associated a set of divisors called a delta set such that for any word in the

coset and for any increasing sequence of divisors in the delta set the weight of the word is at least

the length of the sequence.

This paper and the paper [7] were originally written together as one preprint [3]. The preprint

contained improved bounds, that have now appeared in [7], as well as a discussion on how to apply

the bounds effectively in concrete cases such as for Hermitian and Suzuki codes. This paper grew

out of the second part and is meant to facilitate using the bounds in the setting of two-point codes.

Our main tool to analyze sequences of divisors supported in two points is the notion of discrepancy,

a special case of a delta set. We explicitly describe discrepancies for the Hermitian and the Suzuki

curves and illustrate their role in establishing lower bounds for the minimum distance of two-point

codes.

We follow the methods and notation introduced in [7]. In Section 1, we recall the main definitions

and basic results. For full details we refer to Sections 2 to 4 on algebraic geometric codes, cosets

of algebraic geometric codes, and semigroup ideals in [7]. The main theorem of [7] is the lower

bound dDP for the distance between cosets of a given algebraic geometric code. In Section 2 we recall

the bound dDP and basic properties of delta sets. In Section 3, we define discrepancies as a special

type of delta set. In Section 4, we give two proofs, one due to Beelen [1] and Park [15], and one new,

for lower bounds for the minimum distance of Hermitian two-point codes. The lower bounds meet

the actual minimum distances in [10]. In Section 5, we determine discrepancies for Suzuki curves. In

Section 6 we use discrepancies to compare delta sets that are ordered by inclusion, and we describe

relations between delta sets and dual delta sets. Section 7 and Section 8 describe ways to construct

delta sets and how to compare sequences inside a given delta set. In examples we use these methods

to show how the bounds in [7] improve known bounds for Suzuki two-point codes. After the paper

was written, the bound dDP was improved in [4]. A general description of the semigroup ideal method

that includes all known order bounds is presented in [5, Sections 5–8].

1. Algebraic geometric codes and semigroup ideals

Let X/F be an algebraic curve (absolutely irreducible, smooth, projective) of genus g over a finite

field F. Let F(X) be the function field of X/F and let Ω(X) be the module of rational differentials

of X/F. Given a divisor E on X defined over F, let L(E) = { f ∈ F(X)\{0}: ( f ) + E � 0} ∪ {0} and

let Ω(E) = {ω ∈ Ω(X)\{0}: (ω) � E} ∪ {0}. Let K represent the canonical divisor class. For n distinct

rational points P1, . . . , Pn on X and for disjoint divisors D = P1+· · ·+ Pn and G , the geometric Goppa

codes CL(D,G) and CΩ(D,G) are defined as the images of the maps

αL : L(G) −→ F
n, f �→ (

f (P1), . . . , f (Pn)
)
,

αΩ : Ω(G − D) −→ F
n, ω �→ (

resP1
(ω), . . . , resPn (ω)

)
.

The maps establish isomorphisms L(G)/L(G − D) � CL(D,G) and Ω(G − D)/Ω(G) � CΩ(D,G). With

the Residue theorem, the images are orthogonal subspaces of Fn . With the Riemann–Roch theorem

they are maximal orthogonal subspaces. The Goppa lower bound for the minimum distance of the

codes is

d
(
CL(D,G)

)
�max

{
0,deg(D − G)

}
,

d
(
CΩ(D,G)

)
�max

{
0,deg(G − K )

}
.

To analyze the minimum distance of the codes we use the following characterization.
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FINITELY GENERATED gr-MULTIPLICATION
MODULES

Seungkook Park*

Abstract. In this paper, we investigate when gr-multiplication
modules are finitely generated and show that if M is a finitely
generated gr-multiplication R-module then there is a lattice iso-
morphism between the lattice of all graded ideals I of R containing
ann(M) and the lattice of all graded submodules of M .

1. Introduction

Let R be a commutative ring with identity 1 �= 0 and M a unital R-
module. M is called a multiplication module module provided for each
submodule N of M , there exists an ideal I of R such that N = IM [2].
Let G be a multiplicative group with identity e. A ring R is said to be a
graded ring of type G if there is a family of additive subgroups of R, say
{Ri | i ∈ G}, such that R =

⊕
i∈G Ri and RiRj ⊆ Rij for all i, j ∈ G,

where RiRj is the set of all finite sums of products rirj with ri ∈ Ri and
rj ∈ Rj . The elements of h(R) =

⋃
i∈G Ri are called the homogeneous

elements of R. Any nonzero r ∈ R has a unique expression as a sum of
homogeneous elements, that is, r =

∑
i∈G ri where ri is nonzero for a

finite number of i in G. The nonzero elements ri in the decomposition of
r are called the homogeneous components of r. Let R be a graded ring
of type G. An R-module M is said to be a graded R-module if there is a
family {Mi | i ∈ G} of additive subgroups of M such that M =

⊕
i∈G Mi

and RiMj ⊆ Mij for all i, j ∈ G. Elements of h(M) =
⋃

i∈G Mi are
called the homogeneous elements of M . A submodule N of M is a
graded submodule if N =

⊕
i∈G(N ∩ Mi), or equivalently, if for any
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x ∈ N , the homogeneous components of x are again in N . Properties of
finitely generated multiplication module have been studied in [2], [3], [6],
and [7]. In this paper, we study the properties of finitely generated gr-
multiplication modules and investigate when gr-multiplication modules
are finitely generated.

2. Main results

Definition 2.1. Let R be a graded ring and let M be a graded R-
module. Then M is called a gr-multiplication module if for any graded
submodule N of M , there exists a graded ideal I of R such that N = IM .

Remark 2.2. [4] Let R be a graded ring. If M is a graded R-module
and N is a submodule of M , then (N : M) is a graded ideal of R, where
(N : M) = {r ∈ R | rM ⊆ N}.

For any graded submodule N of M , we denote (N : M)g the graded
ideal of R generated by (h(N) : h(M)) = {r ∈ h(R) | rh(M) ⊆ h(N)}.
Note that (N : M)g is the graded ideal of R generated by (N : M)∩h(R)
and that (N : M)g = (N : M).

The following lemma can be found in [1] and also in [8].

Lemma 2.3. Let R be a graded ring. Let M be a finitely generated
graded R-module and let I be a graded ideal of R such that M = IM .
Then there exists q ∈ I such that (1 − q)M = 0.

Proof. See Lemma 2.l in [8]

Definition 2.4. An R-module M is faithful if, whenever r ∈ R is
such that rM = 0, then r = 0.

Theorem 2.5. Let R be a graded ring and M a faithful gr-multiplication
R-module. Then the following statements are equivalent.

(i) M is finitely generated.
(ii) If A and B are graded ideals of R such that AM ⊆ BM then

A ⊆ B.
(iii) For each graded submodule N of M , there exits a unique graded

ideal I of R such that N = IM .
(iv) M �= AM for any proper graded ideal A of R.
(v) M �= PM for any gr-maximal ideal P of R.

Proof. (i) =⇒ (ii).
Suppose that M is finitely generated. Let A and B be graded ideals of
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MODULE-THEORETIC CHARACTERIZATIONS OF
GENERALIZED GCD DOMAINS, III

Hwankoo Kim* and Seungkook Park**

Abstract. In terms of divisible-like modules, some equivalent con-
ditions for an integral domain R to be a generalized GCD domain
are given.

1. Introduction

Generalized GCD domains (for short, GGCD domains) were first in-
troduced in [5], further investigated in [6], and since then, have played
important roles in multiplicative ideal theory. Several ring- or ideal-
theoretic characterizations of GGCD domains were given in the litera-
ture ([1, 2, 3, 4, 7]). The purpose of this note is to give another module-
theoretic characterizations of GGCD domains, as a continuation of the
study of module-theoretic characterizations of certain integral domains
([9, 10, 11, 12]).

We first introduce some definitions and notations. Let R be an in-
tegral domain with quotient field K. Let I be a nonzero fractional
ideal of R. Then I−1 := {x ∈ K | xI ⊆ R}, Iv := (I−1)−1, and
It :=

⋃{Jv | J ⊆ I a nonzero finitely generated (f.g.) subideal of I}.
An ideal J of R is called a GV-ideal, denoted by J ∈ GV (R), if J is a
f.g. ideal of R with J−1 = R. A fractional ideal I of R is said to be
invertible (resp., t-invertible) if II−1 = R (resp., (II−1)t = R).

For a torsion-free R-module M , Wang and McCasland defined the
w-envelope of M as Mw := {x ∈ M ⊗R K | Jx ⊆ M for some J ∈
GV (R)} ([17], cf., [9]). A torsion-free R-module is called a w-module (or
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semidivisorial) if Mw = M . We say that a torsion-free R-module M is
w-finite if M = Nw, for some f.g. submodule N of M .

Following [5], an integral domain R is called a generalized GCD do-
main (GGCD domain) if the intersection of two (integral) invertible
ideals is invertible. It is well known that R is a GGCD domain if and
only if Iv (equivalently I−1) is invertible for every nonzero f.g. ideal I of
R ([6, Theorem 1]). Recall that an integral domain R is called a Prüfer
v-multiplication domain (for short, PvMD) if Iv (equivalently I−1) is
t-invertible for every nonzero f.g. ideal I of R. Thus the class of GGCD
domains is contained in the class of PvMDs. It is also well known that
in a PvMD, t = w. Therefore, R is a GGCD domain if and only if every
w-finite w-ideal is invertible. For any undefined terminologies, we refer
to [8] or [16].

2. Main results

Let F be a set of ideals of the integral domain R. An R-module M is
said to be F -injective if for every ideal I ∈ F , every R-homomorphism
from I into M can be extended to an R-homomorphism from R into M .
Denote by Fw(R) (resp., Fw,f (R)) the set of all w-ideals (resp., w-finite
w-ideals) of R.

In [14], Matlis introduced the notion of h-divisible modules. Recall
that an R-module is said to be h-divisible if it is a homomorphic image of
an injective R-module. In [13], Lee defined the notion of weak-injective
modules: An R-module M is called weak-injective if Ext1R(N, M) = 0 for
all R-modules N of weak dimension ≤ 1. In [15], Nikandish introduced
the concept of hw-divisible modules. Recall that an R-module is hw-
divisible if it is a homomorphic image of a weak-injective R-module. In
[18, Theorem 4], it was shown that an integral domain R is Prüfer if
and only if for any divisible R-module M and any f.g. ideal I of R,
Ext1R(R/I, M) = 0. We generalize this result to GGCD domains using
the technique in the proof of [18, Theorem 4] in the following:

Theorem 2.1. Let R be an integral domain. Then the following are
equivalent:

(1) R is a GGCD domain;
(2) every divisible R-module is Fw,f (R)-injective;
(3) every h-divisible R-module is Fw,f (R)-injective;
(4) every hw-divisible R-module is Fw,f (R)-injective.



JOURNAL OF THE
CHUNGCHEONG MATHEMATICAL SOCIETY
Volume 25, No. 3, August 2012

RELATION BETWEEN THE FLOOR BOUND AND THE
ORDER BOUND

Seungkook Park*

Abstract. The purpose of this paper is to show that the coset
bound can be used to prove the floor bound. Our proof provides a
natural relation between the floor bound and the order bound.

1. Introduction

For algebraic geometric codes, it is in general hard to determine
the actual minimum distance. The main methods for finding the lower
bound for the minimum distance of an algebraic geometric code can be
divided into two categories which are Lundell-McCullough floor bound
[4] and Beelen order bound [1]. The connection between the two bounds
were given in [2, 3]. In [3], ABZ bound for codes and ABZ bound for
cosets are formulated. The authors prove that ABZ bound for codes
improves the floor bound. Then by showing that the order bound, ob-
tained with the ABZ bound for cosets, is at least the ABZ bound for
codes, they prove that the order type bound improves the floor bound.
In this paper, we give a direct proof that the floor bound can be ob-
tained by using the decompositions from two different order sequences
and merging them into one new sequence. Our proof establishes a natu-
ral relation between the floor bound and the order bound. The paper is
organized as follows: In Section 2 we give the definition of an algebraic
geometric code and recall the method for finding the lower bound for
the minimum distance based on the order bound. In Section 3 we prove
the Lundell-McCullough floor bound using the order bound, which pro-
vides a better understanding of the relation between the two bounds. In
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Section 3, we give an example for finding the minimum distance using
the floor bound and the order bound.

2. Algebraic geometric codes and order bound

Let X/F be an algebraic curve (absolutely irreducible, smooth, pro-
jective) of genus g over a finite field F. Let F(X) be the function field of
X/F and let Ω(X) be the module of rational differentials of X/F. Given
a divisor E on X defined over F, let L(E) = {f ∈ F(X)\{0} : (f)+E ≥
0}∪{0} and let Ω(E) = {ω ∈ Ω(X)\{0} : (ω) ≥ E}∪{0}. Let K repre-
sent the canonical divisor class. For n distinct rational points P1, . . . , Pn

on X and for disjoint divisors D = P1 + · · · + Pn and G, the geometric
Goppa codes CL(D, G) and CΩ(D, G) are defined as the images of the
maps

αL : L(G) −→ F
n, f �→ ( f(P1), . . . , f(Pn) ),

αΩ : Ω(G − D) −→ F
n, ω �→ ( resP1(ω), . . . , resPn(ω) ).

The maps establish isomorphisms L(G)/L(G − D) � CL(D, G) and
Ω(G − D)/Ω(G) � CΩ(D, G). The codes CL(D,G) and CΩ(D, G)
are dual to each other. The Hamming distance between two vectors
x, y ∈ F

n is d(x, y) = |{i : xi �= yi}|. The minimum distance of a non-
trivial linear code C is

d(C) = min {d(x, y) : x, y ∈ C, x �= y}
= min {d(x, 0) : x ∈ C, x �= 0}.

The Hamming distance between two nonempty subsets X,Y ⊂ F
n is the

minimum of {d(x, y) : x ∈ X, y ∈ Y }. For a proper subcode C′ ⊂ C, the
minimum distance of the collection of cosets C/C′ is

d(C/C′) = min {d(x + C′, y + C′) : x, y ∈ C, x − y �∈ C′}
= min {d(x, 0) : x ∈ C, x �∈ C′}.

For two vectors x, y ∈ F
n, let x ∗ y ∈ F

n denote the Hadamard or
coordinate-wise product of the two vectors. We state the theorem of
coset bound from ([3], Theorem 1.2.) without proof.

Theorem 2.1 (Coset bound). Let C/C1 be an extension of F-linear
code with corresponding extension of dual codes D1/D such that dim C/C1

= dimD1/D = 1. If there exist vectors a1, . . . , aw and b1, . . . , bw such
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SOME PROPERTIES OF GR-MULTIPLICATION

MODULES

Seungkook Park

Abstract. In this paper, we provide the necessary and sufficient
conditions for a faithful graded module to be a graded multiplication
module and for a graded submodule of a faithful gr-multiplication
to be gr-essential.

1. Introduction

Let R be a commutative ring with identity 1 �= 0 and M a unital R-
module. M is called amultiplication module provided for each submodule
N of M , there exists an ideal I of R such that N = IM [2]. Let G be a
multiplicative group with identity e. A ring R is said to be a graded ring
of type G if there is a family of additive subgroups of R, say {Ri | i ∈ G},
such that R =

⊕
i∈G Ri and RiRj ⊆ Rij for all i, j ∈ G, where RiRj is

the set of all finite sums of products rirj with ri ∈ Ri and rj ∈ Rj. The
elements of h(R) =

⋃
i∈G Ri are called the homogeneous elements of R.

Any nonzero r ∈ R has a unique expression as a sum of homogeneous
elements, that is, r =

∑
i∈G ri where ri is nonzero for a finite number

of i in G. The nonzero elements ri in the decomposition of r are called
the homogeneous components of r. Let R be a graded ring of type G
then R-module M is said to be a graded R-module if there is a family
{Mi | i ∈ G} of additive subgroups of M such that M =

⊕
i∈G Mi

and RiMj ⊆ Mij for all i, j ∈ G. Elements of h(M) =
⋃

i∈G Mi are
called the homogeneous elements of M . A submodule N of M is a
graded submodule if N =

⊕
i∈G(N ∩ Mi), or equivalently, if for any

x ∈ N , the homogeneous components of x are again in N . Properties
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of multiplication module have been studied by many mathematicians
[1], [2], [3], [5], [6], [7], [8], [9], [10]. In this paper, we generalize some
of the properties of the multiplication modules to graded multiplication
modules.

2. Gr-multiplication modules

In this Section we state the definition of the gr-multiplication module
and introduce a basic theorem which will be a main tool used to provide
proofs of the theorems in the following sections.

Definition 2.1. Let R be a graded ring and let M be a graded R-
module. Then M is called a gr-multiplication module if for any graded
submoduleN ofM , there exists a graded ideal I of R such thatN = IM .

For any graded submodule N of M , we denote (N : M)g the graded
ideal of R generated by (h(N) : h(M)) = {r ∈ h(R) | rh(M) ⊆ h(N)}.
Note that (N : M)g is the graded ideal of R generated by (N : M)∩h(R)
and that (N : M)g = (N : M), where (N : M) = {r ∈ R | rM ⊆ N}.
Note that if M is a graded R-module and N is a submodule of M , then
(N : M) is a graded ideal of R [4].

Proposition 2.2. Let R be a graded ring and let M be a graded
R-module. Then M is a gr-multiplication R-module if and only if for
any graded submodule N of M , N = (N : M)gM .

Proof. Suppose that M is a gr-multiplication module and let N be
a graded submodule. Then N = IM for some graded ideal I of R.
Since I ⊆ (N : M) = (N : M)g, N = IM ⊆ (N : M)gM ⊆ N . Thus
N = (N : M)gM . The other direction of the proof is clear by taking
(N : M)g = I. This completes the proof.

Remark. If M is a graded module and a multiplication module, then
M is a gr-multiplication module. However, a gr-multiplication module
may not be a multiplication module. An example of a gr-multiplication
module which is not a multiplication module is given in [4].

Proposition 2.3. Let R be a graded ring and let M be a graded
R-module. Then M is a gr-multiplication module if and only if for each
m ∈ h(M), there exists a graded ideal I of R such that Rm = IM .
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a b s t r a c t

I consider a continuous-time optimal consumption and portfolio selection problem

with voluntary retirement. When the agent’s utility of consumption and leisure are of

Cobb–Douglas form, I use the dynamic programming method to derive the value function

and optimal strategies in closed-form. These coincide with the solutions of Farhi and

Panageas (2007) [7], who have solved the problem using a martingale method.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Following the pioneering works of Merton [1,2], there have been many studies on the problem of continuous-time
optimal consumption and portfolio selection. One of the main issues considered within the context of portfolio selection
problems is the voluntary retirement problem. (See [3–7].) The literature regarding voluntary retirement can be largely
divided into the following three categories:

• Labor–leisure model: Farhi and Panageas [7], Choi et al. [5], Barucci and Marazzinay [3]
• Labor-disutility model: Choi and Shim [4]
• Stochastic labor income model: Dybvig and Liu [6], Barucci and Marazzinay [3].

Under the labor–leisure framework, I consider a problem when the agent’s utility of consumption and leisure are of
Cobb–Douglas form. The setup is similar to that of Farhi and Panageas [7], who have solved the problem using a martingale
method. My main contributions are the following.

• Methodological contribution: I use the dynamic programming method based on Karatzas et al. [8] to solve a voluntary
retirement problem when the agent has Cobb–Douglas utility of consumption and leisure.

• I derive the value function and optimal strategies in closed-form: these coincide with those found by Farhi and
Panageas [7].

• I provide a comparison of the dynamic programming solution and the martingale solution in this framework.

2. The financial market

It is assumed that there are two assets in the financial market: a riskless asset and a risky asset. It is also assumed that
the interest rate for the riskless asset is a constant r , and the risky asset St follows the stochastic differential equation

∗ Fax: +82 2 2077 7323.
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0893-9659/$ – see front matter© 2012 Elsevier Ltd. All rights reserved.
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(SDE) dSt/St = μdt + σdBt , where Bt is a standard Brownian motion on a probability space (Ω, F , P) endowed with the
augmentation {Ft}t≥0 generated by the standard Brownian motion {Bt}t≥0. (See Section 1.7 of Karatzas and Shreve [9] for a
detailed mathematical construction in the infinite-horizon setting of the probability space.) It is assumed that parameters
of the risky asset μ and σ are constants.

The market price of risk is denoted by θ � μ−r
σ

. Let πt be the amount of money invested in the risky asset St at time t ,
ct be the consumption rate process at time t and τ be an Ft-stopping time considered as voluntary retirement time from
labor. The portfolio process πt is an Ft-measurable, adapted process such that, for all t ≥ 0, almost surely (a.s.),∫ t

0

π2
s ds <∞.

The consumption rate process ct is a progressivelyFt-measurable, adapted, nonnegative process such that, for all t ≥ 0, a.s.,∫ t

0

csds <∞.

The agent in this model receives constant labor income y0 > 0 before retirement. So the agent’s wealth process Xt at time t
follows the SDE

dXt = [rXt + πt(μ− r)− ct + y01{0≤t<τ }]dt + σπtdBt ,

with an initial endowment X0 = x > −y0/r .

3. Cobb–Douglas utility

First I introduce the Cobb–Douglas utility function u(ct , lt) of the form:

u(ct , lt) �
1

α
· (cα

t l
1−α
t )1−γ

1− γ
, 0 < α < 1 and γ > 0(γ �= 1), (3.1)

where γ is the agent’s coefficient of relative risk aversion and α is a constant parameter. ct is a consumption rate process
at time t and lt is a leisure rate process at time t . I assume that lt is a binary choice variable. That is, lt can only take two
values l1 or L̄; lt = l1 before retirement, and lt = L̄ after retirement. I further assume that l1 < L̄. The labor income stream is
defined as y0 � w(L̄− l1) > 0, where w is the constant wage rate. Without loss of generality I normalize l1 = 1 and define
γ1 � 1− α(1− γ ). Then the Cobb–Douglas utility function u(·, ·) in (3.1) can be rewritten as follows:

u(ct , 1) = c1−γ1
t

1− γ1

, if 0 ≤ t < τ, and u(ct , L̄) = L̄γ1−γ c1−γ1
t

1− γ1

, if t ≥ τ .

Remark 3.1. If γ > 1, I obtain that γ > γ1 > 1 and L̄
γ−γ1

γ1 > 1. If 0 < γ < 1, then 0 < γ < γ1 < 1 and L̄
γ−γ1

γ1 < 1.

4. The optimization problem

The agent’s optimization problem is to maximize her expected utility

V (x) = sup
(c,π,τ )∈A(x)

E

[∫ ∞

0

e−βt

(
c1−γ1
t

1− γ1

1{0≤t<τ } + L̄γ1−γ c1−γ1
t

1− γ1

1{t≥τ }

)
dt

]

= sup
(c,π,τ )∈A(x)

E

[∫ τ

0

e−βt c1−γ1
t

1− γ1

dt + L̄γ1−γ

∫ ∞

τ

e−βt c1−γ1
t

1− γ1

dt

]

= sup
(c,π,τ )∈A(x)

E

[∫ τ

0

e−βt c1−γ1
t

1− γ1

dt + e−βτU(Xτ )

]
, (4.1)

where β > 0 is a subjective discount factor and A(x) is an admissible class of triples (c, π, τ ).

Assumption 4.1.

K1 � r + β − r
γ1

+ γ1 − 1

2γ 2
1

θ2 > 0.

Remark 4.1. I use the solution of the classical Merton problem to derive the function U(·) in (4.1) as follows:

U(x) = L̄γ1−γ

K γ1
1

1

1− γ1

x1−γ1 .
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PORTFOLIO SELECTION WITH REGIME-SWITCHING:
DYNAMIC PROGRAMMING APPROACHES

Yong Hyun Shin*

Abstract. I study an optimal consumption and portfolio selec-
tion problem with regime-switching using a dynamic programming
method. With constant relative risk aversion (CRRA) utility I ob-
tain optimal solutions in closed-form.

1. Introduction

Motivated by Merton’s seminal works [5, 6], much scholarly work has
been conducted on portfolio optimization problems. Especially Karatzas
et al. [4] have derived general explicit solutions of a consumption / in-
vestment optimization problem using a dynamic programming method.
The regime-switching model, in which uncertainty is affected not only by
the Brownian motion of a stock, but also by the long-term business cycle
which is mathematically modeled as a continuous-time Markov chain, is
becoming widely considered in mathematical finance (option pricing [2],
real options [1], portfolio selection problems [3, 7]).

In this paper I investigate an optimal consumption and portfolio se-
lection problem with regime-switching under the framework of Karatzas
et al. [4]. With constant relative risk aversion (CRRA) utility I derive
optimal solutions in closed-form.

2. The financial market

For a probability space (Ω,F , P), I define a standard Brownian mo-
tion Bt and a continuous-time two-state Markov chain εt. It is assumed
that Bt and εt are independent and the filtration {Ft}t≥0 is generated
by the Brownian motion Bt and the Markov chain εt.
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In this financial market, two assets are traded: One is a money market
account and the other is a stock. It is assumed that there are two
regimes 1, 2 in the market and regime i switches into regime j at the
first jump time of an independent Poisson process with intensity λi, for
i, j ∈ {1, 2}. So, in regime i ∈ {1, 2}, the interest rate is ri, and the stock
price process is governed by dSt/St = μidt + σidBt. The market price
of risk is defined by θi � μi−ri

σi
i = 1, 2. Let πt be the Ft-progressively

measurable portfolio process, the amount of the agent’s wealth invested
in the risky asset at time t and ct be the nonnegative Ft-progressively
measurable consumption rate process at time t. It is assumed that they
satisfy the following conditions:∫ t

0
csds < ∞ and

∫ t

0
π2

sds < ∞, for all t ≥ 0, almost surely (a.s.).

The agent’s wealth process Xt at time t follows the stochastic differ-
ential equation (SDE)

dXt = [riXt + πt(μi − ri) − ct] dt + σiπtdBt, X0 = x > 0, i = 1, 2.

3. The optimization problem

The agent’s optimization problem is to maximize her expected utility

(3.1) Vi(x) = sup
(c,π)∈A(x)

E

[∫ Ti

0
e−βt c1−γ

t

1 − γ
dt + e−βTiVj(XTi)

]
,

where Ti is the first jump time from i-th state to j-th state, β > 0 is a
subjective discount factor, and A(x) is an admissible class of pair (c, π)
at x, where i, j ∈ {1, 2} and i �= j.

In order to guarantee the agent’s problem to be well-defined, we have
the following assumption.

Assumption 1.

Ki � ri +
β − ri

γ
+

γ − 1
2γ2

θ2
i > 0, i = 1, 2.

The next theorem gives my main results.

Theorem 1. The value function is given by

Vi(x) = Mi
x1−γ

1 − γ
,
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Abstract

This article is concerned with choice-based conjoint analysis versus rating-based and ranking-based conjoint

analysis. Choice-based conjoint analysis has a definite advantage in that the respondent’s task of choosing the

most preferred profile from several competing profiles adequately mimics consumer marketplace behavior. It

is crucial to design the choice sets appropriate for the choice-based conjoint. Thus, this article suggests a new

method to design the choice sets that are well-balanced. It augments the balanced incomplete block design

and then obtains the dual design of the result to accommodate various numbers of profiles. In consequence,

the choice sets designed by the new method have the desirable characteristics that each profile is presented

to the same number of respondents, and pairs of any two distinct profiles occur together in the same number

of choice sets. The balancing of the design increases the efficiency of the conjoint analysis. In addition,

the pair-comparison scheme can improve the quality of data through the identification of contradictory

responses.

Keywords: Choice-based conjoint analysis, choice set, balanced incomplete block design, dual design.

1. 서론

컨조인트분석은 학계와 산업계에서 마케팅조사기법 중의 하나로 발전되어 왔는데, 최근 컨조인트분석
을 위한 소프트웨어들의 보급에 힘입어 시장분석 도구로서의 유용성이 크게 증가하였다. 제품(서비스,

전략, 정책, 디자인, 프로그램 등도 포함)을 구성하는 주요 속성과 수준을 파악하여 제품프로파일을 설
계하고, 각 프로파일에 대한 소비자들의 종합적인 선호도를 측정하여 각 수준에 소비자가 부여하는 부

분가치를 추정하고, 각 속성의 상대적 중요도를 평가하며, 소비자들이 시장에서 실제로 선택할 제품을

예측하는데 컨조인트분석이 적용된다. 이 기법은 주로 제품의 속성 및 수준과 가격 등의 제품특성을

최적화하기 위해 활용되며, 시장세분화, 포지셔닝과 판매촉진을 위한 기준설정, 시장점유율 예측 등의

마케팅활동에 광범위하게 활용되고 있다. Green과 Srinivasan (1990), Marshall과 Bradlow (2002),

Giancristofaro (2003)는 컨조인트분석에 관한 이론과 방법론 그리고 응용에 관하여 연구하였다. 한편,

Green 등 (1981)은 제품을 구성하는 속성들의 최적수준을 알아내기 위하여, Kamakura (1988)는 시장

세분화를위하여, Barone과 Lombardo (2004)는대중교통서비스의품질향상을위하여, Kim (2005)은

This research was supported by Sookmyung Women’s University Research Grants (2011).
1Professor, Department of Statistics, Sookmyung Women’s University, Yongsan-gu, Seoul 140-742, Korea.

E-mail: buykim@sookmyung.ac.kr
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휴대전화기 신제품개발을 위하여, Shin 등 (2007)은 담뱃갑 표지의 경고문구가 금연의지에 미치는 영향
을파악하기위하여컨조인트분석을활용하였다.

컨조인트분석의 초기단계에서는 분석대상 제품의 주요 속성과 수준을 결정하고 가능한 제품프로파일들

을 정의한다. 그리고 응답자들에게 제품프로파일들을 제시하고 선호도를 평가하도록 하는데, 기존의 컨

조인트분석 기법들은 점수나 순위의 형태로 평가하는 방식을 채택하고 있다. 그러나 이러한 선호도 평
가방법들은 제품프로파일의 개수가 많은 경우에는 응답자들에게 막대한 부담을 지우고 선호도를 정확하

게 평가하기 어렵게 한다는 단점을 가지고 있다. 더욱이 이 방법들은 응답자들에게 실제시장에서 그들
이 취하는 구매행동과 다른 평가방식을 강요한다는 중대한 결함을 가지고 있다. 이러한 문제점들을 극
복하기 위하여, 적절한 규모의 선택집합(choice set)을 구성하고 응답자들이 각 선택집합에 포함된 소수
의 프로파일들 중에서 가장 선호하는 것을 선택하거나, 그 중에서 어느 것도 선택하지 않을 수 있도록
하는 평가방식을 채택할 수 있다. 일반적으로 각 선택집합에는 소수의 프로파일이 포함되므로 응답자가

가장 선호하는 것을 선택하는데 어려움이 없고, 이러한 선택방식은 실제시장에서 소비자들이 취하는 구
매행동과 매우 유사하기 때문에 정확한 선호도를 얻을 수 있다는 장점을 갖는다. 이와 같은 선호도 평

가방식을 채택하는 컨조인트분석을 선택기반 컨조인트분석(choice-based conjoint analysis; CBCA)라

고 하는데, 관광산업을 비롯하여 다양한 분야에서 많이 활용되고 있다 (Lazari와 Anderson, 1994).

특히, 1990년대부터는 마케팅조사 분야에서 CBCA를 적용하게 되었는데 (Kuhfeld와 Tobias, 2005),

Desarbo 등 (1995)은 시장세분화에 CBCA를 활용하였다. 한편, Elrod 등 (1992)과 Chakraborty 등

(2002)은 점수기반 컨조인트분석과 CBCA의 시장점유율 예측력을 비교하였으며, Moore (2004)는 점

수기반 컨조인트분석과 CBCA의 교차타당성을 비교하였고, Lim 등 (2006)은 컨조인트분석 기법들의

예측력을비교하고전통적인방식과 CBCA를결합한방식을제안하였다.

CBCA를 실행하기 위해서는 응답자들에게 제시할 선택집합들을 적절한 형태로 구성하는 것이 매우 중
요하다. 그런데 흔히 사용되는 임의배정방법은 각 프로파일이 선택집합에 동일한 횟수씩 배정된다는 보
장을 할 수 없어서 CBCA의 효율성을 낮출 수 있다는 단점을 가지고 있다. 한편, 직교설계방법은 이
상적이긴 하지만 선택집합의 수가 많거나 선택집합의 크기가 지나치게 큰 경우가 많아서 응답자에게 부

담을 줄 수 있고, 연구자가 원하는 특정 규모의 선택집합을 구성할 수 없기 때문에 현실적으로 적용하
기 어렵다는 한계를 가지고 있다. 따라서 본 연구에서는 선택집합을 설계하는 방법의 대안을 제안하고
자 하는데, 실험계획법의 하나인 균형불완비블록설계(balanced incomplete block design; BIBD)를 바

탕으로 선택집합을 설계하는 방법을 제시하고자 한다. 우선 제 2장에서는 CBCA의 전반적인 조사실행

과정과 분석방법을 요약하고, 제 3장에서는 선택집합을 설계하는 새로운 방법에 관하여 구체적으로 기
술하고자한다.

2. 선택기반 컨조인트분석

CBCA가 다른 방식의 컨조인트분석들과 가장 상이한 점은 제품프로파일들에 대한 응답자들의 선호도

를 점수나 순위로 측정하지 않고, 프로파일들을 적절한 개수의 선택집합으로 묶어 응답자에게 제시하고

각 선택집합에 포함된 몇 개의 프로파일들 중에서 가장 선호하는 것을 선택하거나 그것들 중에서 아무
것도 선택하지 않을 수 있도록 한다는 것이다. 이러한 CBCA는 다음과 같은 장점들을 갖는다. 첫째,

선택집합에 포함된 3–6개 정도의 프로파일들 중에서 가장 선호하는 것을 선택하는 작업은 실제로 시장

에서 소비자들이 취하는 구매행동과 매우 유사하기 때문에 응답자들의 선호도 측정결과가 매우 현실적
인 것이 된다. 둘째, 몇 개의 제품 중에서 가장 선호하는 제품 하나를 선택하는 작업은 누구나 쉽게 할
수 있고 자연스러운 일 (Moore, 2004)이기 때문에 정확한 선호도측정이 가능하다. 셋째, 선택집합에는

제품프로파일들과 함께 ‘이것들 중에서 아무 것도 사지 않겠다(no-choice)’라는 선택지를 포함시키기 때
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Abstract

The sales volume of men’s cosmetics has drastically increased in Korea. In recent years, men’s needs for

cosmetics have been diversified and the consumer demand for functional cosmetics has greatly risen. In

particular, male consumers have become more interested in essence product that is a light and concentrated

treatment to correct skin problems. This research analyzes consumer preferences for essence-for-men through

the use of choice-based conjoint analysis. This approach is adopted since the task of respondents to choose

the most preferred option from several alternatives closely mimics actual marketplace purchasing behavior

by consumers. New technique for the construction of choice sets is suggested based on the balanced incom-

plete block design, to accommodate a larger number of product profiles. The proposed design for choice sets

is balanced and provides a tool to filter the contradictory choices. Conjoint analyses are performed to assess

the relative importance of attributes and identify the most preferred profile of essence-for-men with respect

to attributes such as emphasized function, price, type of content, and design of container. Some differences

are indicated in the analysis results between age brackets as well as between groups classified by the amount

of fashion item expenditures.

Keywords: Consumer preference, essence-for-men, choice-based conjoint analysis, choice set.

1. Introduction

Annual sales of the cosmetics in Korea amounted to 10 trillion won in 2011 and are expected to

continue to increase in volume. In recent years, men have became more interested in enhancing

and maintaining their facial appearance. It has resulted in a drastic growth in the men’s cosmetics

market. The men’s cosmetics market (which includes products for facial-care, hair-care, and body-

care) grew from 530 billion won in 2007 to 800 billion won in 2010, and the volume was forecast

at 1 trillion won for 2011 (Jeon and Jae, 2009; Economic Review, Aug. 23, 2011). The demand
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for cosmetics with enhanced functions has highly increased due to the diversified needs of male

consumers. In particular, male consumers’ interests in the concentrated solution product (‘essence’)

are supported by various study results. The survey results of Hong (2008) indicate that 69.7% of

men recognize the needs for functional cosmetics such as lotion and essence; in addition, Park (2008)

indicates that the proportion of men using essence is the highest after sunscreen-cream among the

usage of functional cosmetics. To keep pace with these trends, leading cosmetics companies are

expected to focus on the development of new essence products that cater to the needs of men.

Thus, this research attempts to analyze the preferences of male consumers for essence by applying

a conjoint analysis approach.

Conjoint analysis has received considerable academic and industry attention as an approach that

most realistically portrays consumer decisions. In particular, it has been widely employed in mar-

keting researches that encompass new product development, pricing, positioning, and market share

prediction. Moreover, with recent advances in computer software, conjoint analysis has been increas-

ingly used in marketing research as an effective analysis tool. For example, Green and Srinivasan

(1990), Green et al. (2001), Marshall and Bradlow (2002), Giancristofaro (2003) introduced the

methodologies and applications of conjoint analysis. Wittink et al. (1994) investigated the commer-

cial use of conjoint analysis in Europe. Kim (2005) conducted conjoint analysis to study consumer

preferences for cellular phones. Shin et al. (2007) employed conjoint analysis to investigate the effects

of cigarette warning labels and packaging on user’s intention to quit smoking. Cassab (2009) ap-

plied conjoint analysis to mobile phone service to investigate the dynamics of multi-channel service

attributes and their influence on consumers’ loyalty intentions.

In the earlier step of the conjoint analysis, a set of product profiles are defined by the factorial

design after attributes and levels of the product are identified. Then the preference measures of

consumers are elicited usually by asking respondents to rate or rank their preferences for the profiles.

Those rating-based and ranking-based conjoint analyses have been widely employed in marketing

research since it is relatively convenient to measure consumer preferences by conducting a personal

interview with a questionnaire. However, it can be very difficult for respondents to accurately

measure preferences when they are asked to rate or rank a large number of profiles. In addition,

the respondents could feel burdened and might even reject to cooperate with the interview process.

Moreover, rating and ranking tasks have a serious flaw since decision making process by respondents

in those tasks is vastly different from their actual purchasing behavior when they do not necessarily

exhaust the entire list of products to give ratings or rankings. In contrary, the task of choosing one

profile from a small group of profiles closely resembles the actual marketplace purchasing behavior

of consumers. Moreover, the choice task is less cumbersome for consumers as it asks them to choose

the most preferred one among three to five profiles. For these reasons, the choice-based conjoint

analysis(CBCA) has been widely adopted in various areas of research and industry. Over the past

several years, the marketing researchers became interested in using CBCA to predict consumer

choices. For example, Elrod et al. (1992) and Chakraborty et al. (2002) compared the rating-

based conjoint analysis and CBCA in their ability to correctly predict market shares under varying

conditions. Moore (2004) compared cross-validity of rating-based conjoint analysis and CBCA. In

addition, DeSarbo et al. (1995) performed the market segmentation via CBCA. Johnson and Orme

(1996) reanalyzed data from 21 commercial studies conducted by the CBCA. However, CBCA is not

without limitations since respondents are supposed to choose only the most preferred profile and it

is impossible to measure how strong that preference is relative to other options. In this context, the

statistical efficiency of CBCA might be lower than rating-based or ranking-based conjoint analysis;
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This article is concernedwith a general class of conditionally heteroscedastic time series including possibly
nonlinear and asymmetric autoregressive conditional heteroscedastic (ARCH) and generalized ARCH
models. A problem of preliminary test of fit (PTF, hereafter) within the broad class under consideration
is discussed. It is noted that contrary to usual tests in the literature of conditionally heteroscedastic time
series, PTF does not require any specification of the conditional variance in advance. Based on the joint
limit distributions of sample autocorrelations, a certain Portmanteau-type statistic for PTF is proposed,
and its limit is shown to be a chi-square distribution. In addition, some simulation studies, under various
innovations, are reported to support our theoretical results.
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1. Motivation

In a seminal paper by Engle [1], the conditional variance (denoted by ht throughout) of a time
series is believed to be time varying rather than constant, especially in the field of financial time
series. Autoregressive conditional heteroscedastic (ARCH) models of Engle [1] and a class of
generalizedARCH (called GARCH) processes due to [2] have served as useful tools for analysing
time-varying conditional variances inherent in a time series. Both ARCH and GARCH models
are usually referred to as linear-symmetricmodels, in which, ht is formulated as a linear function
of past squared residuals and ht features a symmetric pattern irrespective of the signs of residuals.
In the last two decades, however, in response to various empirical evidences of asymmetric and
nonlinearht arisingmainly fromfinancial time series,many successful efforts for nonlinear and/or
asymmetric modelling for ht have been made. Among others, we refer to [3–5] with references
therein for diverse nonlinear and asymmetric ARCH and GARCH models. Consequently, at an
early stage of data analysis, we frequently encounter a broad class of conditionally heteroscedastic
models to choose from. This article deals with a class of conditionally heteroscedastic time series
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which is rich enough to include nonlinear and asymmetric ARCH/GARCH models. This class
(denoted byGA in Section 3) also accommodates various nonlinear autoregressive (AR) processes
such as threshold models and exponential AR (EAR) processes as special cases (see Sections 2
and 3). Refer to, for instance, [6] for various nonlinear AR models and their applications.
We will first derive joint limit distributions of the sample autocorrelation functions (SACFs,

for short) for this broad class. The limit distribution of SACFs enables us to construct a consistent
estimator (valid for all models belonging to the class) of the limiting variance–covariance matrix
of SACFs. We are then interested in checking for model adequacy of the time series belonging
to the general class GA. We refer to recent monograph by Li [7] for an excellent comprehensive
review on various tests for fit in conditionally heteroscedastic time series. Most of the research on
this problem has been directed to the case where the functional form of ht is known.Accordingly,
tests of fit usually require a specification of ht . Engle’s [1] ARCH test and Li and Mak’s [8] test
are typically of this kind, calling for the specification of ht . See, for instance, [9] for a comparative
simulation study on tests for heteroscedasticity.
On the other hand, this article is concerned with a test of fit when ht is unspecified in the

class GA. Due to the broad structure of ht being unspecified, our test can be regarded as a
preliminary test of fit (PTF, hereafter) within the class GA. The proposed PTF will be useful at
an early stage of time series data analysis. If PTF is not rejected, then one may go ahead and
select an appropriate heteroscedastic time series in the class GA. Thus, the term ‘preliminary’ in
PTF seems to be appropriate. Based on the limit distributions of SACFs for this general class,
a certain Portmanteau-type statistic is proposed for the PTF. The proposed test is investigated
through simulation studies under various innovations including normal distribution, Student’s t-
distribution and logistic distribution. Simulation experiment shows that the proposed statistic for
PTF follows chi-square distributions for all time series models in the class, and that it produces
empirical sizes successfully matching with the nominal size (see Sections 2 and 3). The proposed
test is compared with a modified Portmanteau test, the so called Ljung and Box (LB, for short)
test (cf. [7, p. 10]). Recently, Francq et al. [10] discussed tests for fit in a class of ARMA models
with uncorrelated errors. They also observed poor performances of the LB test of fit when errors
are nonindependent (but uncorrelated) as we have obtained in the simulation studies in Sections 2
and 3. In addition, we have conducted simulation experiments in Section 4 concerning the effect
of misspecification on the tests of fit for a general class of conditionally heteroscedastic nonlinear
time series.

2. A test of fit for time series with unspecified heteroscedasticity

Consider the following conditionally heteroscedastic time series defined by

εt = √
htet , (1)

where {et } is a sequence of (not necessarily Gaussian) i.i.d. random variates with mean zero and
unit variance. Throughout, ht stands for the conditional variance of εt , given the past, that is,

ht = Var(εt |Ft−1), (2)

where Ft−1 denotes the sigma field generated by εt−1, εt−2, . . .. It is assumed that
(C1) {εt } is a strictly stationary and ergodic time series with finite fourth-order stationary

moment, that is, Eε4t < ∞.
Consider the following collection G of conditionally heteroscedastic time series {εt }:

G = {time series models of the form 1 satisfying (C1)}. (3)



Statistics and Probability Letters 82 (2012) 419–426

Contents lists available at SciVerse ScienceDirect

Statistics and Probability Letters

journal homepage: www.elsevier.com/locate/stapro

Asymmetric GARCH processes featuring both threshold effect and

bilinear structure

M.S. Choi, J.A. Park, S.Y. Hwang ∗
Department of Statistics, Sookmyung Women’s University, Seoul, 140-742, Republic of Korea

a r t i c l e i n f o

Article history:

Received 11 October 2011

Received in revised form 22 November

2011

Accepted 22 November 2011

Available online 8 December 2011

MSC:

primary 62M10

Keywords:

Asymmetric volatility

Bilinear GARCH

Threshold GARCH

a b s t r a c t

A class of asymmetric GARCH models is proposed by combining threshold effect and

bilinear structure. The class is referred to as threshold-bilinear GARCH processes. A

simulation study demonstrates that the class exhibits diverse asymmetries in volatilities,

accommodating existing asymmetric models. Stationarity and existence of moments are

discussed. Applications to Korean stock prices are illustrated.

© 2011 Elsevier B.V. All rights reserved.

1. Motivation

It is nowwidely recognized that conditionally heteroscedastic models have proved useful in analyzing volatilities arising

mainly from financial time series context. When a zero mean time series {εt} is generated by the equation

εt =
√
htet and ht = α0 + α1ε

2
t−1 + β1ht−1, (1.1)

the time series {εt} is referred to as a first order GARCH, so called GARCH(1,1) (refer to Bollerslev (1986)). In (1.1) and

throughout the paper, ht denotes a volatility, that is, ht is a conditional variance of εt given the past values εt−1, εt−2, . . . .
Throughout, it will be assumed that {et} is a sequence of iid innovations (not necessarily Gaussian) with mean zero and

variance unity. Higher order GARCH models, i.e., GARCH(p, q) are obtained by adding additional lags of ε2
t−1, . . . , ε

2
t−p and

ht−1, . . . , ht−q in the RHS of (1.1). Standard GARCH(p, q) models are said to be symmetric (in the volatility ht ) in the sense

that ht is a symmetric function of past values of εt−1, εt−2, . . . . It is noted that symmetric GARCH models provide the

identical volatility ht both from εt−i and−εt−i, i = 1, 2, . . . .
It is however often the case, in particular with financial time series, that we observe asymmetric patterns in that ht varies

depending on the signs of past values (cf. e.g., Gourieroux (1997, p. 90)), which in turn leads us to consider a threshold effect

in modeling volatility. A first order threshold model (T-GARCH(1,1)) is formulated by

ht = α0 + α11(ε
+
t−1)

2 + α12(ε
−
t−1)

2 + β1ht−1, (1.2)

whereα11, α12 ≥ 0, and the notation ε+ = max(ε, 0) and ε− = max(−ε, 0)will be used throughout. Note that ε = ε+−ε−
and |ε| = ε+ + ε−. Refer to, among others, Glosten et al. (1993), Hwang and Basawa (2004), Liu (2006), Pan et al. (2008)
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and Hwang and Baek (2009) for a comprehensive discussion of probabilistic structures, inferential problems and data

applications of T-GARCH(1,1). Note that α11 = α12 in T-GARCH(1,1) reduces to the standard GARCH(1,1) model in (1.1).

The case of α11 < α12 corresponds to a ‘‘leverage effect’’ frequently observed in financial time series literature. A leverage

effect in (financial) time series tends to provide a larger volatility ht from the negative value of εt−1 than from the positive

value of the same magnitude (c.f. e.g., Tsay (2010, p. 111)). A useful tool for identifying evolvement of the volatility ht along

with the immediate past value εt−1 is called the news impact curve (NIC, hereafter) of ht versus εt−1. The NIC was originally

developed by Engle and Ng (1993). A typical NIC of T-GARCH(1,1) is shown in (d) of Fig. 4.1 for which a leverage effect is

observed. It is noted that T-GARCH(1,1)models allow asymmetries in ht by having ‘‘different slopes’’α11 andα12 respectively

for positive and negative values of εt−1.

Alternatively, onemay introduce an asymmetry in ht in (1.1) by adding the product of ‘‘first order’’ terms εt−1 and
√
ht−1.

A first order bilinear GARCH process, denoted by BL-GARCH(1,1) is defined by

ht = α0 + α1ε
2
t−1 + β1ht−1 + γ1εt−1

√
ht−1, (1.3)

where −∞ < γ1 < ∞. Note that γ1 = 0 reduces to a standard GARCH(1,1) and a leverage effect corresponds to γ1 < 0

since then a positive quantity is added to ht for εt−1 < 0. An asymmetry from BL-GARCH(1,1) essentially comes in ht via a

‘‘shift’’ (from the origin) of the vertex in the NIC. Refer to (e) in Fig. 4.1 for a shift of the vertex to the right hand side from

the origin. Bilinear GARCHmodels are known to be capable of accommodating shift-features in ht . Refer to Storti and Vitale

(2003), and Diongue et al. (2010). Similar to BL-GARCH(1,1) in quadratic nature, a Generalized Quadratic ARCH (GQARCH)

model of first order is defined by (cf., Sentana (1995))

ht = α0 + α1ε
2
t−1 + β1ht−1 + δ1εt−1. (1.4)

A comparative study between the aforementioned asymmetric models was carried out by Storti and Vitale (2003) where

BL-GARCH(1,1) is shown to have a slight edge over the other models in analyzing NASDAQ data.

This article proposes to combine the ‘‘threshold effect’’ in (1.2) with the ‘‘bilinear structure’’ of (1.3) in order to generate

a broader class of asymmetric GARCH models. The resulting model will be referred to as a threshold-bilinear GARCH

(TBL-GARCH, for short). A TBL-GARCH(1,1) is characterized by two sources of asymmetry in volatility, viz., threshold-

asymmetry and shift-asymmetry. A simulation study in Section 3 shows that the suggested TBL-GARCH(1,1) class is able to

capture surprisingly diverse asymmetric features of volatilities ht whichwould have been unaccountablewithout proposing

the TBL-GARCH(1,1) class. In Section 2, basic probabilistic properties of the class are investigated including conditions

for stationarity and existence of stationary moments up to certain order. Applications to Korean financial time series are

illustrated in Section 4 with a view to model comparisons. An extension to higher order models, viz., TBL-GARCH(p, q), is
briefly addressed as concluding remarks.

2. The model description and basic probabilistic properties

Incorporating a threshold effect into the BL-GARCH(1,1) model defined in (1.3), we propose the following threshold

bilinear GARCH(1,1) time series {εt}which will be referred to as a TBL-GARCH(1,1), defined by εt = √htet and

ht = α0 + α11ε
+2
t−1 + α12ε

−2
t−1 + γ11ε

+
t−1

√
ht−1 + γ12ε

−
t−1

√
ht−1 + β1ht−1, (2.1)

where all parameters involved in ht are collected as θ = (α0, α11, α12, γ11, γ12, β1)
T with T denoting ‘‘transpose’’. For

notational convenience, we use ε+2
t−1 and ε−2

t−1 for denoting (ε+t−1)
2 and (ε−t−1)

2. Here γ11 and γ12 are permitted to have values

in (−∞,∞) while α0 > 0 and the other parameters α11, α12 and β1 are, as usual, non-negative. To avoid triviality, we rule

out the case when both α11 and α12 are zero. In particular when α11 = α12 and γ11 = −γ12, the TBL-GARCH(1,1) reduces

to BL-GARCH(1,1) which does not exhibit threshold effects. If γ11 = 0 and γ12 = 0 then the TBL-GARCH(1,1) becomes a

threshold model (T-GARCH(1,1)) defined in (1.2). Since ht is a conditional variance, ht must be strictly positive and thus the

following ‘‘positivity condition’’ will be assumed throughout the paper.

(P). For any fixed t , P(ht is strictly positive) = 1.

Remarks. The condition (P) requires additional restrictions on θ . It is not easy to derive a closed form of the necessary and

sufficient condition for (P) in terms of the parameter θ = (α0, α11, α12, γ11, γ12, β1)
T . One can rewrite ht in the defining

Eq. (2.1) as a quadratic form ht = aTt−1A(θ)at−1 where at−1 = (1, ε+t−1, ε
−
t−1,

√
ht−1)

T and A(θ) is a suitable 4×4 symmetric

matrix as a function of θ . A sufficient condition for (P) is that thematrix A(θ) is positive definite. Similarly to Storti and Vitale

(2003), provided β1 > 0, it can be shown that a set of sufficient conditions ensuring A(θ) is positive definite (and thus (P))

is given by

(i) 4(α11α12 + α11β1 + α12β1) > γ 2
11 + γ 2

12 and (ii) 4α11α12β1 > α12γ
2
11 + α11γ

2
12. (2.2)

In particular when α11 = α12 and γ11 = −γ12, that is, for the BL-GARCH(1,1) model, A(θ) is shown to be positive definite

and hence (P) is fulfilled if γ 2
1 < 4α1β1 (cf. Diongue et al. (2010)) where α1 = α11 = α12 and γ1 = γ11 = −γ12 in (2.1).
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We propose a new class of generalized multicast autoregressive (GMCAR, for short,

hereafter) models indexed by a multi-casting tree where each individual produces exactly

the same number of offspring. This class includes standard bifurcating autoregressive

processes (BAR, cf. Cowan and Staudte (1986)) and multicast autoregressive (MCAR,

cf. Hwang and Choi (2009)) models as special cases. Accommodating non-Gaussian,

non-negative and count data, the class includes various models such as nonlinear

autoregression, conditionally heteroscedastic process and conditional exponential family.

The pathwise stationarity of the GMCAR model is discussed. A law of large numbers

and a central limit theorem are established which are in turn used to derive asymptotic

distributions associated with martingale estimating functions.

© 2012 The Korean Statistical Society. Published by Elsevier B.V. All rights reserved.

1. Introduction

Bifurcating autoregressive (BAR) processes indexed by a binary-splitting tree have been studied by several authors

including Basawa and Zhou (2004), Cowan and Staudte (1986), Huggins and Basawa (1999, 2000), and Huggins and Staudte

(1994). In a BAR model, observations are indexed by a bifurcating tree where each individual (mother) in one generation

produces two individuals (sisters) in the next generation. For each individual, an observation X is recorded. A first order

BAR(1) process {Xt , t = 1, 2, . . .} is defined by

X2t = θXt + ε2t

X2t+1 = θXt + ε2t+1 (1.1)

where |θ | < 1 and {(ε2t , ε2t+1), t = 1, 2, . . .} is a sequence of independent and identically distributed (i.i.d.) normal

random errors with mean zero and covariance matrix given by(
1 ρ
ρ 1

)
σ 2, −1 < ρ < 1. (1.2)

The BAR(1) model has proved useful inmodeling, in particular, cell lineage data. Various extensions have been addressed

in the literature. Refer to, for instance, Huggins and Basawa (1999) and references therein. In the BAR(1) formulation, it is

noted that ρ represents a correlation between sisters, conditionally on their mother. That is,

ρ = Corr(X2t , X2t+1 | Xt). (1.3)
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Fig. 1. An example of tri-casting tree (m = 3).

In this article, we shall refer to conditional correlation ρ between sisters as a branching correlation. Guyon (2007)

extended the BAR(1) structure allowing different distributions on sisters. Hwang and Basawa (2009, 2011) investigated

a class of Markov processes indexed by branching processes in which sisters are assumed to be conditionally independent

(i.e., branching correlation ρ = 0).

Many applications require a multi-casting tree in which each node may havem branches wheremmay be larger than 2.

For instance, in an internet traffic data, a package (signal) may be sent alongm links and delay times X over each linkmay be

of interest. As a natural extension of the BAR(1), Hwang and Choi (2009) have recently introduced an AR(1) model defined

on a multi-casting tree where each individual gives rise to exactlym-offspring in the next generation. They referred to such

an AR(1) as the multicast autoregressive model of order 1 (MCAR(1), for short). Fig. 1 illustrates a tri-casting (m = 3) tree

consisting of 40 observations and three generations. The MCAR(1) process {Xt , t = 1, 2, . . .} is defined by them-equations

(m ≥ 2)

Xmt−(m−2) = θXt + εmt−(m−2)

...

Xmt = θXt + εmt (1.4)

Xmt+1 = θXt + εmt+1,

where {(εmt−(m−2), . . . , . . . , εmt , εmt+1), t = 1, 2 . . . . . .} is a sequence of i.i.d.m-variate normal random vectors withmean

zero vector and covariance matrix V1 given by

V1 =

⎛
⎜⎜⎝
1 ρ · · · ρ
ρ 1 · · · ρ
...

...
. . .

...
ρ ρ · · · 1

⎞
⎟⎟⎠ σ 2. (1.5)

Refer to Hwang and Choi (2009) for more details on MCAR(1). Note that the MCAR(1) with m = 2 reduces to the BAR(1)

model. It is noticed that the MCAR(1) model assumes an equi-branching correlation structure in the sense that correlations

between any of the two sisters, conditionally on their mother, are the same as given by ρ. An obvious drawback, however,

in V1 of equi-branching correlation structure is to have to impose a certain restriction on ρ for V1 to be a positive definite

matrix. The required restriction is shown to be −(m − 1)−1 < ρ < 1 (see proposition in Section 2). The BAR(1) model

(m = 2) identifies the restriction trivially as −1 < ρ < 1 while tri-casting case (m = 3) requires −1/2 < ρ < 1 for a

proper covariance matrix V1. Asm increases, one may essentially exclude negative values of ρ in V1. In the next section, we

will propose another useful covariance matrices (other than V1) which do not require any restrictions on ρ.
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This article is concerned with a broad class of explosive AR(1) models. Allowing stationary

dependence on the error process, we do not restrict ourselves to independent and

identically distributed errors. The model accommodates, as special cases, GARCH errors,

AR(1) errors and Gaussian ARMA errors. The error distribution is permitted to be non-

normal. To circumvent the effect of initial values, the limit distribution of the least squares

estimate using a random norm (rather than a constant norm) is derived. It is shown that

the limit distribution using a random norm is free from the initial value provided the error

is symmetrically distributed about zero.

© 2012 Elsevier B.V. All rights reserved.

1. Motivation of the study

Consider the following one-sided AR(1) process {Xt , t ≥ 0} defined recursively by

Xt = θXt−1 + εt , t = 1, 2, . . . , (1.1)

for which the initial value is fixed as a constant x0, that is, X0 = x0, and the error process {εt , t ≥ 1} is independent and
identically distributed (iid) with mean zero and variance σ 2

ε . The marginal distribution of εt is not necessarily normal. The

defining equation (1.1) is understood to mean that Xt is made from θXt−1 with an additional error εt . Based on a sample

X1, X2, . . . , Xn of size n, the ordinary least squares estimator θ̂n of θ is given by

θ̂n =
n∑

t=1

XtXt−1

/ n∑
t=1

X2
t−1. (1.2)

The limit distribution of θ̂n for |θ | < 1 (asymptotically stationary) is well documented as normal, and the unit root case of

θ = 1 gives an asymmetric limit distribution as a functional on standard Brownian motion (see e.g., Fuller (1996, Theorem

10.1.1)). The limit distribution of θ̂n for θ = −1 is known as a mirror image of the limit distribution for θ = 1 (see Corollary

10.1.1.1 of Fuller (1996)). It is noted that the limit distribution of θ̂n for |θ | ≤ 1 is free from the initial value x0. However, for

|θ | > 1, this is not the case anymore. Although the initial value x0 is typically set to be zero in the literature of the explosive

case (cf. e.g., Basawa and Brockwell (1984), Monsour and Mikulski (1998), Hwang and Basawa (2005), Hwang et al. (2007)),

this article will treat x0 as an arbitrarily fixed constant.
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0167-7152/$ – see front matter© 2012 Elsevier B.V. All rights reserved.

doi:10.1016/j.spl.2012.08.022



128 S.Y. Hwang / Statistics and Probability Letters 83 (2013) 127–134

The case of |θ | > 1 is referred to as ‘‘explosive AR(1)’’. One may rewrite (1.1) as

Xt = εt + θεt−1 + · · · + θ t−1ε1 + θ t x0, (1.3)

and thus E(Xt) = θ t x0 and Var(Xt) = σ 2
ε (1 + θ2 + · · · + θ2(t−1)). For |θ | > 1, notice that the variance of Xt grows

explosively to infinity. Unless x0 = 0, the mean of Xt is also ‘‘explosive’’. Statistical analysis for the explosive AR(1) model

dates back to remarkable early works ofWhite (1958), Anderson (1959) and Rao (1961). It is well documented (cf. e.g., Fuller

(1996, Theorem 10.2.1)) that (θ2−1)−1θn(θ̂n−θ) converges in distribution to a certain random variable whose distribution

depends on the initial value x0. In particular, when x0 = 0 and εt is normal, the limit distribution of (θ2 − 1)−1θn(θ̂n − θ)
reduces to a standard Cauchy distribution. For non-zero initial values x0 and normally distributed εt , White (1958, Eq. 4.25)

identified the limit distribution of (θ2 − 1)−1θn(θ̂n − θ) which clearly depends on the initial value x0. Admitting that the

information is contained only in the sample X1, X2, . . . , Xn, it is reasonable to say that we do not know the initial value

x0 of the one-sided AR(1) process (1.1). Suppose that we are willing to use θ̂n as a pivotal value for conducting inference

concerning θ . For |θ | ≤ 1, the initial value does not affect the limit distribution of θ̂n, as discussed above, and thus inference

based on θ̂n continues to hold regardless of x0. For the explosive case of |θ | > 1, however, asymptotic inference based on θ̂n
suffers from unknown x0 as long as we use a non-random norm (θ2 − 1)−1θn for θ̂n. This article proposes using a random

norm in order to circumvent the problem of involving unknown x0 in asymptotic distributions of θ̂n, facilitating statistical

inference based on θ̂n.
The novelty of the paper is twofold. First, allowing stationary dependence structures among the error process {εt}, we

will not confine ourselves to the case of iid errors. Anderson (1959) investigated uncorrelated sequences of {εt}. Hwang

et al. (2007) discussed the limit distribution of (θ2 − 1)−1θn(θ̂n − θ) when x0 = 0 and {εt} is a sequence of autoregressive

conditionally heteroscedastic (ARCH) errors. This article aims to extend the literature to explosive AR(1) processes generated

by stationary (dependent) errors. Second, treating the initial value x0 as an arbitrarily fixed constant, the limit distribution of

θ̂n using a random norm is derived, which is shown to be free from the initial value x0 provided the error εt is symmetrically

distributed about zero. The limit distribution is verified to be amixture of two random variables for which amixing variable

is binary, taking values −1 and 1 according to the signs of a certain random variable. See Theorem 1. Some statistical

applications are briefly illustrated.

2. The model description and preliminary results

This article is concernedwith the following explosive one-sided AR(1) process {Xt , t ≥ 0} generated by a stationary error

process. Specifically, {Xt} is defined by

Xt = θXt−1 + εt , t = 1, 2, . . . , |θ | > 1, (2.1)

where the initial value X0 = x0 and the error process {εt , t ≥ 1} is a zero-mean strictly stationary and ergodic time series

having the auto-covariance function (ACVF) γε(k) = Cov(εt , εt+k), k = 0, 1, 2, . . .. Note that γε(−k) = γε(k). It will be

assumed throughout that γε(k) is of a short memory (absolutely summable), that is,
∑∞

k=0 |γε(k)| < ∞. Some interesting

examples for {εt} are given below.

Example 1: iid errors. Consider the iid sequence {εt} with mean zero and variance σ 2
ε , denoted by ‘‘iid (0, σ 2

ε )’’. In

particular, when the distribution of εt is normal, that is, {εt} is iid following N(0, σ 2
ε ), we shall use the notation ‘‘nid (0, σ 2

ε )’’
emphasizing ‘‘normal’’.

Example 2: martingale differences. A sigma field generated by Xt , Xt−1, . . . , X1 is denoted by Ft . Due to one to

one correspondence between {Xt} and {εt} in the defining equation (2.1), Ft denotes also the sigma field generated by

εt , εt−1, . . . , ε1. By convention, F0 denotes a trivial sigma field. Consider a sequence of martingale differences {εt} so that

E( εt | Ft−1) = 0. Note that {εt} constitutes a uncorrelated sequence and thus γε(k) = 0, k �= 0. The GARCH class is a typical

example of martingale differences. A GARCH(1, 1) process {εt} is defined by

εt =
√
htet

and

ht = α0 + α1ε
2
t−1 + β1ht−1,

where {et} is iid (0, 1) and the conditional variance ht = Var(εt |Ft−1) is referred to as a volatility at time point t . For various
GARCH-type models, see for instance Hwang and Baek (2009).

Example 3: AR(1) errors. Consider the following stationary AR(1) errors {εt} defined by

εt = φεt−1 + ηt , |φ| < 1, (2.2)

where {ηt} is iid (0, σ 2
η ). It is noted that γε(k) = φk · σ 2

η /(1− φ2), k ≥ 0.

Example 4: MA(1) errors. Let {εt} be obtained recursively by

εt = ηt − δηt−1, |δ| < 1, (2.3)

where {ηt} is iid (0, σ 2
η ). It is clear that γε(0) = σ 2

η (1+ δ2), γε(1) = −δγε(0) and γε(k) = 0 for all k ≥ 2. Omitting details,

one may extend (2.2) and (2.3) to strictly stationary ARMA errors (cf. e.g., Fuller (1996, p. 70)).
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Well-known estimation methods such as conditional least squares, quasilikelihood and maximum likeli-
hood (ML) can be unified via a single framework of martingale estimating functions (MEFs). Asymptotic
distributions of estimates for ergodic processes use constant norm (e.g. square root of the sample size)
for asymptotic normality. For certain non-ergodic-type applications, however, such as explosive autore-
gression and super-critical branching processes, one needs a random norm in order to get normal limit
distributions. In this paper, we are concerned with non-ergodic processes and investigate limit distributions
for a broad class of MEFs. Asymptotic optimality (within a certain class of non-ergodic MEFs) of the ML
estimate is deduced via establishing a convolution theorem using a random norm. Applications to non-
ergodic autoregressive processes, generalized autoregressive conditional heteroscedastic-type processes,
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1. Introduction

Estimating functions corresponding to standard estimation methods such as conditional least
squares (CLS), quasilikelihood (QL), and maximum likelihood (ML) are special cases of mar-
tingale estimating functions (MEF, hereafter) (refer to Section 2 to follow; see, for instance, [1]).
Consistent and asymptotically normal estimators are usually obtained by equating MEFs to zero,
that is, by solving the martingale estimating equations (MEEs, for short). Most of the literature
on MEF (or MEE) asymptotics has been directed to ergodic processes for which a non-random
norm is used to get asymptotic normal distributions of the estimates. For ergodic stationary pro-
cesses, a constant norm

√
n (throughout the paper, n denotes the sample size) is often used to get

asymptotic normal distributions. For a comprehensive discussion of estimating functions from
ergodic processes, see among others [1–5]. In particular, refer to [6] for a rigorous treatment of
MEFs from a general ergodic Markov processes. On the other hand, for non-ergodic-type pro-
cesses (refer to [7, Preface] for a definition of non-ergodic process), limit distributions of standard
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estimators (including CLS, QL, and ML) are mixed normal when a non-random norm is used.
Instead, a random norm is required to get normal limit distributions for non-ergodic processes.
Asymptotics of various statistics normalized by random norms in a broad context have recently
been discussed by Pena et al. [8]. The non-ergodic process is distinguished from ergodic process
by the random norm (other than non-random norm) required to get normal limits. Refer to [7]
for various non-ergodic processes including normal mixture models, explosive autoregressive
processes, birth processes, branching processes, and non-stationary diffusion processes. Some
specific examples of non-ergodic processes are discussed in detail in Section 4.
As commented in [3], rigorous treatments of asymptotics onMEFs in the context of non-ergodic

processes have not yet been adequately explored in the literature. In this paper, we consider
large sample inference based on MEFs for a class of non-ergodic processes. Under a mild set
of regularity conditions, asymptotic distributions of estimators obtained by solving MEEs are
derived. Furthermore, we show that the maximum-likelihood estimator (MLE) is asymptotically
optimum in a sense of ‘minimum variance’within a class of estimators obtained from MEEs.We
use a natural random norm in our asymptotics. A convolution theorem (using a random norm)
is established which yields the desired optimality (refer to Theorems 3 and 4). These results are
illustratedwith specific applications to non-ergodic processes. Section 2 introduces a general class
of MEFs and derives the limit distributions of the estimators therefrom. The convolution theorem
for non-ergodicMEFs is established in Section 3. Three specific applications (one ergodic and two
non-ergodic models) are discussed in Section 4. Section 5 addresses large sample tests based on
MEFs and asymptotic optimality of tests is discussed in terms of the ‘maximum’ random limiting
power. One of the main goals is to provide a simplified but a broad treatment of asymptotic theory
on MEFs from non-ergodic processes.

2. MEFs and asymptotic distributions

Let {Xt , t = 0, 1, 2, . . .}denote a possibly non-ergodic stochastic processwith initial valueX0 = x0.
Suppose that the probabilitymeasure associatedwith {Xt} is indexed by a (k × 1) vector parameter
θ taking values in�which is an open subset of the k-dimensional Euclidian space Rk . Based on a
sample of observations X1,X2, . . . ,Xn, we are interested in estimating the parameter vector θ . Let
Ft denote the σ -field generated by Xt ,Xt−1, . . . ,X1. Use pt(θ) to denote the conditional density
of Xt given Ft−1 and consider the following MEF Un(θ) given by

Un(θ) =
n∑

t=1
ut(θ) : (k × 1) vector, (1)

where {ut(θ)} is a sequence of martingale differences satisfying E(ut(θ)|Ft−1) = 0. It will be
assumed throughout that the (k × 1) vector ut(θ) is differentiable (with respect to θ) and differ-
entiability under integral sign is valid. Denote by ξn the sum of conditional covariance matrices
corresponding to ut(θ), that is,

ξn =
n∑

t=1
Var(ut(θ)|Ft−1) =

n∑

t=1
E(ut(θ)uTt (θ)|Ft−1) : (k × k) matrix. (2)

We suppress the dependence of ξn on θ whenever necessary, that is, ξn = ξn(θ), for notational
simplicity. In addition, ξn is assumed to be positive definite almost surely. Throughout, the matrix
(or vector) normwill be denoted by ‖ · ‖, viz., for anymatrixA, ‖A‖2 = tr(ATA) = tr(AAT). Here,
AT is the transpose of A. For simplicity, for any non-singular matrix A, A−T is used for denoting
A−T = (A−1)T = (AT)−1. The identity matrix of order k is denoted by Ik . In addition, for a positive
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요 약

재충전이 있는 연속시간 리스크 모형이 고려된다. 프레미엄은 일정한 율로 들어오고, 보험금 청구는 복합 포아송 과
정을 따라 이루어진다. 초기 잉여금 u > 0로 시작하여 잉여금은 프레미엄에 의해 증가하고 보험금 청구에 의해 감
소한다. 잉여금의 수준이 τ (0 < τ < u)아래로 떨어지면 초기 잉여금 수준까지 재충전이 이루어진다고 가정한다.

재충전이 고려된 리스크 모형에서 잉여금이 없어지는 파산확률을 적미분 방정식을 통해 유도하고, 보험 청구액이 독
립적으로지수분포를따르는경우는파산확률의명확한공식이유도됨을보인다.

주요용어: 리스크모형, 잉여금과정, 파산확률, 재충전, 적미분방정식.

1. 서론

보험 수리에서 다루는 일반적인 리스크 모형은 다음과 같다. 보험 상품의 잉여금은 초기치 u > 0에서

시작하여 단위 시간당 c > 0로 들어오는 보험료에 의해 증가하며 고객의 보험금 청구가 발생할 때마다
감소한다. 여기서, 보험금 청구는 발생률 λ > 0인 포아송 과정 {N(t), t ≥ 0}을 따라 발생하며, 지급되

는 보험금의 크기는 서로 독립이고 평균 μ > 0인 일반적인 분포 F를 따른다. 시간 t > 0에서 잉여금을

수식으로표현하면다음과같다.

U(t) = u+ ct−
N(t)∑
i=1

Xi, t ≥ 0.

여기서, Xi는 i번째 보험 청구액이고, c = (1 + θ)λμ이다. θ > 0는 상대적인 보완 부가급(relative

security loading, premium loading factor)으로 이로 인해 보험료율 c가 단위 시간당 기대되는 보험 청

구액 λμ보다커진다. 이와같은보험상품의잉여금과정에서 U(t)의값이 0보다작아지면보험상품이

파산한다고말한다.

잉여금 과정의 모형화와 파산확률을 구하는 기존의 연구는 Klugman 등 (2004)에 잘 요약되어 있다.

Dufresne와 Gerber (1991)는 확산(diffusion) 과정이 더해진 리스크 모형에서 잉여금의 파산확률을 연

구하였다. 파산할 때까지의 시간에 대한 연구는 Gerber (1990)와 Gerber와 Shiu (1997) 등에 의해 연

구되었고, Dickson과 Willmot (2005)은라플라스역변환을통해파산할때까지시간의확률밀도함수를

명확하게 구하였다. Oh 등 (2007)은 마팅게일 이론을 이용하여 잉여금이 주어진 범위를 벗어나는데 걸

본 연구는 숙명여자대학교 2010학년도 교내연구비 지원에 의해 수행되었음.
3교신저자: (140-742) 서울특별시 용산구 청파동 2가, 숙명여자대학교 통계학과, 교수.
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그림 1.1. U∗(t)의 표본경로

리는 시간과 이 시간 동안의 총 잉여금의 기대값을 구하였고, Jeong 등 (2009)은 기존의 리스크 모형에

잉여금이충분할때투자(investment)와잉여금이부족할때재충전(injection)의개념을도입하여잉여

금의최적투자정책을연구하였다.

재충전은 기존의 리스크 모형에서 잉여금의 파산확률을 줄이는 한 방편이다. 본 논문에서는 재충전이

고려된 리스크 모형에서 잉여금의 파산확률을 연구한다. 즉, 적정수준 τ (0 < τ < u)를 설정하여 τ아

래로 잉여금이 떨어지면 즉시 u까지 재충전하는 잉여금 과정을 고려한다. 이러한 리스크 모형에서 잉

여금 과정을 {U∗(t), t ≥ 0}라 놓으면 표본 경로는 그림 1.1과 같다. 2장에서는 기존의 리스크 모형에

서 연구된 파산확률을 요약하고, 재충전이 고려된 리스크 모형에서 잉여금의 파산확률을 적미분 방정

식(integro-differential equation)을 세워 유도한다. 3장에서는 보험 청구액이 독립적으로 지수분포를
따르는경우에파산확률의명확한공식을구하고, 수치적인예를통해파산확률의변화를관찰한다.

2. 재충전이 있는 리스크 모형에서 파산확률

우선, Klugman 등 (2004)을 참조하여 기존의 리스크 모형에서 잉여금의 파산확률을 요약하면 다음과

같다. 초기치 u에서시작한잉여금의파산확률 ψ(u)는

ψ(u) = Pr{U(t) < 0, for some t > 0|U(0) = u}

이다. Klugman 등 (2004, pp. 239–242)에서와같이최대총손실(maximum aggregate loss)을이용하

여파산확률 ψ(u)를구하면

ψ(u) =

∞∑
k=1

θ

1 + θ

(
1

1 + θ

)k

S(k)
e (u), u ≥ 0

이된다. 여기서 S
(k)
e (u) = 1−F

(k)
e (u)이고, F

(k)
e 는 Fe의 k차공률(k-fold recursive convolution)이고,

Fe는 F의평형분포함수(equilibrium distribution function)로

Fe(u) =
1

μ

∫ u

0

[1− F (x)]dx

이다. 보험금 크기의 분포 F가 평균이 μ인 지수분포인 경우, 즉, F (x) = 1 − e−x/μ, x ≥ 0, 잉여금의
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Abstract

A surplus process with two types of claims is considered, where Type I claims occur more frequently,

however, their sizes are smaller stochastically than Type II claims. The ruin probabilities of the sur-

plus caused by each type of claim are obtained by establishing integro-differential equations for the

ruin probabilities. The formulas of the ruin probabilities contain an infinite sum and convolutions

that make the formulas hard to be applicable in practice; subsequently, we obtain explicit formu-

las for the ruin probabilities when the sizes of both types of claims are exponentially distributed.

Finally, we show through a numerical example, that Type II claims have more impact on the ruin

probability of the surplus than Type I claims.

Keywords: Continuous time risk model, surplus process with two types of claims, ruin probability, integro-

differential equation.

1. Introduction

In this paper, we consider a variation of the classical continuous time risk model. The surplus in

the model is initially at u > 0, thereafter it increases linearly at a rate c > 0 due to incoming

premiums and decreases jumpwise due to arriving claims. There are two types of claims in the

model. Type I claims arrive according to a Poisson process of rate λ1 > 0 and sizes of claims are

i.i.d. with distribution G, meanwhile, Type II claims arrive according to another Poisson process

of rate λ2 > 0 and sizes of claims are i.i.d. with distribution H. We assume that λ1 ≥ λ2 and

distribution H is stochastically larger than distribution G. That is, Type I claims occur more

frequently, however, their sizes are smaller stochastically than Type II claims.

The surplus process of the model can be written as

U(t) = u+ ct−
N1(t)∑

i=1

Yi −
N2(t)∑

j=1

Zj ,

This research was supported by Sookmyung Women’s University Research Grants 2011.
3Corresponding author: Professor, Department of Statistics, Sookmyung Women’s University, Seoul 140-

742, Korea. E-mail: eylee@sookmyung.ac.kr
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Figure 1.1. A sample path of {U(t), t ≥ 0}

where U(t) is the surplus at time t > 0, N1(t) and N2(t) are the numbers of Type I and Type

II claims up to time t, Yi and Zj denote the sizes of the ith Type I and the jth Type II claims

with means μ1 and μ2, where 0 < μ1 ≤ μ2, and c = (1 + θ)(λ1μ1 + λ2μ2) is the premium rate,

where θ > 0 is the relative security loading. A sample path of the surplus process in the model is

illustrated in Figure 1.1. A ruin is said to occur if the surplus becomes zero or negative.

The ruin probabilities of the continuous time surplus process and its variations have been studied

by many authors. The studies on the ruin probability of the surplus in the classical risk model

is well summarized in Klugman et al. (2004). However, the ruin probability of the surplus even

in the classical risk model contains an infinite sum and convolutions, hence, many approximations

have been driven and well-known formulas were summarized and compared in Grandell (2000).

Dufresne and Gerber (1991) considered a continuous time risk model where the surplus process was

perturbed by diffusion and obtained the ruin probabilities. Tsai (2009) studied the ordering of the

ruin probabilities in a similar model and obtained bounds on the ruin probabilities.

Recently, the risk model where there exist different types of claims was studied by several researchers.

Chan et al. (2003) and Guo et al. (2007) studied the ruin probabilities in two-dimensional risk mod-

els. Chan et al. (2003) considered a bivariate risk model and derived a partial integro-differential

equation satisfied by the two-dimensional ruin probabilities; however, the exact solution of the

equation had not been obtained. Guo et al. (2007) considered two separate surplus processes and

obtained a bound on the ruin probability of the sum of two surplus processes and bounds on the

two-dimensional ruin probabilities of two separate surplus processes.

Li and Garrido (2005) and Lv et al. (2010) studied the ruin probabilities of the surplus in the risk

model where there are two types of claims; claims of one type arrive according to a Poisson process

and claims of the other type arrive according to a renewal process. Li and Garrido (2005) derived a

Laplace transform of the non-ruin probability and obtained explicit results when the initial surplus

is zero. Lv et al. (2010) obtained an exponential bound on the ruin probability. The formulas or

the bounds of the ruin probability of the whole surplus process in the risk models have been studied

by many authors; however, the exact ruin probabilities caused by each type of claim have not been

derived yet. We, in this paper, obtain the formulas of the ruin probabilities caused by each type of

claim by establishing integro-differential equations for the ruin probabilities.

In Section 2, we obtain the Laplace transforms of the ruin probabilities from the integro-differential

equations and find the formulas of the ruin probabilities by inverting the Laplace transforms. These
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Summary
Objective:  To  develop  differential  criteria  on the  tongue  coating  thickness  (TCT),  and  especially
propose the standard  for  judgment  on  thin and  thick  coating  in  tongue  diagnosis.
Methods: Sixty  oriental  medical  doctors  evaluated  the  TCT  (none,  thin,  and  thick  coating)  in  50
realistic tongue  photographs  revealing  from  tip-to-root.  The  photographs  were  obtained  with
a digital  tongue  imaging  system  (DTIS)  which  measured  the  percentages  of  tongue  coating  on
the tongue  surface.  We  calculated  the  match  rate  which  is  the  ratio  in which  the  assessor’s
judgment is  consistent  with  the decision  standard  on  the  tongue  coating,  and  then  24  assessors
(≥80% match  rate)  were  selected  to  improve  the reliability  of  the  decision.  The  agreement  level
among 24  assessors  was  examined  to  assess  the  inter-rater  reliability.  The  correlation  between
TCT judgments  and  DTIS-measured  values  was  examined  to  ascertain  the  reliability  of  DTIS
measurements. Finally,  the assumption  probability  for  the  analysis  of  quantified  characteristics
of the  tongue  coating  was  calculated  with  a  proportional  odds  model.
Results: The  inter-rater  reliability  was  assessed  as moderate  (�  =  0.56)  among  24  assessors,
the level  of  correlation  between  TCT  judgments  and  DTIS  measurements  in  24  assessors  was
relatively high  (0.76,  p  <  0.01).  As  the  analysis  of  the  proportional  odds  model,  29.06%  was  a
cut-off point  to  separate  no  coating  and  thin  coating,  63.51%  was  a  cut-off  point  to  separate
thin and thick  coating.
Conclusions:  The  differential  criteria  for  TCT  in tongue  diagnosis  were  suggested,  and  particu-
larly thick  coating  is  defined  as  one  that  tongue  coating  which  tongue  body  is  invisible,  occupy
approximately more  than  two  third  areas  on  the  tongue  surface.
© 2012  Elsevier  Ltd.  All  rights  reserved.
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Introduction

Tongue  diagnosis  is  a  useful  method  to  examine  the  physi-
ologic function  and  pathologic  changes  of  the  human  body
in Oriental  Medicine  (OM).1 It  consists  of  visually  inspecting
the  tongue  body  for  color,  shape,  moisture,  and  movement
and assessing  tongue  coating  for color,  thickness,  distribu-
tion,  and  characteristics  at the  root.2 The  tongue  coating
reflects  the  nature  and  location  of  the  pathogenic  factors,
and  often  indicates  the  state  of some organs,  particularly
stomach  function.3 Therefore,  fastidious  observation  on  the
alteration  of the  tongue  coating  is  particularly  required  in
the  course  of  the  diagnosis  and the  progress  of  gastrointesti-
nal diseases.

The  conventional  way  for  tongue  diagnosis,  including  the
evaluation  of the  tongue  coating,  is  to  look at the  tongue
(from  tip-to-root)  directly  by  observers.  The  tongue  coating
thickness  (TCT)  is  expressed  as  no  coating,  thin  coating,  and
thick coating.  No  coating  is  literally  the  absence  of  tongue
coating,  and  the  dividing  standard  between  thin and  thick
coating  is  whether  or  not the  bottom  is  visible  (thin  coating,
through  the  tongue  coating,  one  can vaguely  see  the  tongue
body;  thick  coating:  through  the  tongue  coating,  one can-
not see  the  tongue  body).3 However,  these judging  criteria
is  insufficient  and vague.  Moreover,  there  is  no  distinct  stan-
dard  with  respect  to  the  distribution  of the  coating  on  the
tongue  surface.  Therefore,  in  order  to improve  the  low  lev-
els of  inter-  and  intra-practitioner  agreements,  it is  required
that adequate  operational  definitions  of the  tongue  charac-
teristics including  tongue  coating.4,5 The  inter-practitioner
consistency  for  the  TCT  was  partially  investigated  in the
previous studies,4,6 but  there  is  no  precise  operational  defi-
nitions  concerning  the  judging  criteria  for  the  TCT.

A digital  tongue  imaging  system  (DTIS)  was  designed  to
obtain a  digital  image  of  the  tongue  surface,  segment  this
into  regions  and extract  the  areas  corresponding  to  the
tongue  coating.7 We  showed  the  new  possibility  that  the
tongue  coating  can  be  quantitatively  evaluated  using  the
DTIS.8 By  starting  from  the  percentage  of  the  tongue  coat-
ing  area  among  the  tongue  surface  analyzed  by  the  DTIS,
we  attempted  to  suggest  the  differential  criteria  on  the
TCT  compared  with  three  diagnostic  endpoints  (no coat-
ing,  thin  coating,  and  thick coating).  First,  we  verified  the
60 assessors  as  to  how  well  they  evaluated  the  TCT  using
the  conventional  method  of  tongue  diagnosis,  we  selected
reliable  assessors  and  investigated  inter-assessor  reliability,
then  confirmed  the  correlation  between  the  TCT  judgments
and the DTIS-measured  values  (percentages  of  tongue  coat-
ing). Finally,  a  proportional  odds  model  was  applied  to
calculate  the  assumption  probability  for the  analysis  of
quantified  characteristics  of  the  tongue  coating.9 The  aim  of
this study  was  to  develop  differential  criteria  for the TCT,
and especially  propose  the  standard  for  judgment  on thin
coating  and thick  coating  with  the  amount  of  tongue  coating
in tongue  diagnosis.

Materials and methods

Tongue  photographs  and DTIS

We  prepared  50  tongue  photographs  revealing  the  entire
tongue  surface  from  tip-to-root.  The  photographs  had  high

resolution  which  selected  based  on  the  clarity  and reality
of the  image,  depiction  of  different  diagnostic  characteris-
tics,  and  diverse  aspects  of  the  tongue  coating  distribution.
We used  the DTIS  to  acquire  the tongue  photographs  under
the  same  conditions  and  to  measure  the  tongue  coating
quantitatively.8

The  DTIS  consists  of the exterior  part  with  an interface
for the  patient’s  face,  image  acquisition  part  with  a high-
resolution  digital  camera,  illumination  part,  and  software
part (Fig.  1).  In  particular,  the  interface  of  the exterior
part was  designed  to  block  out outside  light,  and  the DTIS
software  controls  image  acquisition,  locating  an  appropri-
ate region  of  the  tongue,  isolating  this  from  the  background
using a snake  algorithm,  and  extracting  the  areas  of the
tongue coating  from  the  tongue  images.7,10,11 The  tongue
surface on  the DTIS  tongue  images  were  divided  into  six  sec-
tions,  as  the  method  of  Winkel  et  al.,12 and  calculated  the
percentage  of the  tongue  coating  area  for  each  section,  and
for the  tongue  as  a  whole  (Fig.  2). Informed  consent  was
obtained  from  each  patient  before  taking their  tongue  pho-
tographs,  as  approved  by  the Institutional  Review  Board  of
the Kyung  Hee  University  Oriental  Medicine  Hospital.

Assessors and  procedures

Sixty  assessors  were  recruited  to  evaluate  the  tongue  coat-
ing  in  the  study.  They  graduated  from  6-year  programs  of
Oriental  medical  colleges  in  Korea,  and  were  working  for
the Kyung  Hee  University  Oriental  Medicine  Hospital  as  clin-
icians.  They  were  reminded  about  the  evaluation  method
such  as  how  to  differentiate  the  TCT  and  educated  on  how  to
divide  the tongue  surface  into  6 areas  before  participating  in
the  study.  The  procedures  were  performed  as  two  sessions.
In the  first  session,  the  assessors  rated  the  tongue  coating
as no coating  =  0,  thin  coating  = 1,  and  thick coating  =  2,  and
rated it  again  in each  of  6  areas  with  the  same  method  in
the  second  session  (the  results  in  the  2nd  session  will  be
used in  the subsequent  study  on  the relationship  between
the decision  for  TCT  and  the  regions  of  the  tongue  coat-
ing). All data  collection  was  conducted  at the  same  location
under  identical  conditions  over 50  min.  These  photographs
were  presented  with  a  picture  viewer  software  on the LCD
monitor  (47′′ HD,  Samsung,  Korea).  All assessments  were
independent,  and no  assessors  were  color  blind.

Data processing  and assessors selection

The  features  of  the  TCT  judgments  on  the  50  tongue
photographs  were  computed  as  frequency  and  mode
according  to  the  classification  of tongue  coating  and  the
DTIS-measured  values.  We  regarded  the  highest  number
of the assessors’  choice  (mode)  as  the  decision  standard.
In order  to  select  reliable  assessors,  we  calculated  the
match  rate,  which  is  the  ratio  that  the assessor’s  judgment
is consistent  with  the  decision  standard  on  the TCT  (num-
ber of TCT  judgments/50  photographs  [%]).  The  reliable
assessors  were  considered  to  be  ≥80%  match  rates.  The
agreement  level  of  the  assessors’  judgment  for  each  tongue
photograph  was  calculated  as  an  agreement  rate  (number
of TCT  judgments/reliable  assessors  [%]),  and  investigated
the inter-rater  reliability  among  the  selected  reliable
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Abstract

In this paper, we propose a statistic to measure investor sentiment. It is a usual phenomenon that an

asymmetric volatility (referred to as the leverage effect) is observed in financial time series and is more

sensitive to bad news rather than good news. In a bubble state, investors tend to continuously speculate

on financial instruments because of optimism about the future; subsequently, prices tend to abnormally

increase for a long time. Estimators of the transformation parameter and the skewness based on Yeo-

Johnson transformed GARCH models are employed to check whether a bubble or abnormality exist. We

verify the appropriacy of the proposed interpretation through analyses of KOSPI and NIKKEI.

Keywords: GARCH model, leverage effect, skewness, Yeo-Johnson transformation.

1. 서론

어떤 자산이나 물건이 내재가치보다 현저히 높은 가격으로 거래되는 경우 일반적으로 가격에 거품 또

는 버블(bubble)이 끼었다고 한다. Garber (1990)의 연구에 의하면 17세기 네덜란드에서 벌어진 ‘튤

립마니아(Tulip mania)’ 파동이 최초의 대규모 거품현상으로 기록되고 있다. 당시 네덜란드에 수입된

튤립의 구근에 대한 사재기와 선물거래에 의해 가격이 급격히 상승하면서 1630년대 튤립 뿌리 하나가

숙련된 장인의 연간 소득보다 10배 높은 가격으로 팔리기도 했다고 한다. 금융에서의 거품라는 용어

는 1711년 설립된 남해회사(South Sea Company)의 주식에 대한 투기로 형성된 ‘남해거품(South Sea

Bubble)’에서 어원을 찾고 있으며 프랑스의 미시시피 버블(Mississippi bubble)이 비슷한 시기의 경제

거품로 기록되고 있다. 이후 크고 작은 거품들이 간헐적으로 발생하였으며 일본에서는 1950년대부터

시작된 장기 호황과 1980년대 저축 억제정책으로 인한 저금리 정책으로 자금의 유동성이 커지고 미국과
의플라자합의후금융완화법을제정하여기업들이돈을더쉽게빌릴수있도록만들면서 1980년대말

부터 부동산가격과 주가가 급격히 상승하였다. 또한 인터넷의 인프라가 구축되기 시작하면서 관련 분야
의 급성장과 관련 산업 주가의 급속한 상승으로 1995년부터 2000년까지 IT 버블이라고도 불리는 닷컴

버블(dot-com bubble)이 발생하였다. 미국에서는 신용이 가장 낮은 사람들을 상대로 고금리로 대출해
주는 주택담보대출 서브프라임 모기지론(subprime mortgage loan)이 주택가격의 상승으로 높은 수익

을 얻자 세계적 금융업체와 헤지펀드 등이 부동산에 대규모로 투자하면서 부동산 거품을 형성하기 시작
하였다.

This research was supported by the Sookmyung Women’s University Research Grants 2011.
1Professor, Department of Statistics, Sookmyung Women’s University, Seoul 140-742, Korea.

E-mail: inkwon@sm.ac.kr
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문제는 거품이 꺼지면 거품이 형성되는 동안 누적된 비정상적인 투자자산이 급격히 붕괴되면서 원금 손
실 및 금융파산, 경기침체 등의 경제적 위기가 장기간 지속될 수 있다는 것이다. 튤립파동 때 가격이 하

락세로 반전하면서 파산자가 속출하였고 이 파동은 그 당시 동인도 무역을 통해 막대한 부를 축적하며
실물경제와 금융경제에서 세계 최고 위치에 있었던 네덜란드가 영국에게 경제대국의 자리를 넘겨 준 결
정적 요인 중 하나가 되기도 하였다. 또한 1720년 남해거품이 꺼지면서 대규모 금융파산을 초래하였는
데이회사의거품붕괴때물리학자아이작뉴턴도막대한손해를보았는데 Spence (1820, p.368)에의

하면 뉴턴은 “나는 천체의 움직임은 계산할 수 있지만 인간의 광기는 짐작조차 할 수 없었다.”라는 말

을 남겼다고 한다. 일본에서 1990년 주식 가격과 부동산의 거품이 꺼지면서 수많은 기업과 은행이 도산

하였고 1991년부터 2002년까지 ‘잃어버린 10년’이라고불리는장기침체가진행되었으며현재까지도그
영향을 받고 있다. 미국의 집값이 하락하면서 서브프라임 모기지 대출자들이 대출금을 상환하지 못하게
되었고, 여기에 투자했던 미국의 서브프라임 모기지 회사를 비롯한 헤지펀드, 은행, 보험사 등이 전세계

적으로연쇄부도가났으며이금융위기는북부유럽의부자국가였던아이슬란드의몰락과이후그리스,

이탈리아, 스페인, 포르투갈 등 지중해 인근 지역 국가의 국가부도 위기를 초래하는 주요 원인이 되었으
며이로인해유로화를사용하는 EU 경제전체의부실을초래하고있다.

거품은 재정자금과 금융 완화 조치 등에 따른 유동성의 확대와 인플레이션이과 같은 금융 및 경제적 요

인뿐만 아니라 경제 상황을 인식하는 투자자의 사회 심리적 요인 등이 복합적으로 결합되어 발생된다고

한다. 대부분의 거품은 거품이 붕괴되어 사회경제적으로 심각한 문제가 발생한 후에 인지되고 있으며
붕괴 이전에 거품인지 또는 정상적인 성장인지에 대한 납득할만한 이론적 근거를 제시하는 경우가 드물
다. 이 논문에서는 거품형성에서 있어 투자자의 심리적 요인을 바탕으로 거품에 대한 통계적 정의를 유

도하고자한다.

2. 거품의 통계적 정의

금융시계열분석에서는 변동성군집(volatility clustering) 현상이 흔히 관측된다. 변동성군집 현상은 전
체 시계열의 변동성에는 차이가 있으나 지협적으로 비슷한 변동성을 가지는 성질을 의미하며 이러한

성질을 가지는 시계열을 조건부이분산(conditional heteroscedastic) 시계열이라고 한다. 조건부이분산

시계열분석에서는기본적으로시계열 Xt가다음과같은모형을따른다고가정한다.

Xt = δ +

p∑

i=1

φiXt−i −
q∑

i=1

θiεt−i + εt, εt =
√
htat,

여기서 ht는 t − 1 시점까지의 시계열 정보 It−1가 주어졌을 때 조건부 분산 ht = Var(εt|It−1)로 정의

되고 at는 분산이 1인 백색잡음을 나타낸다. ht를 어떻게 정의하는가에 따라 SV(stochastic volatility)

모형과 GARCH-type 모형으로나눌수있다. 선형모형을랜덤효과모형과고정효과모형으로나누는것

처럼, SV 모형은 조건부분산식에 랜덤효과가 포함하고 있으며 GARCH-type 모형은 결정적 구조를 가
진다. 여기서는모수추정과설명이상대적으로쉬운 GARCH-type 모형을중심으로설명하고자한다.

주식이나 채권 등 금융상품의 내재가치는 경제 상황 등에 의해 수시로 변하고 측정이 어렵기 때문에 상
품의 현재 가격이 실제 내재가치에 비해 높고 낮음을 판단하기 어렵다. 이러한 이유 때문에 가격에 거

품이 끼었는지는 거품이 꺼지면서 문제가 발생해야 인지되는 경우가 많다. 거품이 경제나 금융시장에

주는 영향이나 충격이 매우 크기 때문에 거품에 대한 다양한 연구가 진행되어 왔는데 Camerer (1989),

Diba와 Grossman (1988), Flood와 Hodrick (1990), Wu (1997), Ma와 Kanas (2004) 등은 거품에 대

한 수량적 분석방법을 제시하였다. 이 논문에서는 경제거품 또는 금융거품에 대한 투자자나 자산운영자

의심리적측면을표시할수있는통계적측도를제안하려고한다.
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Abstract

Poisson regression and negative binomial regression are usually used to analyze counting data; however,

these models are unsuitable for fit zero-inflated data that contain unexpected zero-valued observations. In

this paper, we review the zero-inflated regression in which Bernoulli process and the counting process are

hierarchically mixed. It is known that zero-inflated regression can efficiently model the over-dispersion prob-

lem. Vuong statistic is employed to compare performances of the zero-inflated models with other standard

models.

Keywords: Negative binomial regression, Poisson regression, Vuong statistic.

1. 서론

임의의 기간 동안 발생한 사건의 건수가 설명변수에 영향을 받는 경우 그 관계식은 흔히 포아송회귀모
형(Poisson regression)에의해설명된다. 하지만평균과분산이같아야하는포아송분포의특징은실증
분석에서 발생하는 과산포(over-dispersion), 즉 표본분산이 평균에 비해 큰 현상을 설명하지 못하는 단
점이 있다. 과산포가 심각한 경우 대체 모형으로 음의 이항회귀모형(negative binomial regression)이

사용되기도 한다. 사건 발생건수에 대한 실증자료 분석에서 과산포와 더불어 발생하는 문제는 모형에

서 기대되는 0의 관측값 빈도보다 많은 0이 관측되는 것이다. 관측값에 0이 많으면 과산포 문제가 더

욱심화되고모형의적합도가떨어진다. 이러한문제를해결하는방안으로 Lambert (1992)는영과잉모

형(zero-inflated model)을제안했다.

식품의약품안전청의통계에따르면우리나라에서발생하는 60% 이상의식중독은세균이나바이러스때
문에 발생하고 있다고 한다. 주요 원인균으로는 노로바이러스, 병원성 대장균, 살모넬라, 장염비브리오

균, 황색포도상구균이 있는데 이들 원인균은 대부분 기온이나 습도와 같은 기후에 영향을 받는 것으로
알려져 있다. 이 논문에서는 기후요인이 식중독 발생에 어떻게 영향을 주는지를 주요 원인균별로 분석
하고자 한다. 분석에 사용된 자료는 2005년 1월부터 2010년 5월까지 원인균별로 신고된 전국의 주별
식중독 발생건수와 해당 주의 전국 60개 기상관측소에서 관측된 평균기온과 평균습도, 일사량이다. 원

4Corresponding author: Professor, Department of Statistics, Sookmyung Women’s University, Chongpa-

dong 2ga, Yongsan-gu, Seoul 140-742, Korea. E-mail: inkwon@sm.ac.kr
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인균별로 나누어 보는 이유는 기온, 습도, 일사량에 대한 원인균 활성화 정도가 다르고 이에 따른 식중
독 평균 발생건수에 차이가 있기 때문이다. 원인균별로 식중독 발생건수를 나누어 분석할 때의 문제는
발생건수가 0인 관측값이 많이 있다는 것이다. 이 논문에서는 관측값에 0이 많이 발생하는 경우 영과잉

모형을 이용하여 문제를 해결해 보고 Vuong 통계량을 이용하여 표준 포아송회귀모형이나 음의 이항회
귀모형에근거한분석결과와비교하는방안에대해알아보고자한다.

2. 영과잉 회귀모형

임의의 사건이 t시점에서 발생한 횟수를 Yt라고 하고 Yt의 기대값 E(Yt) = μt는 설명변수 xt =

(x1t, . . . , xpt)
T에영향을받는다고하자. 포아송회귀모형이나음의이항회귀모형에서는이관계식을연

결함수 g(·)을이용하여다음과같이설명한다.

g(μt) = β0 + β1x1t + · · ·+ βpxpt = βTxt,

여기서 β = (β0, β1, . . . , βp)
T는추정해야할모수이며 Yt들은독립이고포아송분포또는음의이항분포

를따른다는가정하에서최대가능도추정법을이용하여추정한다.

어떤 자료에서는 포아송분포나 음의 이항분포에서 기대할 수 있는 0의 빈도보다 훨씬 많은 수의 0이 관
측되어 기존 포아송회귀분석이나 음의 이항회귀분석으로는 적합도가 떨어지는 경우가 있다. 이러한 자

료를 분석하기 위해 Lambert (1992)는 영과잉모형을 제안하였다. Agarwal 등 (2002)에 의하면, 기본

자료생성분포가 포아송분포라고 할 때, 영과잉모형에서는 t 시점에서의 자료 관측이 다음과 같은 자료
생성과정으로이루어진다는가정에서모형설계가이루어진다.

• 단계 1 (베르누이난수생성): 0일확률을 φt로하고 0이면자료로사용하고 1이면단계 2로감.

• 단계 2 (포아송난수생성): 평균이 μt인포아송난수를발생하여자료로사용함.

이러한자료생성과정을거쳐얻어진자료의확률질량함수는다음과같이쓸수있다.

P (Yt = y) = f(y;φt, μt) =

{
φt + (1− φt)f

∗(y;μt), y = 0,

(1− φt)f
∗(y;μt), y = 1, 2, . . . ,

여기서 f∗(y;μ)는평균이 μ인포아송확률질량함수를의미한다.

만약 베르누이 확률 φt도 설명변수 xt에 영향을 받는다고 하면, 이진자료에 대한 일반화선형모형에서

가정했던것처럼임의의연결함수 h(·)에대해관계식을다음과같이가정할수있다.

h(φt) = α0 + α1x1t + · · ·+ αpxpt = αTxt,

여기서 α = (α0, α1, . . . , αp)
T 또한 추정해야 할 모수이다. 일반적으로 이진자료에 대한 연결함수

h(·)는 분포함수의 역수인 위수(quantile) 함수가 많이 사용되고 있는데 로지스틱분포인 경우 로짓, 표

준정규분포인경우프로빗, 극한값분포인경우역로그로그연결함수가된다.

위와같은가정을만족할때, 모수 α와 β의로그가능도함수는다음과같다.

l(α,β;y) =

n∑
t=1

I(yt = 0) log (φt(α,xt) + (1− φt(α,xt))f
∗(yt;μt(β,xt)))

+

n∑
t=1

I(yt > 0) {log(1− φt(α,xt)) + log(f∗(yt;μt(β,xt)))} ,
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요약

식중독발생에대한기존연구에서는기온과습도와같은기후변수가주된설명변수로취급되어
왔다. 이 논문에서는 주별 식중독 발생건수와 기후변수 간에 관계를 고찰하고 식중독 발생건수를
예측하기위한모형으로포아송회귀모형과자기회귀이동평균모형을비교한다.비교결과우리나라
식중독 발생은 시차를 두고 기후 변수에 영향을 많이 받고 있으나 식중독 발생 예측은 이들 변수

보다 이전 시점의 식중독 발생 건수에 더 많이 영향을 받는 것으로 나타났으며 포아송 회귀모형은
예측의 관점에서 문제가 있음을 보였다.

주요용어: 교차상관관계, 자기회귀이동평균모형, 포아송 회귀모형.

1. 머리말

기후변화에 따른 자연재해와 생태계 변화에 대한 경고가 현실화되면서 국제적으로 기후변화와 관
련된문제에대한고찰과이를위한자료축척이활발하게진행되어오고있다.식중독과같은질병은

기후변수와 밀접한 관계가 있는 것으로 알려져 있으며 영국, 미국, 캐나다와 같은 선진국을 중심으로
기후변화에 따른 식중독 발생에 대한 연구가 활발하게 진행되고 있다. 이들 연구에서는 온도가 식중
독 발생에 가장 중요한 기상학적 요인으로 나타났으며 일부 기상자료는 시차를 두고 식중독 발생에

영향을 미치는 것으로 나타났다.

기후와식중독발생에대한기존연구에서는분석모형으로일반선형모형,포아송회귀분석,일반화

가법모형, 계절형 자기회귀이동평균 모형 등을 이용하였다. Bentham과 Langfod (1995)는 일반화가

법모형을 이용하여 영국 웨일즈 지역의 식중독 발생률과 기온간의 관계를 분석하였으며 Patrick 등

(2004)은 덴마크에서 캠필로박터에 의한 식중독과 기후와의 관련성 분석을 통해 3, 4주 전의 기온에

영향을 많이 받는 것으로 나타났다. 이와 유사한 연구들이 미국, 캐나다, 호주 등에서 수행되었는데

대표적인 연구로 Magny 등 (2008)과 Fleuly 등 (2006)이 있다.

우리나라의 경우 기상자료를 이용한 기후변화 연구는 Kim 등 (2009)과 Jang과 Joo (2009)에 의해

실시되었으며 기후와 식중독 발생 관계는 2000년대 중반부터 국가기관을 중심으로 연구가 진행되
고 있다. 2006년 보건복지부와 2008년 식품의약품안전청의 연구결과에 의하면 기온이 1℃ 상승하면

세균성 이질이 5∼9% 증가하고 식중독 발생건수는 5.3%, 환자 수는 6.2% 정도 증가할 것으로 예측

한 결과를 발표하였다. 2009년부터 기후변화에 따른 식중독 발생영향의 다양한 주제에 대한 종합적

연구가 진행되고 있는데 자세한 내용은 Jeong과 Oh (2009)을 참고하기 바란다. Choi 등 (2008)은

2004년부터 2006년까지의수도권자료를이용하여최고기온,습도,월효과가일별식중독발생에어

떻게 영향을 주는지를 로그선형모형으로 설명하였다. 우리나라에서 발생하는 식중독의 60% 이상은

†
이 논문은 2011년도 숙명여자대학교의 교내연구비에 의하여 수행되었음.
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세균이나 바이러스 때문에 발생하고 있으며 주요 원인균은 노로바이러스, 병원성 대장균, 살모넬라,

장염비브리오균, 황색포도상구균이 있다. 이들 원인균은 기온, 습도, 일사량과 같은 기후변수에 영향

을 받는데 Jung 등 (2012)에 따르면 원인균에 따라 기후에 대한 활성도가 다른 것으로 나타난다. Yeo

(2011)는 지역별로 나누어 식중독 분석을 하기 위해 우리나라 기후에 대한 군집분석을 했으며 Park

(2010)은온도와저장기간에따른냉장조리식품인콩나물무침에오염초기균수에대한확률분포를
예측하였다.

식중독은 기후의 영향뿐만 아니라 식자재의 종류와 요리법 등의 문화적인 요인에 영향을 받을 수

있기 때문에 식중독 발생 모형을 만들 때 해외에서 개발된 모형을 그대로 사용하는 것을 지양해야
하며 우리나라에 맞는 모형개발이 필요하다. 이 논문에서는 2002년 1월부터 2010년 5월까지 신고 된

전국의 주별 식중독 발생건수와 해당 주의 전국 60개 기상관측소에서 관측된 평균기온, 평균습도,

일조량 자료를 이용하여 예측력이 좋은 모형을 선택하고자 한다.

2. 자료의 특성

식중독발생예측은국민보건관리차원에서신속하게대처해야하기때문에월간분석보다는주간
분석이, 주간 분석보다는 일간 분석이 더 중요할 수 있다. 일간 분석의 경우, 문제는 식중독 발생

건수가 0인 경우가 상대적으로 많아 영과잉모형 (zero-inflated model)과 같은 모형을 사용해야 하며

기후변수가 어느 정도의 시차를 가지고 영향을 주는지를 알아보고자 할 때 상당 기간의 항이 모형

에 포함시켜야 하며 그 변동성이 크기 때문에 안정적인 모형을 개발하기 어렵다. 이를 고려해 이

논문에서는 주간 분석을 하고자 한다.

식중독발생에대한예측모형을선택하기위해먼저우리나라에서발생한주별식중독발생건수와

이에 영향을 줄 것으로 예상되는 평균기온, 평균습도, 일조량의 특성을 알아보고자 한다. Figure 2.1

은 2002년 1월부터 2010년 5월까지 총 439주 동안의 전국에서 보고된 식중독 발생건수와 전국 주요
기상관측소 60곳에서 측정된 평균기온, 습도, 일조량의 평균에 대한 시계열그림이다. 그림에서 수직
점선은 매년 1월 첫 번째 주를 의미한다.

Figure 2.1 Time series plots of the number of food poisoning occurrences, average temperature,

humidity and amount of sunshine
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Abstract

In animal tumorigenicity data, tumor onsets occur at several sites and onset times cannot be exactly ob-

served. Instead, the existence of tumors is examined only at death time or sacrifice time of the animal. Such

an incomplete data structure makes it difficult to investigate the effect of treatment on tumor onset times;

in addition, such dependence should be considered when censoring due to death is related with tumor onset.

A bivariate frailty effect is incorporated to model bivariate tumor onsets and to connect death with tumor.

For the inference of parameters, EM algorithm is applied and a real NTP(National Toxicology Program)

dataset is analyzed as an illustrative example.

Keywords: Bivariate current status data, bivariate frailty effect, informative censoring, tumorigenicity.

1. Introduction

Current status data occur when subject is not under continuous examinations, instead, the occur-

rence of event is checked at only one examination time. This kind of data is also known as case I

interval-censored data and was reviewed in detail by Sun (2006). In this paper, our interest is to

consider bivariate current status data with informative censoring. For example, in a carcinogenicity

study, tumors can occur at two different sites. However, instead of exact tumor onset times, the

available data for the ith subject are composed of (Ci, Di,Δi1,Δi2), where Ci denotes a censor-

ing time at the death or sacrifice time and Di has a value one for a natural death and zero for

sacrifice. Δi1 and Δi2 are indicator variables showing that tumor 1 and tumor 2 are found at Ci,

respectively. Most studies assume that the censoring time is independent of the event occurrence

time. For example, when the censoring time is predetermined, this assumption is valid. In the
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tumorigenicity study, however, the censoring can happen at death and this requires investigation

of the relation between death occurrence and tumor onset. As related studies, a three-state model

with no tumor, tumor and death state has been applied to univariate current status data (Lindsey

and Ryan, 1994; French and Ibrahim, 2002; Kim et al., 2011). They constructed a likelihood for

four possible outcomes depending on tumor onset and death. Dunson and Dinse (2002) considered

informative censoring for multivariate current status data and developed a MCMC method under

conditional independence using frailty effect. Chen et al. (2009) and Hens et al. (2009) applied

a univariate frailty effect for multivariate current status data without death. In this paper, we

extend the three state model to analyze bivariate current status data with informative censoring

and assume the occurrence of two events are conditionally independent given a bivariate frailty.

We introduce notations and related likelihood in Section 2 and an estimation procedure is developed

in detail in Section 3. The suggested method is applied to a real dataset in Section 4 and related

comments are remarked in Section 5.

2. Data and Likelihood

We extend a three state model into a multi-state model in order to model bivariate current status

data with informative censoring. For the i (= 1, . . . , n)th subject, let Xij denote the j (= 1, 2)th

unobservable tumor occurrence time and Δij = I(Xij ≤ Ci) indicates whether the j
th tumor occurs

before censoring time. Hereafter, lowercase letters are applied for observed data, (ci, di, δi1, δi2, zi).

There are two features to consider for modeling in our study. The first one is the association

between tumor onsets. Even though their exact onset times are unobservable, their occurrences

are considered in the context of multivariate survival times. Therefore, a bivariate frailty effect is

adopted to model such association. That is, given a bivariate frailty ui = (ui1, ui2), the conditional

independence between two tumor occurrences is assumed. With covariate vector zi(r × 1), the

hazard functions of tumor 1 and tumor 2 are defined, respectively,

αi1(s|ui1) = α0(s)exp
(
z′iβ1 + ui1

)
, αi2(s|ui2) = α0(s)exp

(
z′iβ2 + ui2

)
,

where ui = (ui1, ui2) is assumed to follow a bivariate normal distribution with zero means and the

following variance-covariance,

Σ =

(
σ2
1 , σ12

σ12, σ2
2

)
.

The second feature of this data is the relation between tumor onset and death occurrence. In the

presence of tumors, we assume that tumor 1 and tumor 2 have different lethality and the hazards

of death is denoted by

λi1(t|ui1) = λ0(t)exp
(
z′iγ1 + ui1

)
, λi2(t|ui2) = λ0(t)exp

(
z′iγ2 + ui2

)
.

Also, it is still possible for death to occur without tumors and corresponding hazards are given as

λi3(t) = λ0(t)exp
(
z′iγ3

)
.
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Abstract
Several statistical models for bivariate poisson data are suggested and used to analyze 2011 K-league data.

Our interest is composed of two purposes: The first purpose is to exploit potential attacking and defensive

abilities of each team. Particular, a bivariate poisson model with diagonal inflation is incorporated for

the estimation of draws. A joint model is applied to estimate an association between poisson distribution

and probability of draw. The second one is to investigate causes on scoring time of goals and a regression

technique of recurrent event data is applied. Some related future works are suggested.

Keywords: Bivariate poisson data, diagonal inflation model, K-league, random effect, recurrent event data.

1. 서론

이변량 포아송 자료는 쌍으로 표현되는 서로 연관된 계수형 자료로 여러 분야에서 예를 찾아볼 수 있
다. 의약학 분야에서 치료 전후의 종양 개수, 역학 분야의 예는 각 농장에서 구제역으로 죽은 돼지와
소의 수, 경제학에서는 각 회사에서 발생된 자발적 이직수와 비자발적 이직수 등 한 개체로부터 측정

된 두 사건의 발생 건수 또는 서로 연관된 두 관측 개체로부터 측정된 계수형 자료 등이 그 예가 될
것이다. 이변량 포아송 자료에서 공변량의 효과를 추정하기 위해 여러가지 방법들이 적용되어 왔다.

Kocherlakota와 Kocherlakota (2001)은 EM 알고리즘을 Ho와 Singer (2001)은 일반화 최소 제곱법을

사용하였다. 이러한 이변량 포아송 분포의 확장으로 Li 등 (1999)은 다변량 포아송 자료에 대한 통계적

모형을제시하였다.

본 연구에서는 이변량 포아송 모형을 K-리그 축구 경기 결과 분석에 적용하고자 한다. 특히 각 팀의 득

점은상대방팀의공격성을자극하고수비력을강화함으로두팀의득점은상관관계가존재할것으로예
상된다. 이러한 연관관계를 표현하기 위해 랜덤 효과를 포함한 이변량 포아송 분포를 적용한다. 이와

관련된 연구로 Karlis와 Ntzoufras (2003)는 포아송 확률 변수가 같이 공유하는 확률변수를 고려한 다

음의이변량포아송분포를적용하였다.

Pr(y1, y2) = Pr(Y1 = y1, Y2 = y2) = exp{−(λ1 + λ2 + λ3)}λ
y1
1

y1!

λy2
2

y2!

min(y1,y2)∑
k=0

(
y1
k

)(
y2
k

)
k!

(
λ3λ3λ3

λ1λ1λ1λ2λ2λ2

)k
,
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Table 2.1. Frequency of goals by two teams

Y1|Y2 0 1 2 3 4 5 6

0 22 17 10 5

1 25 25 16 11

2 21 22 14 6 1 1

3 5 9 11 3 1

4 1 3 1 2 1

5 2 1

6 1 1

7 1 1

여기서 두 팀의 득점은 확률 변수 Y1과 Y2로 표현되며 E(Y1) = λ1 + λ3, E(Y2) = λ2 + λ3,

Cov(Y1, Y2) = λ3로 λ3는 두 팀간의 연관 정도를 보여준다. 따라서 λ3 = 0은 두 팀의 골점수가 독

립임을 의미하며 이러한 경우 위 분포는 이중 포아송 분포(double poisson distribution)로 축소된다.

본 연구에서는 두 팀의 연관성을 모형화하기 위해 랜덤 효과를 고려한다. 본 논문의 2장에서는 K-리그
결과를 간략하게 설명하고 자료의 특징을 기술할 것이며 3장에서는 새로운 이변량 모형을 제안하고 그
추론 과정을 서술하고자 한다. 또한 4장에서는 득점 소요시간을 분석하기 위해 포아송 확률 과정에 근
거한재발사건자료분석기법을적용할것이다. 5장에서는제안된모형의확장을제시하고자한다.

2. 2011 K-리그 득점 현황

K-리그는 2012년현재 16개의프로팀으로구성되어있으며지난 2011년리그에서는전북 FC가우승을

하였다. 전체 240번의 경기가 치루어졌으면 각 팀당 30번의 경기가 있었다. 경기는 홈경기와 원정경기

로 두 팀이 번갈아 각자의 홈경기장에서 시합을 하게 된다. Table 2.1은 두 팀간의 골 점수의 빈도를 보

여준다. 자료에 의하면 홈팀 승 :무승부 :원정팀 승의 비율은 107 : 65 : 68로 홈팀이 승리하는 빈도가 훨

씬 더 높았다. 그리고 165시합(약 68.8%)이 골 득점차가 0 또는 1로(|Y1 − Y2| ≤ 1) 두 팀의 전력이 비

슷함을 보였다. 본 연구에서는 각 경기당 홈팀과 원정팀간의 골점수의 연관 관계를 모형화하기 위해 랜
덤 효과를 고려한다. 또한 무승부의 높은 발생 빈도를 위해, 동점 발생 확률을 포함한 결합 모형(joint

model)이적용될것이다. 두팀간의골득점에대한상관계수는 0.142 (p-value = 0.026)로유의한양

의 상관관계가 존재함을 보여준다. 즉 상대팀의 득점은 서로에게 자극을 주어 득점을 이루어지게 하였
음이 예상된다. 이에 대한 분석을 위해 재발 사건 방법론이 적용된다. 즉, 각 팀의 골 득점 소요시간에

대한 분포와 공변량의 효과를 분석한다. 재득점의 평균 소요 시간은 20.153분이고 가장 빠른 재득점 시

간은 1분이었다.

3. 이변량 포아송 자료

본 연구에서는 한 경기당 두 팀의 골 득점에 대해 이변량 포아송 변수를 가정한다. 특히 랜덤 효과

(uhti , uati)가 주어져 있을 때, 홈팀과 원정팀의 골점수, Yi1와 Yi2는 조건부적으로 서로 독립이며 그
들의평균 λi1와 λi2에대해다음의모형이각각적용된다.

log(λi1|xi1, uhti) = β′
1xi1 + uhti , (3.1)

log(λi2|xi2, uati) = β′
2xi2 + uati , (3.2)



Interactions of single nucleotide polymorphisms with dietary calcium
intake on the risk of metabolic syndrome1–3
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ABSTRACT
Background: Gene-nutrient interactions may be important in mod-
ulating susceptibility to metabolic disorders.
Objectives: The objectives of this study were to assess the associ-
ation of dietary calcium intake with the risk of metabolic syndrome
and to investigate the interaction effects between dietary calcium
intake and candidate gene polymorphisms.
Design: Subjects were participants in the Korea Association Re-
source project, which was initiated in 2007 as a large-scale, ge-
nomewide association analysis. A total of 8031 subjects were
included in the study. Associations were assessed by using multi-
variable-adjusted logistic regression analyses.
Results: High calcium intake appeared to be associated with a low
risk of metabolic syndrome after covariates in both men (P-trend =
0.03) and women (P-trend = 0.0002) were controlled for. Among
27 single nucleotide polymorphisms (SNPs) selected as possible
candidate gene polymorphisms affecting the risk of metabolic
syndrome, 3 SNPs [rs6445834 in Rho guanine nucleotide exchange
factor 3 (ARHGEF3), rs10850335 in T-box 5 (TBX5), rs180349 in
BUD13 homolog (Saccaromyces cerevisiae) (BUD13)] showed sig-
nificant interaction effects with calcium intake tertiles or sufficiency
in both men and women. Subjects with major allele homozygotes of
these gene polymorphisms and high calcium intakes generally had
a lower risk of metabolic syndrome than did those with minor allele
homozygotes and low calcium intakes.
Conclusion: Dietary calcium intake appears to be inversely associ-
ated with the risk of metabolic syndrome and may modulate sus-
ceptibility to the syndrome in subjects who are minor allele carriers
of rs6445834 in ARHGEF3, rs10850335 in TBX5, or rs180349 in
BUD13. Am J Clin Nutr 2012;95:231–40.

INTRODUCTION

Metabolic syndrome, a clustering phenomenon of metabolic
phenotypes such as abdominal obesity, dyslipidemia, hyperten-
sion, and insulin resistance, is an important precursor of car-
diovascular disease and type 2 diabetes (1). Metabolic syndrome
is a major public health challenge in both developed and de-
veloping countries, and the prevalence of diseases related to
metabolic syndrome shows an increasing trend (2, 3). The
prevalence of metabolic syndrome in Korea has also been steadily
increasing over recent years, from 24.9% in 1998 to 31.3% in
2007. This prevalence is relatively high compared with those of
other Asian countries (4, 5).

The progression of metabolic syndrome is influenced by ge-
netic susceptibility and environmental factors, including diet,

and the interactions between them (6–9). Recently, published
genomewide association studies have described candidate genes
that contribute to metabolic syndrome and its phenotypes around
the world (10–19). Some of these studies have also tried to in-
vestigate the interaction effects between the identified gene
polymorphisms and dietary intake. Among dietary factors, inter-
actions between fat intake and genes on the risk of metabolic
syndrome have been studied and been found to be potential mod-
ulators of genetic susceptibility to metabolic syndrome (7, 20–22).

A growing body of research shows an inverse association
between dairy consumption and the prevalence of metabolic
syndrome (23). The effects of dairy consumption on the risk of
metabolic syndrome can be partially explained by calcium intake
in dairy foods (24), and several studies have found that people
with higher calcium intakes have a lower prevalence of metabolic
syndrome and its components (25–27). Dietary calcium is known
to play a key role in blood pressure control and adipocyte me-
tabolism, and thus its effects on metabolic syndrome could be
partially mediated by its effects on body fat, blood pressure, and
insulin sensitivity (28).

Given the substantial influence of gene-diet interactions on
metabolic disorders, calcium intake could modify genetic sus-
ceptibility to metabolic syndrome similar to the way in which fat
intake has an effect on the risk of metabolic syndrome conferred
by gene polymorphisms (11–14). To our knowledge, there is no
study investigating an interaction effect between calcium intake
and gene polymorphisms on the risk of metabolic syndrome. A
finding of gene-calcium interactions could improve our un-
derstanding of the mechanisms of metabolic alterations and could
eventually lead to effective, personalized prevention of metabolic
syndrome. Thus, the objectives of this study were to investigate
the association of dietary calcium intake with the risk of meta-
bolic syndrome and its phenotypes and to study the interaction
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effects between dietary calcium intake and candidate gene
polymorphisms.

SUBJECTS AND METHODS

Subjects

Our study subjects were participants in the KARE4 project,
which was initiated in 2007 as a large-scale, genomewide as-
sociation analysis. The KARE population was recruited from 2
community-based cohorts that had been established as part of
the KoGES in 2001. The cohorts were taken from the Ansung
and Ansan areas in the Gyeonggi Province of South Korea and
were a source of extensive phenotypic data for .260 traits. Data
were collected through epidemiologic surveys, physical exami-
nations and laboratory tests. The initial cohort included 10,038
participants (5018 for Ansung and 5020 for Ansan) between 39
and 70 y of age. After performing genotype calling and quality-
control processes, a total of 8842 individuals were included in
the KARE study. Further description of the study population
may be found in a previous publication (10). Among those 8842
subjects, we excluded subjects who did not complete the food-
frequency questionnaire (n = 674) or who reported implausibly
low or high energy intakes (<500 kcal/d or .4000 kcal/d) (n =
137). Thus, the total number of study subjects used in our final
analyses was 8031 (3846 men and 4185 women). The in-
stitutional review board of Hanyang University Medical Center
approved this study.

General characteristics, anthropometric measurements,
and biochemical variables

Information on demographic characteristics, education (less
than high school or high school or greater), smoking status (current
smoker or non–current smoker), alcohol intake (g/d), exercise
(metabolic equivalent task hours/d), and family history of disease
(hypertension, type 2 diabetes, or myocardial infarction) was
collected by using an interview-administered questionnaire. Height
was measured with a stadiometer to the nearest 0.1 cm, and weight
was measured with a metric scale to the nearest 0.01 kg while the
subjects were wearing light clothing with no shoes. BMI was
calculated as weight (kg)/height (m2). WCwas measured half-way
between the lowest rib margin and the iliac crest. BP was mea-
sured by using a standard protocol after each subject had been
sitting for �5 min. Systolic BP and diastolic BP measurements
were recorded at least twice at 30-s intervals, and then an average
value was used. Blood samples were collected after �8 h of
fasting, and plasma concentrations of total cholesterol, HDL
cholesterol, triacylglycerol, and glucose were quantified by using
biochemical assays performed by a central laboratory (Seoul
Clinical Laboratories, Seoul, Republic of Korea). For subjects
with triacylglycerol concentrations ,400 mg/dL, LDL choles-
terol was calculated as described by Friedewald et al (29).

Metabolic syndrome

Metabolic syndrome was defined by using modified criteria
proposed by the Third Report of the National Cholesterol

Education Program Adult Treatment Panel. A metabolic syn-
drome diagnosis was made when a subject fulfilled 3 of the
following 5 criteria: WC �90 cm in men and �85 cm in
women (30), triacylglycerol �150 mg/dL or treatment of
dyslipidemia, HDL cholesterol ,40 mg/dL in men and ,50
mg/dL in women or treatment of dyslipidemia, systolic and
diastolic BP �130 and 85 mm Hg or antihypertensive treat-
ment, and fasting blood glucose �100 mg/dL or treatment of
type 2 diabetes (31).

Dietary measurements

Well-trained interviewers collected dietary data by using
a semiquantitative food-frequency questionnaire that asked each
participant to provide his or her usual intake of 103 food items
over a period of 12 mo. A semiquantitative food-frequency
questionnaire was developed and validated by KoGES (Korean
Genome Epidemiologic Information Management System) (32,
33). It consisted of 9 frequency categories ranging from “never”
to �3 servings/d and 3 portion-size categories [“less” (0.5
serving), a standard amount (1 serving), or “more” (1.5 serv-
ings)] for each food item. All frequencies were standardized
into “times per day” by using a conversion factor of 30.4 d/mo
or 4.3 wk/mo. Food and nutrient intakes per day were calcu-
lated by using a weighted frequency per day, a portion size per
unit, and a recipe and nutrient database that was provided by
KoGES (32).

Genotyping and imputation

Genomic DNA samples were isolated from peripheral blood
drawn from the participants and were genotyped on the Affymetrix
Genome-Wide Human SNP Array 5.0 (Affymetrix). Bayesian ro-
bust linear modeling with the Mahalanobis distance (BRLMM)
Genotyping Algorithm (Affymetrix) was used for the genotype
calling of 500,568 SNPs. The genotype calling and quality-control
processes are described in more detail in a previous study (10). The
missing genotypes were imputed by using PLINK software and the
JPT/CHB reference panel in HAPMAP (http://hapmap.ncbi.nlm.
nih.gov). From the sample and SNP quality controls, a total of 8842
individuals and 327,872 SNPs were ultimately included in the
analyses. Note that there was no evidence for possible population
stratification in these data.

Statistical analysis

Before examining the interaction effects of calcium intake and
gene polymorphism on metabolic syndrome, we conducted
a genomewide association analysis of 327,872 SNPs to select
candidate SNPs to be included in the interaction analysis. For
each SNP, association with metabolic syndromewas tested on the
basis of logistic regression. We adjusted for age, sex, recruitment
area, and BMI, and an additive model was assumed for the
genetic mode. First, we screened out SNPs with a weak asso-
ciation to metabolic syndrome (P . 0.001). Then, we screened
out SNPs with minor allele frequency (,0.05) and SNPs that are
not mapped to an exon/intron or that were within the 5-kbp
upstream/0.5-kbp downstream regions of known genes. Finally,
among the SNPs that passed the above screening, we selected 27
SNPs that showed strong statistical evidence from our data (ie,
P , 0.0001) and/or have been reported to have significant

4 Abbreviations used: BP, blood pressure; KARE, Korea Association Re-

source; kbp, kilobase pair; KoGES, Korean Genome Epidemiology Study;

SNP, single nucleotide polymorphism; WC, waist circumference.
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a b s t r a c t

A paired data set is common in microarray experiments, where the data are often

incompletely observed for some pairs due to various technical reasons. In microarray

paired data sets, it is of main interest to detect differentially expressed genes, which are

usually identified by testing the equality ofmeans of expressionswithin a pair.Whilemuch

attention has been paid to testing mean equality with incomplete paired data in previous

literature, the existing methods commonly assume the normality of data or rely on the

large sample theory. In this paper, we propose a new test based on permutations, which

is free from the normality assumption and large sample theory. We consider permutation

statisticswith linearmixtures of paired and unpaired samples as test statistics, and propose

a procedure to find the optimal mixture that minimizes the conditional variances of the

test statistics, given the observations. Simulations are conducted for numerical power

comparisons between the proposed permutation tests and other existing methods. We

apply the proposed method to find differentially expressed genes for a colorectal cancer

study.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Testing the equality of means in a paired data set is a problem which we often encounter in practice. In particular, when

one wants to identify differentially expressed genes between normal and tumor tissues in microarray experiments, it is

common to extract RNA samples from both normal and tumor tissues of the same individual. This indirect design is usually

adopted for the experiment that uses a common reference RNA hybridized both to normal and tumor tissues. Ideally, this

experiment produces n pairs of microarray data. However, for some individuals, either the normal tissue or the tumor tissue

is not big enough for the experimenter to extract enough RNA for conducting the experiment. For this reason, one of the

paired expression levels often fails to be assessed for these individuals.

A simple approach for the unpairedmissing data is to remove those unpaired incomplete observations from the analysis,

but this would lead to a power loss in testing because tests based on all the available data are supposed to have better

performance. Another approach to deal with missing data is imputation, but this may work only when incomplete pairs

∗ Corresponding author.

E-mail addresses: bunguji@snu.ac.kr (D. Yu), johanlim@snu.ac.kr (J. Lim), liangf@uiuc.edu (F. Liang), kyunga@sookmyung.ac.kr (K. Kim),
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occur for a small number of genes. We may have, however, a sizeable number of missing arrays in either the tumor or the

normal tissues.

Much attention has been paid to tests for incomplete paired data in previous literature. Many of the proposed tests

are based on estimates of the mean difference using all the available data (Lin and Stivers, 1974; Ekbohm, 1974; Bhoj,

1974). These existing methods heavily rely on the assumption that the data are generated from a bivariate normal, but

this assumption might not be true for gene expression data.

In this study, we develop a statistical method for incomplete paired data, which does not require any parametric

assumption and utilizes the information from both paired and unpaired data. We consider the class of convex combinations

of two linear statistics Tp and Tup:

Tλ = λTup +
(
1− λ

)
Tp, 0 ≤ λ ≤ 1,

where Tp and Tup are statistics for paired and unpaired samples, respectively. The optimal combination is further chosen to

minimize the conditional variance of permuted Tλ, given the observations.

The rest of this paper is organized as follows. In Section 2, we introduce a statistical model for paired gene expression

data and review the existingmethods for incomplete paired data. In Section 3, we propose a permutationmethod for testing

the difference of means. We numerically investigate the performance of our method based on simulations in Section 4. In

Section 5, we apply the proposed method to identify differentially expressed genes from the colorectal cancer microarray

data which previously studied by Kim et al. (2005). Finally, we discuss possible extensions of our method in Section 6.

2. Existing methods

We represent incomplete paired data as a combination of paired and unpaired data sets as follows. Let (Xi, Yi) (i =
1, 2, . . . , n3) be paired observations, for the ith individuals under two different conditions. Denote XU

i (i = 1, 2, . . . , n1)

and YU
j (j = 1, 2, . . . , n2) as unpaired observations on X and Y , respectively. Then, the entire data set can be arranged as

follows:

XU
1 , . . . , XU

n1 ; ; X1, . . . , Xn3
; YU

1 , . . . , YU
n2 ; Y1, . . . , Yn3 .

Suppose that (Xi, Yi)
T is a bivariate normal random vector with mean μ = (μX , μY )

T and covariance matrix

Σ =
(

σXX ρσXσY
ρσXσY σYY

)
.

Then the marginal distributions of unpaired data are normal with mean μX and variance σXX for XU, and normal with mean

μY and variance σYY for YU, respectively. We define X, Y , SXX , SYY , SXY , and r = SXY/
√
SXXSYY as the sample means, the

sample variances, the sample covariance, and the sample correlation for the paired data, respectively. We further define

X
U
, Y

U
, SUXX , and SUYY as the sample means and the sample variances for the unpaired data. The primary interest here is

testing the mean difference δ = μX − μY .

When missing data occur only on one side (i.e., n1 = 0 or n2 = 0), one can obtain a closed form of the maximum

likelihood estimate (MLE) of μ and Σ (Anderson, 1957). However, there is no closed form of the MLE for the incomplete

data, when missing data occur on both sides (i.e., n1 �= 0 and n2 �= 0), though one can find the MLE of μ and Σ with an

iterative procedure (Orchard and Woodbury, 1970). To get a closed form of an estimator, Lin and Stivers (1974) proposed a

modified MLE with non-iterative procedures and provided several test statistics based on their estimator. Ekbohm (1974)

and Bhoj (1974) also suggested similar, but simpler, test statistics. In particular, Bhoj (1974) proposed a test statistic that

was a linear combination of the paired and the unpaired t-statistics:

TBhoj = λ
X

U − Y
U

SUp
√

1

n1
+ 1

n2

+ (1− λ
) X − Y
Sp/
√
n3

,

where(
SUp
)2 = (n1 − 1)SUXX + (n2 − 1)SUYY

n1 + n2 − 2
and S2p =

SXX + SYY − 2SXY
n3

.

The test statistic is a linear combination of two independent t-distributed random variables. Thus, it can be adequately

approximated by a t-distribution with fB degrees of freedom, where fB is calculated by equating the second and fourth

moments of the test statistic and the t-distribution (Patil, 1965).

Recently, Kim et al. (2005) considered a nonlinear combination of paired and unpaired statistics, which is referred to

as t3:

t3 = n3

(
X − Y

)+ nH

(
X

U − Y
U)√√√√n3S2p + n2

H

(
SUXX
n1
+ SUYY

n2

) ,
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Abstract

Circulating levels of adiponectin, a hormone produced predominantly by adipocytes, are highly heritable and are inversely
associated with type 2 diabetes mellitus (T2D) and other metabolic traits. We conducted a meta-analysis of genome-wide
association studies in 39,883 individuals of European ancestry to identify genes associated with metabolic disease. We
identified 8 novel loci associated with adiponectin levels and confirmed 2 previously reported loci (P= 4.561028–
1.2610243). Using a novel method to combine data across ethnicities (N = 4,232 African Americans, N = 1,776 Asians, and
N= 29,347 Europeans), we identified two additional novel loci. Expression analyses of 436 human adipocyte samples
revealed that mRNA levels of 18 genes at candidate regions were associated with adiponectin concentrations after
accounting for multiple testing (p,361024). We next developed a multi-SNP genotypic risk score to test the association
of adiponectin decreasing risk alleles on metabolic traits and diseases using consortia-level meta-analytic data. This risk
score was associated with increased risk of T2D (p= 4.361023, n = 22,044), increased triglycerides (p= 2.6610214,
n = 93,440), increased waist-to-hip ratio (p= 1.861025, n = 77,167), increased glucose two hours post oral glucose
tolerance testing (p= 4.461023, n = 15,234), increased fasting insulin (p= 0.015, n = 48,238), but with lower in HDL-
cholesterol concentrations (p= 4.5610213, n = 96,748) and decreased BMI (p= 1.461024, n = 121,335). These findings
identify novel genetic determinants of adiponectin levels, which, taken together, influence risk of T2D and markers of
insulin resistance.
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Abstract We study a permutation procedure to test the equality of mean vectors,
homogeneity of covariance matrices, or simultaneous equality of both mean vectors
and covariance matrices in multivariate paired data. We propose to use two test sta-
tistics for the equality of mean vectors and the homogeneity of covariance matrices,
respectively, and combine them to test the simultaneous equality of both mean vectors
and covariance matrices. Since the combined test has composite null hypothesis, we
control its type I error probability and theoretically prove the asymptotic unbiased-
ness and consistency of the combined test. The new procedure requires no structural
assumption on the covariances. No distributional assumption is imposed on the data,
except that the permutation test for mean vector equality assumes symmetric joint
distribution of the paired data. We illustrate the good performance of the proposed
approach with comparison to competing methods via simulations. We apply the pro-
posed method to testing the symmetry of tooth size in a dental study and to finding
differentially expressed gene sets with dependent structures in a microarray study of
prostate cancer.
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1 Introduction

Multivariate paired data (paired multivariate observations from the same group of
experimental units) are common in many studies, and it is often of interest to test
qualitative properties of population (or treatment) mean vectors and/or covariance
matrices. Obviously, multivariate responses within each specific experimental unit are
likely to be dependent. The two samples are correlated due to the fact of having paired
observations. Moreover, in some cases, data may demonstrate distributions other than
multivariate normal. The main contribution of the presented paper is the development
of distribution-free tests that do not require stringent assumptions, their supporting
theory, and a permutation procedure for implementation that take these considerations
into account when testing the equality of mean vectors, equality of covariance matri-
ces, and simultaneous equality of both mean vectors and covariance matrices between
multivariate paired samples.
This work is motivated by two studies. One is a study on human tooth size. The

data set contains 179 male adults who had natural normal occlusion with age range
of 17–24 through a community dental health survey between 1999 and 2002 in Seoul,
Korea, and is part of a standard occlusion study that has been undergoing since 1997
(Kim et al. 2005; Lee et al. 2007). A human adult normally has 14 permanent teeth
in either maxilla (upper jaw) or mandible (lower jaw) with 7 teeth (central incisor
to second molar) on either left or right side. The tooth sizes in terms of mesiodistal
diameter of teeth of the patients were measured using digital Vernier calipers with
sharpened points. Investigating whether tooth size profile is the same for the left and
right sides around central incisors in terms of both mean values and variation would be
helpful to understand the developmental biology of teeth and gain important insight
into normative data of human tooth size, diagnostic criteria for malocclusion, and
dental treatment planning (Garn et al. 2002; Uysan et al. 2005). Notice that the tooth
sizes on the left and right sides from the same patient are naturally paired. In statistical
aspects, however, previous analysis mainly focused on the asymmetry in mean vec-
tors between left and right sides, while little has been done to justify the asymmetry
between the covariance parameters, letting alone the possible difference between the
underlying distributions. Among the subjects in the data set, we found several teeth
exhibited excessive sample skewness and/or kurtosis, implying some violations of the
usual multivariate normality assumption. We thus study a test procedure to address all
these issues.
Another example is to test the asymmetry in either mean vectors or covariance

matrices in multivariate paired observations in a microarray study. In cancer micro-
array experiments, it is a common practice to collect the tumor tissue from the same
individual fromwhom the normal tissue is taken. Such experiments produce multivar-
iate paired observations. Themicroarray data analysis focuses on finding differentially
expressed genes between the control and the treatment groups. In recent years, much
efforts have been given to identifying sets of genes that are significantly differentially
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Abstract
Purpose We examined dietary and health-related behaviors
among Korean cancer patients in the fourth Korean
National Health and Nutrition Examination Survey.
Methods To compare the dietary and health-related behav-
iors among cancer patients, patients who had recovered
from cancer, and those who had never had cancer, we
obtained odds ratio (OR)s and 95% confidence interval (CI)
s for the adherence to American Institute for Cancer
Research (AICR) recommendations or a Dietary
Approaches to Stop Hypertension (DASH)-style diet using
the multivariate polytomous logistic regression.
Results A total of 103 cancer patients, 139 patients who had
recovered from cancer, and 7,963 participants who had never
had cancer were included. Patients who had ever been
diagnosed with cancer were more likely to follow AICR
recommendations or a DASH-style diet compared to those
who had never had cancer. Compared to bottom tertile of the
AICR adherence score, ORs (95% CIs) in the top tertile were
3.19 (1.86–5.46) for patients who recovered from cancer and
3.34 (1.81–6.17) for cancer patients. For a DASH-style diet,
we found an OR of 2.26 (95% CI 1.28–3.99) for patients who
recovered from cancer and an OR of 1.60 (95% CI 0.89–2.89)
for cancer patients, comparing top to bottom tertiles. We also
found that the degree of adherence among cancer patients was
stronger among ever smokers than never smokers.

Conclusions Korean patients who had ever been diagnosed
with cancer showed higher adherence to diets designed to
prevent cancer or high blood pressure than those who had
never had cancer. Our observations warrant further pro-
spective studies to evaluate the association of adherence to
a healthy diet with survival and quality of life among Asian
cancer patients.

Keywords AICR recommendation . DASH-style diet .

Cancer patients

Introduction

Cancer is the leading cause of death in Korea. Age-
standardized incidence rates (per 100,000) were 281.2 for
men and 160.3 for women in 1999 and 305.9 for men and
224.9 for women in 2007 [1, 2]. The annual percent
increases in incidence of cancers prevalent in Korea were
15.0% for prostate cancer, 6.6% for colorectal cancer, and
6.6% for breast cancer from 1997 to 2007 [2]. Following
improvement of treatment strategies and the implementa-
tion of a nationwide early detection program, the 5-year
survival rate has been steadily increasing, reaching 48.3%
for men and 67.1% for women in Korea in 2007 [2]. Given
that the common cancers that are increasing in Korea are
related to diet and to sedentary lifestyles and that survival
rates are as high as in Western countries, it is important to
examine diet among cancer survivors and the effect of diet
on their survival and quality of life. Several epidemiologic
studies have found high levels of transition to healthy
lifestyles, including regular exercise, smoking cessation,
and increased healthy food intake among cancer patients,
after cancer diagnosis [3–6], but investigation in Asian
populations is lacking.
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The American Institute for Cancer Research (AICR)
released its second set of recommendations about diet and
other factors in 2007, with the goal of decreasing cancer
incidence and mortality in the USA [7]. The Dietary
Approaches to Stop Hypertension (DASH) Trials emphasized
a diet that is high in vegetables, fruits, and low-fat dairy
products to decrease systolic and diastolic blood pressure in
normotensive and hypertensive adults [8, 9]. Participants who
had a high AICR adherence score had a lower risk of cancer
incidence and lower cancer mortality [10]. Adherence to
DASH-style diet was associated with lower risks of
hypertension [8], cancer [11], and diabetes [12].

Cancer patients during cancer treatment are advised to
prevent or reverse nutrient deficiencies, and dietary guide-
lines for cancer prevention are suggested to reduce the risk
of second cancers among cancer survivors; however, the
scientific evidence is not sufficient to support the hypoth-
esis that healthy diet and physical activity are linked to
lower risk of cancer recurrence or survival [13]. Given that
data on food choices among cancer patients in Asia are
limited, we examined health and dietary behaviors by
analyzing the degree of adherence to AICR-recommended
or DASH-style diets among cancer patients.

Materials and methods

Study participants

The Korea National Health and Nutrition Examination
Survey (KNHANES) is a nationwide study designed by the
Ministry for Health and Welfare and the Korea Centers for
Disease Control and Prevention to evaluate the health and
nutrition status of the Korean population [14]. KNHANES
was conducted in four phases (phases 1–4 in 1988, 2001,
2005, and 2007–2009, respectively), using a stratified,
multistage probability sampling design to find a representative
sample of the civilian, non-institutionalized Korean popula-
tion. KNHANES was constructed in three parts: a health
interview survey, a health behavior survey, and a nutrition
survey. Trained interviewers using constructed questionnaires
asked participants about sociodemographic characteristics,
health status, nutritional status, and lifestyle. A medical team
performed physical examinations at mobile health clinics,
recording the following: anthropometric measurements, vital
signs, blood and urine tests, a dental checkup, and a chest X-
ray. A detailed description of the KHANES is reported
elsewhere [14]. We analyzed data from phases 1 (n=4,594)
and 2 (n=9,744) of KNHANES 4, which was performed
between July 2007 and December 2008.

Cancer patients, patients who recovered from cancer, and
those who had never had cancer were defined as follows:
participants were requested to answer the following ques-

tions in relation to cancers of the stomach, liver, color-
ectum, breast, cervix, lung, and other organs: “Have you
ever been diagnosed with cancer by a physician?” (yes/no);
“Is the cancer cured?” (yes/no); “Do you currently suffer
from cancer?” (yes/no); and “Are you currently being
treated for cancer?” (yes/no). We divided the participants
into three groups according to the questions: cancer
patients, patients who recovered from cancer, and those
who had never had cancer. “Cancer patients” were defined
as those who have been diagnosed with cancer by a
physician but not cured. “Patients who recovered from
cancer” were defined as those who have been diagnosed
cancer by a physician but cured and no longer had cancers
in the present. The “never had cancer” group was defined
as those who had never been diagnosed with cancer.

We excluded participants who did not have information on
intake of food and nutrition (n=94), those who reported
unreasonable total energy intake (total caloric intake less
than 400 or greater than 5,000 kcal/day) (n=1,367), and
those for whom information on body mass index (BMI) (n=
673), smoking status (n=58), or physical activity (n=15)
was not available. After these exclusions, 103 cancer patients
(among these patients, 17 had been diagnosed with two or
more cancers), 139 patients who recovered from cancer, and
7,963 participants who had never had cancer were included
in the analysis.

Assessment of dietary and non-dietary factors

Food intake was assessed with a food frequency question-
naire containing 63 food items and with a 24-h recall [14].
Questionnaire responses were as follows: “3 times a day”,
“2 times a day”, “once a day”, “4 to 6 times a week”, “2 or
3 times a week”, “once a week”, “2 or 3 times a month”,
“once a month”, “6 to 11 times a year”, and “rarely”. All
categories were converted to times per day using the
median value. We used the recommendations relevant to
modifiable factors among the AICR recommendations [15]
as follows: (1) be as lean as possible without becoming
underweight; (2) be physically active for at least 30 min
everyday; (3) avoid sugary drinks and limit consumption of
energy-dense foods; (4) eat more of a variety of vegetables,
fruit, whole grains, and legumes such as beans; (5) limit
consumption of red meats (such as beef, pork, and lamb)
and avoid processed meats; (6) If consumed at all, limit
alcoholic drinks to two for men and one for women a day;
(7) limit consumption of salty foods and foods processed
with salt (sodium); and (8) quit smoking.

We have classified food intake into the food groups
named in the AICR recommendations and in the DASH-
style diet: whole grain, red meat and processed meat,
vegetable, fruit, legume, and sweetened beverage from food
frequency questionnaires. Cabbage and radish were excluded
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Abstract: Multifactor dimensionality reduction (MDR) method has been 
widely applied to detect gene-gene interactions that are well recognized as 
playing an important role in understanding complex traits. However, because of 
an exhaustive analysis of MDR, the current MDR software has some 
limitations to be extended to the genome-wide association studies (GWAS) 
with a large number of genetic markers up to ~1 million. To overcome this 
computational problem, we developed CUDA (Compute Unified Device 
Architecture) based genome-wide association MDR (cuGWAM) software 
using efficient hardware accelerators. cuGWAM has better performance than 
CPU-based MDR methods and other GPU-based methods. 
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1 Introduction 

One of the main objectives in Genome-Wide Association Studies (GWAS) is to identify 
and characterise susceptibility variants involved in common and complex disorders.  
With the rapid development of high-throughput genotyping technologies, GWAS have 
been facilitated to discover multiple genetic factors of common complex diseases. Since 
complex diseases are influenced by multiple genes with variant alleles, identifying 
multiple causal genes and their interactions is critical for the success of GWAS. The 
Multifactor Dimensionality Reduction (MDR) method addresses the high-dimensionality 
problem (e.g., a large number of genetic variables and relatively small sample sizes) via 
constructive induction, and was proposed to identify the gene-gene interactions that affect 
disease susceptibility (Ritchie et al., 2001; Hahn et al., 2003; Moore, 2003; Williams  
et al., 2004; Neuman et al., 2010).  

The original MDR software was implemented by JAVA programming language and 
had graphical user interface (Hahn et al., 2003). Because this MDR JAVA version  
is designed to run on only single workstation, it is suitable for candidate gene studies with 
a small number (<500) of genetic variables, such as Single Nucleotide Polymorphisms 
(SNPs). In order to handle large dataset, Bush et al. proposed Parallel MDR (pMDR) 
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Abstract—Some home monitoring research has tried to deal with 
a broad range of human behaviors such Activity of Daily Living 
(ADL) or Instrumented ADL (IADL) in an entire home, but most 
research results does not yet seem satisfactory. So we focused on 
modeling human behaviors in a bedroom, not an entire home. To 
do this, we define a behavior state and behaviors. We constructed 
the experimental system by installing a wireless infrared sensor 
on the ceiling above vibration sensors located on a bed. Based on 
the behavior definition, we formed a feature vector for each 
behavior in a bedroom. The total 110 experiments on five 
behaviors were tested by 5 subjects. We achieved a recognition 
ratio of 75.4%. After analyzing causes of false negatives, we 
revised some features. Then, the total 115 experiments were 
tested by four additional subjects. The recognition ratio 
improved to 94.8%. The high recognition ratio indicates that the 
proposed behavior model is effective in recognizing human 
behaviors in a bedroom. This research will contribute to forming 
a foundation to track human behavioral log in a bedroom. 

Keywords- home monitoring; human behavior recognition; 
feature vector; state preserving approach 

I.  INTRODUCTION 
The growing aging population has resulted in an increasing 

interest in ubiquitous computing and wireless sensor 
technology. An estimated 9% of adults age 65+ and 50% of 
adults age 85+ need care in their daily life. It has become and 
continues to be burdensome on governments and families. In 
addition, many elderly individuals prefer to live at home longer, 
rather than move to an assisted living facility. They seek an 
alternative way to combine their need for care and their wish to 
live at home for as long as possible. 

The technological advance in various wireless sensors, 
communication and artificial intelligence allows a kind of 
home monitoring that can provide an opportunity to solve this 
aging problem. However, a satisfactory solution requires that 
device installation should not cause the user any inconvenience 
nor pose a privacy problem. We offer a non-invasive and 
unobtrusive approach through the use of passive sensors. 
People at home or assisted living facility do not need to be 
aware of these sensors. 

Many researchers have been trying to recognize human 
behaviors at home or assisted living facilities for the past 
decade [1]. Their interest has focused on recognizing a part or 
all of Activity of Daily Living (ADL) (e.g., dressing, eating, 
ambulating, transferring, hygiene) or IADL (Instrumented 
ADL) [2] with various sensors such as motion sensors, RFID, 
and accelerometers. However, individual behaviors tend to 
show a great deal of variation. There is still much difficulty in 
recognizing many kinds of behaviors, such as ADL or IADL, 
even though much research has been performed on this topic. 
Therefore, we take the research direction as follows: 

1) From a practical point of view, an approach to 
recognizing behaviors in a confined space seems more effective. 

2) Furthermore, we keep in mind that this research will be 
used for an elderly living independently or assisted living 
facilities. 

According to the directions above, the examined movement 
space of an individual in this research is confined to a bedroom, 
not an entire home. So we focus on recognizing kinds of 
behavior that occur in a bedroom, such as sitting up/down in 
bed, lying up/down on the bed, and tossing and turning in bed. 

The rest of the paper is organized as follows. In Section 2, 
we introduce related work. In Section 3, we define a behavior 
model. Section 4 explains the process of extracting a feature 
vector, and Section 5 explains a state preserving recognition 
approach. In Section 6, we validate the behavior. In Section 7, 
we summarize our results and future work. 

II. RELATED WORK 
Several studies have examined using motion sensors to 

monitor the activities of individuals at home [3]---[6]. These 
researches focused on finding out any abnormality in an 
elderly individual’s activity pattern. The results of this 
research have provided a way to alert relatives, caregivers, or 
healthcare personnel to any abnormality in an activity pattern. 
Atypical days were observed in the histograms of the infrared 
(IR) motion sensor output counts for each hour and each room 
[3]. The behavioral patterns of older adults in assisted living 
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were analyzed by using statistical estimation based on the 
average amount of time spent in each room [7]. Circadian 
rhythmic analysis was also used as an automatic telemedicine 
system to analyze the daily activities of the elderly [8]. 

The circadian rhythmic approach has been studied in the 
daily activity analysis with ADL graphs [3], Gaussian 
probability density function [8], and Support Vector Data 
Description (SVDD) method [9]. However, reference [9] 
reported 71 abnormal events. Out of the total abnormal events, 
there were 58 false positives where the system misclassified 
normal behavior as abnormal behavior, and 13 true negatives 
where the system correctly identified the subject’s abnormal 
condition. This report implies that it is difficult to recognize 
ADL generally.  

C. Franco et al. [10] tried to measure the dissimilarity 
between sequences of activity using a variant of the Hamming 
distance and interpreted their findings according to the circular 
Gumbel distribution. This research is not focused on 
recognizing activities, but capturing similarity between 
sequences of activity, instead. 

Chan et al. [11] developed a system, also based on passive 
infrared (PIR) and magnetic switches that not only detected a 
subject’s absence/presence in a particular room, but also 
measured his or her mobility in kilometers. An artificial neural 
network (ANN) monitored the subject’s mobility data for 
deviations from his or her usual pattern. This system was 
based on the assumption that the monitored subject lived alone 
and had repetitive and identifiable habits. LeBellego et al. [12] 
tried to propose criteria to estimate the activity status of a 
patient from PIR presence detectors. 

III. DEFINITION OF BEHAVIOR 

A. Behavioral state 
We define a behavioral log as a way to track individual 

behavior over time in daily life. It consists of a static behavioral 
state and a behavior as follows; 

 Behavioral log = {behavioral state, behavior},  

where a behavioral state is defined as follows; 

 Behavioral state = { A, S, L } 

where a state ‘A’ (Approaching) means that a person is 
standing near a bed, a state ‘S’ (Sitting) means that a person is 
sitting on a bed, and a state ‘L’ (Lying) means that a person is 
lying on a bed. 

We define a person’s five behaviors near or on a bed as in 
Table I [13].  

 
Figure 1. A state machine for human behaviors. 

TABLE I.  DEFINITIONS OF BEHAVIORS 

The state machine in Fig. 1 represents the relationship 
between behavioral states and behaviors. For example, if a 
person stands nearby a bed, i.e. in state A and does BAS, this 
means that he then sits down on the bed, and transits in the next 
state ‘S’. 

B. The Proposed System 
Fig. 2 shows the configuration of the proposed system. The 

system consists of wireless sensor nodes, a base station, a 
monitoring application and a database on a PC.  

 
Figure 2. System configuration 

We use three wireless sensor nodes in order to detect human 
behaviors on or near a bed. One sensor node consists of an 
infrared sensor and a wireless communication module. It is 
installed on the ceiling above the bed. This node measures 
movement of a human body around or on the bed. The other 
two sensor nodes consist of a MiniSense vibration sensor [14] 
and a wireless communication module. The MiniSense 
vibration sensor is a kind of cantilever-type piezo sensor 
which is loaded by a mass to offer high sensitivity at low 
frequencies. The cantilever-type piezo sensor detects vibration 
with no need for battery power. 

One vibration sensor node is placed inside a pillow. By 
measuring pillow vibration caused by head movement, it 
detects behaviors performed by an individual who is lying 
down. The other vibration sensor node is installed beside the 
bed. The piezo sensor beside the bed measures bed vibration 
caused by human movement on or beside the bed and is used 
to detect whether a person sits up/down or is lying on the bed. 

The sensor node, UBee430 [15] is composed of a sensor, TI 
MSP430 processor and Chipcon’s CC2420 RF designed for 
low-powered wireless communication. The method of wireless 
communication is Zigbee. TinyOS 2.0.2 is ported on the 

Behaviors State 
transition Description 

BAS A-->S Behavior for a person standing near a bed to 
go and sit down on the bed 

BSL S-->L Behavior for a person sitting on a bed to lie 
down on the bed 

BLL L-->L Behavior for a person lying  on a bed to toss 
and turn 

BLS L-->S Behavior for a person lying  on a bed to get up 
and sit on the bed 

BSA S-->A Behavior  for a person sitting on a bed to stand
up and go out of the bed 
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a b s t r a c t

As more data are provided in Semantic Web, processing large amounts of data with triple-format triple-
data, and interlinking the applications with triples, have become important for a variety of applications. A
challenge is to index a triple database efficiently. Most existing triple indexing techniques suffer from
data duplication and the oversized index tree problem. We analyzed the drawbacks of existing triple
indexing methods from the viewpoint of the consistency and effectiveness of a triple database. We also
considered the issues that need to be addressed to build a triple index for the management of relational
database (RDB)-based triple data. Tridex is a lightweight B+-tree index structure designed to facilitate
efficient processing of RDB-based triple databases. Tridex is beneficial in reduced index tree size and less
data redundancy. We conducted an experimental evaluation to demonstrate the superiority of Tridex
compared to existing triple index structures.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Triple (Berners-Lee, Hendler, & Lassila, 2001) is a well-known
flexible data representation format in Semantic Web. It provides
expressivity and interoperability for exchanging data between
applications. In Semantic Web, information and relationships are
represented by a collection of triples, each consisting of a subject,
a predicate, and an object. World Wide Web Consortium (W3C)
developed the triple data representation scheme as a standard for-
mat, such as RDF (http://www.w3.org/RDF/ and Manola & Miller,
2004). However, most data are structured and stored in non-triple
data formats, such as relational databases. In the present study, we
analyzed the essential features of a triple database from the view-
point of a relational database. In addition, we investigated the fun-
damental aspects of a triple-based data model, which can maintain
the consistent state of a triple database.

The increasing amount of triple data calls for efficient storage
management of triple databases. Much research has focused on
storing and querying triple data. However, existing triple storing
and indexing techniques often do not consider the maintenance
of triple data. Consider, for example, a bank maintenance applica-
tion where each customer’s information is stored in a triple data-
base: customer account information at a bank is very sensitive,
so it should be handled carefully during the execution of transition

queries, with no loss of information. If we consider triple as the
representation scheme for bank information, the entire triple data-
base should always be maintained in the consistent state. That is,
for reliability, the database should maintain equivalent conditions,
such as the integrity constraints of conventional databases.

In particular, the violation of integrity constraints is examined
using the index structure of a set of attributes in a relational data-
base. Similarly, there should be a tree index structure for a triple
database to derive the equivalent state of the database. Several
works on index systems for the triple data format have been pro-
posed: MAP (Harth & Decker, 2005), HexTree (Weiss, Karras, &
Bernstein, 2008), and TripleT (Fletcher & Beck, 2009). However,
these approaches have inadequate structures for maintaining effi-
cient triple index querying as well as the validation of database
consistency.

In this paper, we argue that there are two main requirements
for an efficient triple index from the viewpoint of the practical
use of triple data: a data retrieval process (e.g., transactional query
execution) and a data management process (e.g., validation of
database consistency). We developed a novel technique for build-
ing a lightweight triple index structure to consider enforcement
of the integrity constraint of a triple database. Our work can be ap-
plied to an RDB-based triple database, which requires reliability
and trustworthiness of data: for example, bank account informa-
tion. The remainder of this paper is organized as follows. Section 2
presents the background and related work on triple databases and
the integrity checking process. In Sections 3 and 4, we present an
analysis of the problems of conventional solutions using a triple
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Survey on Vector Similarity Measures : 
Focusing on Algebraic Characteristics

이동주(Dongjoo Lee) , 심준호(Junho Shim)

초   록

전자 상거래 시스템 환경에서 상품, 상품평, 사용자 특성 등은 주요한 정보 객체이다. 벡터는 

객체의 표현기법으로 널리 사용되고 있다. 전자 상거래 데이터 객체들은 벡터로서 모델되어 

각 특질에 해당하는 차원의 숫자 값으로 표현될 수 있다. 전자 상거래의 특성상 이러한 객체들은 

방대한 분량이 되고 있고, 이중 여러 객체들은 실제로 같거나 유사한 객체일 수 있다. 따라서 

객체간 유사도 측정은 전자상거래 시스템에서 중요한 역할을 한다. 본 논문에서는 벡터 객체에서 

사용되는 대표적인 유사도 측정 함수들을 고찰한다. 유사 함수들은 각각의 대수적 특성을 

가지고 있고 서로 연결된 특성을 보인다. 이러한 특성을 분석하고 또한 유사 함수들을 분류해 

본다. 이러한 과정은 표준 벡터 유사도 함수가 가져야 할 대수적 특성을 제시해준다.

ABSTRACT

Objects such as products, product reviews, and user profiles are important in e-commerce 

domain. Vector is one of the most widely used object representation scheme. Information 

of e-commerce objects may be modeled by vectors in which the featured values are assigned 

to various dimensions. E-commerce objects are in general quantitatively large while some 

are similar or even same in reality. It plays, therefore, an important role to measure the 

similarity between objects. In this paper, we survey the state-of-the -art vector similarity 

measures. Similarity measures are analyzed to feature the algebraic characteristics and 

relationship of those, and upon which we classify the related measures accordingly. We 

then present such features that standard vector similarity measures should convey. 

：유사도, 벡터, 근접성, 거리

Similarity, Vector, Proximity, Distance
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A Dynamic Request Distribution Method for Maximizing 

Buffer Sharing in Clustered Video Servers

조대현*, 최승락**, 이기용1) ***

Dae Hyun Cho, Seunglak Choi, Ki Yong Lee

본 논문은 각 서버가 모든 비디오를 저장할 수 있는 클러스터 비디오 서버 환경에서, 사용자의 요청들을 서버들에 

분배하는 방법을 논의한다. 제안 방법인 DynaBS는 각 비디오에 대한 인기도가 동적으로 변하는 환경에서 클러스

터 비디오 서버의 성능을 최대화하는 요청 분배 방법이다. DynaBS는 사용자의 요청들을 관찰하고 이를 기반으로 

주기적으로 새로운 목표 서비스 상태(Target Service State, TSS)를 세운다. TSS는 클러스터 비디오 서버의 성

능이 최대화되는 이상적인 요청 분배 상태로서, 버퍼 공유가 최대화되는 한편 공유 손실이 최소화되는 상태이다. 버

퍼 공유는 어떤 요청을 처리하기 위해 버퍼에 저장한 데이터를 다른 요청의 처리에 재사용하는 기법으로서, 디스크 

연산을 감소시켜 동시에 더 많은 요청을 처리할 수 있게 한다. 공유 손실은 클러스터 비디오 서버의 현재 서비스 상

태가 TSS로 바뀌어가는 과정에서 일시적으로 버퍼 공유가 감소되는 현상을 말한다. 시뮬레이션에 기반한 다양한 

실험을 통해 DynaBS가 다른 요청 분배 방법에 비해 우수한 성능을 가짐을 보인다.

We consider a request distribution method that distributes incoming user requests among servers 

in a clustered video server, when each server in the cluster can store all video files in its local 

storage. The proposed method called DynaBS improves the performance of a clustered video server 

in environments where the popularity of videos dynamically changes. DynaBS monitors incoming 

user requests and periodically determines the Target Service State (TSS) based on them. The TSS 
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is an ideal service state of the clustered video server where its performance is maximized by 

maximizing buffer sharing while minimizing sharing loss. Buffer sharing shares previously buffered 

data for multiple requests, making it possible to support more number of concurrent requests by 

reducing costly disk operations. Sharing loss is a temporary degradation of buffer sharing incurred 

while the current service state is being changed to TSS. Through simulations driven by various 

dynamic workloads, we show that DynaBS outperforms the other methods.

키워드: 요청 분배, 버퍼 공유, 공유 손실, 클러스터 비디오 서버, 동적 작업부하

Keyword: Request distribution, buffer sharing, sharing loss, clustered video server, dynamic workload

1. 서론
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(그림 2) 버퍼 공유의 예
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시맨틱 웹 데이터에서 키워드 검색을 위한 
구조 질의 랭킹 기법

(A Method of Ranking Structured Queries for 

Keyword Search on Semantic Web Data)

    김 병 준 †   함 덕 민 ††   송 인 철 ††   이 기 용 †††  김 명 호 ††††

     (Byoung Jun Kim)  (Deokmin Haam)    (Inchul Song)     (Ki Yong Lee)   (Myoung Ho Kim)

요 약 시맨틱 웹에서 정보를 검색하기 위한 구조 질의(e.g., SPARQL)는 정보를 형식화 하여 다양한 

의미의 질의를 정확하게 표현할 수 있지만, 질의 문법이 복잡하다. 그래서 구조 질의에 익숙치 않은 사용

자들이 시맨틱 질의를 사용하는 것을 기대하기는 어렵다. 그러므로, 사용자가 손쉽게 시맨틱 질의 할 수 

있는 환경을 제공하기 위해 사용자가 키워드 질의를 입력하면, 이를 시맨틱 질의로 변환해서 정보를 검색

하는 연구가 활발히 진행 되고 있다. 키워드 질의는 사용하기 간편하지만, 하나의 키워드 질의가 다수의 

구조 질의로 변환될 수 있다. 각 질의의 중요도 및 입력된 키워드 질의와의 연관성이 다르기 때문에 이를 

측정하여 랭킹하는 방법이 필요하다. 본 연구에서는 시맨틱 웹 데이터에 존재하는 스키마 레벨에서의 트리

플 간 연관성을 이용하여, 각 구조 질의를 랭킹하는 방법을 제안한다. 제안하는 방법은 구조 질의 로그에 

기반하여 랭킹의 기준이 되는 연관성을 계산하고, 이를 적용하여 구조 질의 랭킹을 수행한다. 이 랭킹 방

법은 사용자들의 선호를 반영하고 있기 때문에, 단순히 도메인 온톨로지의 정보만을 활용한 랭킹 방법보다 

우수한 성능을 보인다.

키워드 : 시맨틱 웹, 온톨로지 구조 질의 랭킹, 온톨로지 트리플 패턴 연관도

Abstract To find information from Semantic Web, users need to use structured query languages 

like SPARQL. Using those languages, a user can express her information need exactly, but the usage 

is not familiar to ordinary users. To help the users find information easily, the methods of converting 

keyword queries issued by users into structured queries for Semantic Web are being researched. 

Keyword queries are easy to use, but it has ambiguity problem, in other words, a keyword query can 

be converted into a great number of structured queries. Each structured queries converted from a 

keyword query have different importance and relevance to the keyword query, thus, the ranking 

method for those structured queries is needed. In this paper, we propose a ranking method for 

structured queries converted from the same keyword query, which uses the affinities between 

schema-level triples in Semantic Web data. The proposed method extracts the affinities from the query 

log, and its ranking function for structured queries is based on the affinities. Because the proposed 

method reflects the preference of users, it can rank the structured queries more effectively than 

ranking methods using only the information of target domain ontology.

Key words : Semantic Web, Ontology Structured Query Ranking, Ontology Triple Pattern Affinity
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그림 1 DBLP 스키마

1. 서 론

최근 시맨틱 웹(Semantic Web)이 주목 받고 있다. 

시맨틱 웹이란 팀 버너스 리(Tim Burners-Lee)에 의

해 제창된 지능형 웹으로, 웹 상에 존재하는 정보에 특

정 코드를 추가하여 기계가 인간과 마찬가지로 정보를 

인식하는 것을 목표로 한다. 시맨틱 웹에 존재하는 정보

의 구조적/상호적 관계는 온톨로지(ontology)를 사용하

여 정형화되어 기술되는데, 온톨로지에 존재하는 정보를 

기술하기 위한 대표적인 언어로 RDF(Resource Des-

cription Framework)[1,2]가 있다. RDF에서는 각 자원

을 구분하기 위해 URI(Uniform Resource Identifier)을 

사용하고, 하나의 정보를 세 개의 자원(주어(subject), 

술어(predicate), 목적어(object))으로 이루어진 트리플

(triple)로 표현한다. 

RDF로 표현된 온톨로지에서 원하는 정보를 검색하기 

위해서는 형식화(formal)된 구조 질의 언어인 SPARQL[3], 

RDQL[4] 등을 사용해야 한다. 형식화된 구조 질의 언어

를 사용하여 원하는 정보가 갖는 그래프 패턴을 서술하

면, 질의처리 엔진이 그에 해당하는 서브그래프(sub-

graph)를 전체 RDF 그래프(대상 온톨로지를 RDF로 표

현한 그래프)에서 검색해서 반환한다. 이들을 사용하기 

위해서는 그래프 패턴을 서술하기 위한 질의 언어 문법

과 질의 대상인 도메인 온톨로지에 대한 지식이 필요하

다. 하지만, 많은 사용자들은 구조 질의에 익숙치 않기 

때문에, 이런 사전지식을 갖추어 질의하는 것을 기대하기 

힘들다[2,3]. 이에 대한 해결책으로 사용자가 입력하는 키

워드 질의(단순히 나열된 키워드들의 집합)를 형식화된 

구조 질의로 변환하는 연구들이 진행되고 있다[5-10].

키워드 질의를 형식화된 구조 질의로 변환할 때 생기

는 가장 큰 문제는 하나의 키워드 질의가 여러 개의 구

조 질의로 변환될 수 있다는 것이다. 키워드 질의가 단순

히 나열된 키워드 셋으로 구성되어 있는 것이 이런 모호

성(ambiguity)을 유발한다. 예를 들어, 그림 1의 DBLP 

[http://www.informatik.uni-trier.de/～ley/db/]온톨로지

에 키워드 질의 Q1 = (‘semantic search’, ‘toronto’, ‘sigmod’)

를 수행하는 경우에 Q1은 다음과 같은 의미로 해석될 수 

있다: (1) ‘toronto’에서 개최된 ‘sigmod’ 학회에서 발표된 

‘semantic search’ 관련 논문, (2) ‘sigmod’ 학회에서 발표된 

‘semantic search’ 관련 논문 중 저자 이름이 ‘toronto’인 

논문, (3) 저자의 학교이름에 ‘toronto’가 포함되고 ‘sigmod’ 

학회에서 발표된, ‘semantic search’ 관련 논문. 그림 2

는 Q1의 의미 (1)과 (2)에 해당하는 질의결과의 형태가 

서로 다름을 보여준다. 그림에서 색이 있는 타원은 클래

스(class)에 해당하는 자원을 의미하고, 색이 없는 타원

은 인스턴스(instance), 그리고 사각형은 텍스트 값을 의

미한다. Q1은 위의 예시에서 언급된 세 가지 의미 이외

에도 수많은 의미로 해석될 수 있다. 하나의 키워드 질의

가 갖는 모든 의미를 고려하면 엄청난 수의 구조 질의

(각 의미당 하나의 구조 질의)가 사용자에게 제시되는데, 

이를 아무 기준 없이 사용자에게 반환할 경우 사용자에

게 아무 도움이 되지 않는다. 그러므로 변환 결과로써 얻
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A Privacy Protection Method for Social Network Data against
Content/Degree Attacks∗

Min Kyoung SUNG†, Ki Yong LEE††, Jun-Bum SHIN†††, Nonmembers, and Yon Dohn CHUNG†a), Member

SUMMARY Recently, social network services are rapidly growing and
this trend is expected to continue in the future. Social network data can be
published for various purposes such as statistical analysis and population
studies. When social network data are published, however, the privacy of
some people may be disclosed. The most straightforward manner to pre-
serve privacy in social network data is to remove the identifiers of persons
from the social network data. However, an adversary can infer the identity
of a person in the social network by using his/her background knowledge,
which consists of content information such as the age, sex, or address of the
person and structural information such as the number of persons having a
relationship with the person. In this paper, we propose a privacy protection
method for social network data. The proposed method anonymizes social
network data to prevent privacy attacks that use both content and struc-
tural information, while minimizing the information loss or distortion of
the anonymized social network data. Through extensive experiments, we
verify the effectiveness and applicability of the proposed method.
key words: privacy, social network, data publication, k-anonymity

1. Introduction

With the rapid increase of social network services, such
as Facebook (facebook.com), Buzz (buzz.com), LinkedIn
(linked.com), and Twitter (twitter.com), many researchers
have paid much attention to social networks in recent years.
These kinds of applications provide services based on the
personal information of people and relationships among
them. Researchers can analyze these social network data
for the study of marketing, epidemiology, and so on. How-
ever, a social network may contain some sensitive informa-
tion that discloses privacy of individuals [3], which causes
social problems. For example, there are some personal in-
formation that is too sensitive to be disclosed, such as salary,
disease, and credit rating. Moreover, a person can be the
target of a crime that invades the person’s privacy. A sim-
ple way to preserve the privacy of persons in social network
data is to remove their identifiers (e.g., name or social secu-
rity number (SSN)) from the social network data. However,
even when the identifiers of persons are removed, there is
still a risk of the privacy disclosure, as will be demonstrated
in the following example.
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†The authors are with the Department of Computer Science
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Example 1. Let G be a social network (Fig. 1). Each node
ni (i = 1,· · ·, 6) represents a person and each edge represents
a relationship between persons. Each node contains con-
tent information, i.e., age, sex, and salary of a person. Note
that the identifier of each person is not presented in G. Here,
age and sex are non-sensitive information, whereas salary
is sensitive one. Suppose an adversary knows that Tom is
a 26 year old male and the number of persons having a re-
lationship with him is 4. Then, the adversary infers that n4

corresponds to Tom. Although the identifier of Tom is not
presented in G, the adversary knows that the salary of Tom
is $ 40,000. �

The above example shows that even when the identi-
fiers of persons are removed from social network data, an
adversary can disclose the privacy of a person by combin-
ing his/her background knowledge with the published social
network data. Therefore, a data holder has to anonymize
social network data before publishing them.

In general, a social network is represented as a graph,
where each node represents a person and each edge rep-
resents a relationship between persons as described in the
above example. The graph also contains content informa-
tion, which corresponds to the values stored in each node.
In order to achieve the anonymization of social network
data, nodes and edges in the social network can be mod-
ified, added, deleted, or clustered. Several methods have
been proposed to preserve the privacy of social networks
in the past [6], [7], [9], [13], [15], [17], [18]. However, most
of them considered only structural information [7], [9], [17],
[18]. Some recent work [6], [13], [15] considered both struc-
tural information and content information, but have some
limitations as described below.

Campan et al. [6] suggested a node clustering method
that does not add or delete edges, but their method causes the
loss of detailed structural information such as a relationship

Fig. 1 An example of social network G.
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between two specific persons. Zheleva et al. [15] proposed
an edge clustering method which considers the content in-
formation attached to edges, but this method also causes the
same problem as [5]. Wei et al. [13] suggested a method
that produces unconnected social networks. However, un-
connected social networks cause unnecessary confusion to
a data receiver when he/she tries to reconstruct the origi-
nal social network from the unconnected social networks.
Furthermore, it considers only limited types of content in-
formation.

In this paper, we propose a novel privacy preservation
method for social network data. For a given integer param-
eter k and social network G, the proposed method modifies
G to an anonymized social network GA by generalizing con-
tent information and adding extra edges to prevent privacy
disclosure. As the structural information, we consider only
the degree of each node (i.e., the number of edges connected
to the node) and leave other types of structural information
(e.g., sub-graphs) as future work because it complicates the
problem more than necessary. In the anonymized social net-
work GA, every node has at least (k - 1) indistinguishable
nodes that have the same degree and content information.
Thus, an adversary who knows the degree or content infor-
mation of the target victim cannot correctly identify the tar-
get victim from GA with more than 1/k probability. While
preserving the privacy in the social network, our method
minimizes the information loss caused by edge-addition and
content-generalization as much as possible. The contribu-
tions of our paper are summarized as follows:

• We define information loss metrics that measure the loss
of information incurred in social network anonymization.

• We propose a social network data anonymizaion method
that can conserve the whole structural information as much
as possible. That is, the proposed method can conserve more
structural information than the previous methods [6], [13].

•Unlike the previous privacy preserving methods for the so-
cial network that consider only structural information [15],
we consider both of the structural information and the con-
tent information of nodes in the social network, which con-
tains a variety of person-specific information.

•Whereas the previous privacy preserving methods produce
a number of unconnected social networks [13], our method
produces a single connected social network.

• Through extensive experiments, we show that the pro-
posed method performs better than the previous methods
with respect to the level of privacy preservation and the loss
of information.

The remainder of this paper is organized as follows.
Section 2 introduces the previous privacy preserving tech-
niques in relational databases and social networks. In
Sect. 3, we formulate the data/attack models and informa-
tion loss metrics we use in the paper. In Sect. 4, we describe
our anonymization algorithm. We show our experimental
results in Sect. 5, and conclude the paper in Sect. 6.

2. Related Work

When publishing data, a data holder such as hospitals has to
anonymize the data to preserve the privacy of persons con-
tained in the data. Generalization and suppression are pop-
ular techniques to anonymize the data. In those techniques,
the original data are modified and/or changed to satisfy the
required level of privacy protection. When anonymizing the
data, we have to consider the following two factors: (1) the
level of privacy preservation supported by the anonymiza-
tion method and (2) the amount of information loss or dis-
tortion caused by the data anynymization.

Many researchers have worked for privacy preserva-
tion within the relational data [10], [11], [14], [16]. Sweeney
et al. [11] pointed out that it is not sufficient for preserving
the privacy in the published data to remove the identifiers of
persons such as name or SSN, and proposed the notion of k-
anonymity. The constraint of the k-anonymity indicates that
every record in the published data must have at least (k-1)
other indistinguishable records. Machanavajjhala et al. [10]
presented a model of �-diversity which complements the
shortcoming of k-anonymity, i.e., the lack of diversity in
sensitive values. The �-diversity requires that (1) the data
satisfy the k-anonymity and also (2) the data have � different
sensitive values among k indistinguishable records. There
were some considerations on dynamic data that is periodi-
cally updated [14], [16], where the data holder should ensure
that the privacy is not disclosed by combining the previously
released data and the current ones. In the data mining field,
there was a study that attempts to maintain privacy while
extracting useful information from databases [12].

However, although the above methods are suitable for
relational data, they are not appropriate for social network
data represented by graphs. For this reason, many re-
searchers have studied methods for privacy preservation of
the social network. The privacy leakage problems on social
networks are classified as follows:

• Sub-graph Attacks (Neighborhood Attacks): Zou
et al. [17] proposed an anonymization method to prevent
structural attacks in the social network. They considered
a sub-graph attack, called the d-neighborhood attack, where
an adversary can identify a target victim in the social net-
work by using his/her background knowledge, which is rep-
resented as a specific sub-graph. To preserve the privacy
against such attacks, they modified the original social net-
work so that the anonymized social network could contain
at least k isomorphic sub-graphs.

•Degree Attacks: An adversary who knows the degree of a
specific target victim in the social networks can acquire the
sensitive data in the social network. The notion of k-degree
anonymity [9] is proposed to prevent such attacks where ev-
ery node in the social network should have at least (k-1) in-
distinguishable other nodes by its degree. That is, an adver-
sary who knows the degree of a target victim cannot iden-
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1 Introduction

The auction information system has made a remarkable development as an
essential element of a comprehensive information system for real estate, even
since the early part of the 2000 s when private companies started to provide
internet-based information up until the present, in which auction information in the
Supreme Court is provided free of charge. In our current time, smart phones are
diffused so prevalently that the information can be received at any time and in any
place, and a context awareness system has been developed so thoroughly that real-
time information that is constantly changing can be easily provided. Yet, most
auction information systems for real properties offer personalized recommendation
results on the basis of user profiles written at the time when customers joined, and
most of the results are too multiple to be of any help. So, a user dissatisfied with
the results has to select the region and kind of an auction property, every time he
searches for the property. Although the results from content-based recommenda-
tions number fewer than 10, sometimes a user suffers a loss when he does not refer
to advanced information comprising an analysis of rights and an analysis of
commercial quarters. Subsequently, an ordinary person who is not an expert at
auctioning has to refer to the advanced information of recommended properties in
order to reduce such risk. Currently, however, advanced information is described
in the form of a report and cannot be directly consulted.

Therefore, this research proposes turning the advanced information into indi-
cators so that risks of investment may be reduced, that recommendations may be
made according to the investment value of properties and that, at the same time,
this system may be set up for recommending properties in compliance with current
situation of a user. A recommendation system using the advanced information will
be embedded in the context awareness auction information system suggested in [1]
and will also be designed to acquire real-time contextual data such as a floating
population when advanced information is analyzed.

2 Development of Advanced Information Analysis
Indicators

2.1 Advanced Information Analysis

As for auction information, advanced information refers to well defined information
regarding auction property derived from data which are collected and analyzed by
an expert or a relating agency. The advanced information in real estate auction
fields specifically means an analysis of rights to auction properties, an analysis of
commercial quarters, and a city development plan. This advanced information is
treated as a very valuable asset, provided by fee and mostly documented; so, it isn’t
reasonable to classify such an enormous amount of information into a few levels.

112 H.-J. Park and S.-B. Kim
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이 경 희 †    이 종 우 ††    임 순 범 ††

                       (KyungHee Lee)     (Jongwoo Lee)      (Soon-Bum Lim)

요 약 독서장애인의 손쉬운 독서활동을 위해 개발된 디지털음성도서는 네비게이션 기능을 제공하여 

시력 없이도 장, 절 등의 자유로운 이동을 가능하게 하였다. 그러나 북마크, 노트 등 사용자가 임의로 입

력하는 어노테이션은 모두 화면을 중심으로 제공되고 있어 청력만을 사용하는 시각장애인의 이용에 한계

가 있다. 이에 본 논문에서는 음성도서를 이용하는 사용자가 청각과 음성만으로도 하이라이트 할 수 있는 

음성 어노테이션 시스템을 제안한다. 제안된 어노테이션 시스템은 입력, 분석, 렌더링, 저장, 출력 단계로 

구성된다. 안드로이드 환경에서 구현된 시스템은 눈가리개를 착용한 실험자들을 통해 청력과 음성만으로도 

효과적으로 어노테이션 할 수 있음을 확인하였다.

키워드 : 디지털음성도서, 음성어노테이션, 독서장애인

Abstract Digital talking books have been developed to enlarge the reading experiences for reading- 

disabled people. They also provide convenience through a chapter-to-chapter or section-to-section 

navigation functionality. The existing digital talking books support, however, bookmarks or notes only 

through a screen interfaces. This screen annotation interface is useless for reading-disabled people. In 

this paper, we suggest a voice annotation system that can insert highlights or notes during playing 

a talking book by using only hearing sense and voice. Our annotation system implemented on the 

android platform consists of 5 steps of input, analysis, rendering, storing, and output. We found by 

performing blindfolded users group’s usability tests that our voice annotation system can effectively 

create annotations only through hearing sense and voice.

Key words : Digital Talking Book, Voice Annotation, Reading-disabled People

1. 서 론

디지털 문서의 어노테이션은 본문 내용 자체의 정보

를 습득하는 데 그치지 않고 사용자들 간의 추가적인 

정보를 공유 및 교환할 수 있게 해주므로 일회성 정보

가 아닌 재사용될 수 있는 중요한 정보라 할 수 있다

[1]. 그러나 기존의 어노테이션 서비스들은 단지 일반 

전자문서에서 화면을 중심으로 제공되고 있어 시각장애

가 있는 사용자들에겐 무용지물인 기능이다. 이들을 위

한 디지털음성도서에서조차 어노테이션은 화면을 통해

서만 입력할 수 있다. 이에 본 논문에서는 디지털음성도

서의 독서환경을 효율적으로 개선하기 위한 음성 어노

테이션 시스템을 제시한다. 시각보다 청각 의존도가 높

은 독서장애인에게 음성 어노테이션 입력을 지원함으로

써 전자책-사용자 간 상호작용과 사용자들 간의 정보공

유를 돕고, 효율적인 어노테이션 콘텐츠의 재사용을 위

한 기술을 구현한다.

2. 관련연구

디지털음성도서(Digital Talking Book)는 아날로그 

방식의 음성도서를 디지털 파일로 변환･발전시킨 형태
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로, 대표적 전자책 표준 형식 DAISY(Digital Accessible 

Information System)[2]가 있다. DAISY는 디지털음성

도서 재생 시스템의 어노테이션 구현에 필요한 북마크, 

하이라이트, 노트에 대해 정의하고 있으나 구체적인 어

노테이션의 입력 및 출력에 대한 내용은 언급하지 않고 

있다. 표준에서는 어노테이션 파일의 저장 및 조작 등에 

대해 제한을 두지 않으나 어노테이션을 지원하는 플레

이어는 반드시 북마크 DTD[3]를 따라야 한다. 북마크 

DTD에서는 어노테이션 유형으로 북마크 <bookmark>, 

노트 <note>, 하이라이트 <hilite>를 정의하고 있다.

일반 전자문서에서 음성을 통해 어노테이션 하는 방

법은 저장 방식에 따라 크게 두 가지로 구분할 수 있다. 

음성 녹음 후 미디어 파일을 그대로 저장하는 방식과 

음성인식을 기반으로 텍스트 형태로 변환하여 저장하는 

방식이다. 녹음된 음성 미디어 파일을 그대로 저장하고 

사용하는 방식은 시스템 구현은 비교적 간단하나, 녹음 

당시 주변 소음으로 인한 음질 훼손의 변수와 추후 어

노테이션 콘텐츠 정보를 재사용 하고자 할 때 비효율적

이다. 이 방식은 단순히 오디오 노트의 기능만 제공하기 

때문에 하이라이트 등 어노테이션의 다양성은 기대할 

수 없다. 또한 녹음 파일이 많아질수록 텍스트 파일 대

비 저장 공간이 낭비되기 때문에 전체적으로 시스템의 

성능이 저하될 수 있다. 전자책 리더에서 음성 어노테이

션을 지원하는 미국의 특허 E-BOOK READER WITH 

VOICE ANNOTATION/US2010-0324709[4]는 사용자

가 특정 부분을 선택하여 하이라이트하고, 해당 하이라

이트에 음성 노트를 입력하여 어노테이션 한다. 즉 하이

라이트된 텍스트에 음성 노트 파일이 링크된다.

두 번째로 음성인식을 기반으로 음성노트 입력 후 변

환된 텍스트 파일을 저장하는 방식이 있는데, 기존의 음

성인식 기반 연구들은 주로 노트, 하이라이트 등과 같은 

전자책 환경에서의 어노테이션이 아닌, 음성 검색이나 

태깅을 위한 어노테이션으로 사용된다. 또한 이 방식의 

연구 및 서비스들 역시 사운드 환경을 고려하지 않은 

일반 전자문서를 기준으로 설계되었기 때문에 음성도서

에 그대로 사용하기에 적합하지 않다. 시맨틱(의미) 기

반의 이미지에 대한 음성 어노테이션 시스템[5]은 음성 

기술이 사용되지 않았던 기존의 이미지 태깅 기술에 음

성인식 기술을 적용한 것이다. 이 시스템은 자동 음성인

식을 지원하고 음성인식의 정확도를 높였지만, 단지 효

율적인 이미지 검색만을 위한 음성 노트를 다루고 있어 

전자책이나 웹 환경에서의 어노테이션과는 그 의미와 

목적이 다르다고 할 수 있다.

일반 전자문서와 음성도서에서의 어노테이션 입력에 

있어 가장 큰 차이점은 도서 콘텐츠 열람의 접근 방식이

다. 일반 문서는 시력을 사용하기 때문에 한 번에 여러 

가지의 정보를 받아들이지만, 청각만을 사용하는 음성도

서는 한 번에 한 개의 정보만을 입력하는 선형적 재생 

환경을 가지고 있다. 이와 같은 차이로 일반 전자문서에

서 지원되고 있는 다양한 어노테이션의 입력 방식은 음

성도서 환경에서 동일하게 적용하는 데 한계를 가진다.

본 논문에서 제안하는 시스템은 재생 중인 음성도서

에서 음성으로 어노테이션을 입력하고, 입력된 어노테이

션의 위치를 정확히 분석하여 출력하는 데 중점을 두고 

있다. 어노테이션의 대표적인 속성인 노트와 하이라이트

를 주로 다루고 있으며 어노테이션 입력, 저장, 재생 모

듈을 설계 및 구현한다. 구현된 전자책 재생기는 스마트

폰 플랫폼인 안드로이드 2.3을 기반으로 XML(Exten-

sible Markup Language) 형식의 전자도서 파일과 이

것을 읽어주는 음성파일로 구성되는 음성도서를 지원한다.

3. 디지털음성도서 음성 어노테이션 시스템

본 논문에서는 전자책 환경에서 전맹인을 비롯한 독

서장애인의 노트 및 하이라이트를 가능하게 하는 음성 

어노테이션 시스템을 구축하였다. 제안된 시스템은 음성 

인식 및 합성을 통하여 어노테이션 콘텐츠를 효율적으

로 이용할 수 있도록 설계하였다. 본 논문에서 제안하는 

기법은 오디오 재생이 지원되는 독서장애인용 디지털음

성도서 환경에서 음성 어노테이션을 가능케 하고, 음성 

인식 및 변환 과정을 통해 저장되므로 어노테이션 콘텐

츠의 재사용 및 저장 공간에 있어 효율성을 높였다.

또한 기존의 어노테이션들은 모두 비쥬얼 중심의 화

면 포지셔닝(display positioning) 기법을 사용하였으나, 

본 논문에서 제안하는 음성 어노테이션은 100% 청각만

으로 어노테이션 할 수 있도록 사운드 환경에 입각한 

시간 포지셔닝(time positioning) 기법을 적용하였다. 이

것은 음성도서 미디어 파일의 각 문장에 대한 시간 정

보를 이용한 것이다.

어노테이션 시스템의 모델은 그림 1과 같이 기능에 

따라 크게 5개의 모듈로 구성되는데, 순차적으로 입력

(INPUT), 분석(ANALYSIS), 렌더링(RENDERING), 

저장(STORE), 출력(OUTPUT)이 그것이다. 입력 받은 

음성은 텍스트 형식으로 변환되어 분석모듈로 전달된다. 

분석모듈에서는 입력받은 어노테이션의 형식과 위치를 

분석한다. 분석된 결과를 기반으로 렌더링 모듈에서 각 

어노테이션 형식에 따라 사운드 및 디스플레이 효과를 

적용한다. 어노테이션의 모든 정보를 저장하고 데이터베

이스를 관리하는 저장단계를 거쳐 출력 모듈은 사용자

에게 어노테이션의 결과물을 출력한다.

그림 2는 본 논문에서 제안된 음성 어노테이션 시스

템의 전체 흐름도이다. 모듈에 따라 크게 다섯 부분으로 

나눌 수 있고, 각 단계 별 생성하는 파일과 처리 방식에
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Curriculum development of UX based UI design for software 

Won-Sung Sohn, Soon-Bum Lim, Sungho Woo
Dept. of Computer Education, Gyeongin National University of Education

Dept. of Multimedia Science, Sookmyung Woman’s University
Dept. of Architecture Design, Sookmyung Woman’s University

서  론

최근 산업의 중심이 하드웨어에서 소프트웨어 그리고 

콘텐츠로 옮겨감에 따라 설계의 중요성

이 대두되고 있다 이제는 제품의 외형적 성능보다는 

사용성이 제품의 가치를 결정하는 기준이 되기 때문이다

이러한 사용자 중심의 체계적인 사용자 인터페이스 설계는 

개발 기간은 물론이고 유지보수 비용을 단축시켜 궁극적으

로 제품 및 서비스의 경쟁력을 확보할 수 있다는 인식이 보

편화되고 있다

그러나 대학의 현행 교육 과정은 위와 같이 급변하는 시

장 트렌드에 부응하지 못하는 실정이다 아이폰 안드로이드 

등 스마트폰 시장이 활성화되고 모바일 단말기 기반 어플

리케이션 및 콘텐츠의 인

력에 대한 수요가 급증하고 있으나 대학 정규 교육 과정에 

이것을 적절히 반영하지 못하고 있다

특히 소프트웨어 및 콘텐츠에 대한 설계 교과목이 절

대 부족한 실정이다 현재 미술 디자인 전공 분야에서는 제

품 디자인 웹 기획 인터페이스 디자인 등의 유사 과목이 

교육되고 있으나 컴퓨터정보공학으로 대표되는 분

야와의 융합이 제대로 이루어지지 않고 있다 오히려 전

공 분야에서는 개발자 중심의 설계 방법론 사용자 인터

페이스 개론 수준의 과목이 교육되고 있다 따라서 본 연구

에서는 아래와 같은 기반 설계를 위한 교육 과정을 

개발하고자 하였다

기반 설계 교과목 개발 방안

본 연구는 한국연구재단의 2010년도 대학교육과정개발 연구지원사업의 

지원을 받아 수행되었음

본 연구에서는 기반 사용자 인터페이스 설계 교과목

을 개발하고 실제 현장에 적용하도록 한다 특히 급변하는 

인터넷 모바일 환경에 대응할 수 있는 소프트웨어 콘

텐츠 멀티미디어 등 디자인 산업 공학 등이 융합 된 신

규 교과목 개발하는 것이 주요 목표이다 세부적으로는 문

제 해결 능력 제품 기획력 설계 능력을 갖춘 인력 양성을 

위한 교과목을 개발하고자 한다 본 연구에서 개발한 

기반 소프트웨어 및 콘텐츠 설계 과목에 대한 개요는 

다음 표 과 같다

표 강좌의 개요
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적용 결과

본 과목은 숙명여자대학교 멀티미디어학과 및 경인교육대

학교 컴퓨터교육과에 공통적으로 적용하였다 숙명여자대학

의 경우 년 학기 학부 학년 대상으로 명 강좌

에 적용하였으며 경인교육대학교는 년 학기 학부 

학년 명 강좌에 시범 적용하였다

설문을 통한 수업 분석

년 학기 현재 경인교육대학교 강좌에서 도출된 수

업에 대한 정성적 의견은 표 와 같다 설문을 통한 수

업 분석을 수행한 결과 대체적으로 수업 설계의 목표를 달

성한 것으로 판단되었다 다만 이론 강의의 내용이 매우 생

소한 점과 대부분의 용어가 다양한 학문적 배경을 포함하기 

때문에 상세하고도 간결한 강의 진행이 요구된다 또한 수

업 프로젝트 설계시 범위를 축소화하여 학생들에게 보다 구

체적인 결과물을 도출할 수 있도록 유도할 필요가 있다 특

히 최근 추세인 모바일 앱과 관련된 내용 스마트 교과서 

설계 및 분석 등에 대하여 관심을 갖는 것으로 나타났다

표 수업 분석 결과

수업 프로젝트 소개 

년 학기 본 과목에서 도출된 프로젝트 중 요약된 

내용은 다음과 같다

표 프로젝트 리스트

그림 페이스북 개선 프로젝트 화면

결 론

최근 산업계 및 분야에 불고 있는 열풍은 순간의 

유행이 아닌 새로운 설계 패러다임에 가깝다 본 연구에서 

제안한 기반의 설계 과목을 통하여 학생들은 다양

한 사용자 경험을 도출하기 위한 사회학적 분석 기법을 익

히고 이것을 설계 및 개발 과정에 적용할 수 있는 능력을 

습득할 수 있었다 향후 본 연구팀이 수행한 경험을 바탕으

로 보다 개선된 교과목을 개발할 필요가 있으며 이는 일반 

계열 학과뿐만 아니라 교육대학교 현장에서 매우 효과

적으로 활용될 수 있음을 확인하였다
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Abstract Recently, active prevention healthcares are

needed for potential patients to be suffered in the future as

the forecasted diseases inherited from ancestors. We call

active U-healthcare, for providing active, periodic, and

continuous medical treatments depending on inherited

heterogeneous states in DNAs of patients, such as diabetes,

heart diseases, and female diseases. However, the bottle-

neck of the aggressive active U-healthcare is memory

overhead in DNA sequence analysis of each patient since

the sequences of DNAs have massive volume. Thus, the

efficient retrieve of the many disease patterns in originally

recorded on DNAs of potential patients is a major problem.

This paper focuses on a novel method for efficient

retrieving of disease patterns using a suffix tree in memory.

The suffix tree is widely used in the similarity search for

sequences consisting of limited characters. It is efficient

when the occurrence frequency of a common prefix is high.

Since in-memory suffix tree construction algorithms do not

scale up, a large-scale disk-based suffix tree construction

algorithm, TRELLIS, has been proposed recently. How-

ever, the algorithm requires a large amount of memory,

disk space, and disk I/Os in order to merge sub-trees having

a common prefix. In this paper, we propose a new non-

merging method, called NST. The experimental results

show that NST constructs an index using less memory than

TRELLIS.

Keywords Active U-healthcare � Suffix tree �
Variable-length prefix

1 Introduction

U-health refers to health management and medical services

that utilize wired/wireless networking such as remote

monitoring and are capable of use at ‘‘any given’’ time and

place [1]. The purpose of the research is developing a

U-healthcare system that helps health management users to

manage their health for themselves as precautionary mea-

sures. Generally, the system consists of three modules such

as sensing, management, and analysis. The goal of the

process includes proper treatments according to the

patients. However, nowadays, a problem of U-healthcare is

passive actions depending on the status of sensed data.

Recently, in contrast to the concept, active prevention

healthcares are needed for potential patients to be suffered

in the future as the forecasted diseases inherited from

ancestors. For this, this paper proposes a term, Aggressive

U-healthcare, for providing active, periodic, and continu-

ous medical treatments depending on inherited heteroge-

neous states in DNAs of patients, such as diabetes, heart

diseases, and female diseases. However, the bottleneck of

the aggressive U-healthcare is overhead in DNA sequence

analysis of each patient since the sequences of DNAs have

massive volume [2]. Thus, the efficient retrieve of the

many disease patterns in originally recorded on DNAs of

potential patients is a major problem. This paper focuses on

a novel method for efficient retrieving of disease patterns

using an index in memory. Through the efficient indexing,

we can actively notify individual active U-healthcare

actions such as food on demand, kinds of exercises, and

mental treatments depending on each potential patient. The

efficient pattern retrieval acts as a DNA-aware disease

prevention system.

The similarity search for large sequences consisting of

limited and repeated characters is important in information
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retrieval [3, 4]. To this end, sophisticated similarity search

algorithms for various sequences have been proposed.

However, existing search algorithms have several prob-

lems. The database should be loaded in main memory or

the search speed reduced in proportion to the size of a

database. In addition, the word length affects the accuracy

of results. To solve these problems, many studies use

indexing methods with a suffix tree [5–7]. The suffix tree is

efficient when the frequency of common prefix is high. It is

also widely used in sequence similarity search for DNA

sequences, MIDI sequences of music, documents, and

limited patterns [8–12]. We will explain the related works

in detail in Sect. 2.

In this paper, we propose the space-efficient disk-based

suffix tree construction method, called NST (Non-merging

suffix tree). In contrast to the existing method [13], we do

not need the merging step, which incurs a large amount of

memory, disk space, and disk I/Os.

The NST algorithm consists of three steps. First, we

partition the sequence. In this step, with full scanning of the

sequence, we create partitions for the suffixes that have

common prefixes. When the number of the suffixes that

have the same prefix is higher than a given threshold, we

expand the prefix and repartition the suffixes. Second, we

build suffix sub-trees. We construct suffix sub-trees for the

partitions in which the number of the suffixes is lower than

the threshold. Third, we process the query. We construct a

tree, which has the suffix as the prefix of the partition built

with sub-trees, in main memory. It can search in the suffix

tree by integrating super-trees of the sub-trees. In this

paper, we propose the NST algorithm to remove a merging

step for the organization of all sub-trees that have a unique

prefix. Then, we compare the performance of the NST

algorithm with that of the TRELLIS algorithm [13], which

is the-state-of-the-art method. The NST algorithm has an

advantage of being able to reduce the usage of main

memory and disk space. For large sequence data, it is

important to construct index with limited memory.

2 Related work

The existing methods for sequence similarity search are

Phased Tree [14, 15], TDD (top-down disk-based) [16, 17],

STTD64 (suffix tree, top down, 64 bits) [18], and TREL-

LIS (External Suffix Tree with Suffix Links for Indexing

Genome-scaLe Sequence) algorithms [13]. We briefly

review each method in this section.

A lot of existing algorithms for sequence similarity search

have a problem that the search speed reduces in proportion

to the size of sequences. Thus, indexing is required to

improve speed and accuracy in the sequence similarity

search. Many studies use a suffix tree to index sequences.

The Phased Tree algorithm [14, 15], which was pro-

posed by Ela Hunt, is the method to solve a memory

problem. It constructs a large-scale suffix tree through the

disk partition. This approach removes the memory bottle-

neck [19] and improves the locality of references as

removal of the suffix link [14]. However, the Phased Tree

algorithm has the problems that random access of disk

frequently occurs while constructing a tree, since it inserts

all suffixes including the same prefix into the sub-tree of

the disk based on PJama (Java-based object store).

The TDD algorithm [16, 17] solves the problem of

Phased Tree algorithm. The TDD algorithm also does not

use suffix link and constructs a suffix tree based on the

Wotdeager algorithm [20]. The TDD algorithm constructs

all sub-trees and includes the strategy for efficient cache

usage when the first access occurs. However, as the size of

a full sequence is bigger, an additional cost of prepro-

cessing occurs. Moreover, a data skew [21] occurs in some

cases of a partial partition.

The STTD64 [18] indexes large sequence data and can

handle the entire human genome on typical desktops. It

also reduces disk I/Os by storing the depth values for the

leaf nodes. The STTD64 has a search efficiency and better

scalability for larger sequences. However, STTD64 has

increased construction time and storage space compared to

TDD [18].

To solve the skew problem, the TRELLIS algorithm

[13] builds the suffix tree based on a partitioning method

via variable-length prefixes and a suffix sub-tree merging

algorithm. However, more memory and disk space are

required when constructing a tree, and a large amount of

disk I/Os occur in order to merge sub-trees that has a

common prefix. Thus, we propose the NST algorithm to

solve the above-mentioned problems and to reduce the

memory and disk space overhead.

3 NST algorithm

In this section, we propose the NST algorithm to search

sequences similar to the query sequence. We use a DNA

sequence, as a target input data example, consisting of 4

letters in the paper. We explain the variable-length suffix

tree construction in Sect. 3.1, the non-merging partitioning

algorithm in Sect. 3.2, and the suffix node storage in

Sect. 3.3.

3.1 Variable-length tree construction

Our algorithm uses the following approaches.

First, we remove suffix links. The reason to remove a

suffix link is as follows. The suffix link exists in each

internal node, and it points the tree node to index the suffix

Pers Ubiquit Comput
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Recently, interests for recruiting and the rates of using smart phones are growing fast . This paper 
proposes a recruiting system, which is a smart phone application based on android platform, that helps 
real-time communication matching between users. We provide service for users which want to hire 
applicants and high credibility service for users. The paper presents design and implementation of a 
real-time recruiting system and shows the snapshots of the presented system.  

Key Words: Real-time Recruiting System, Recruit, Android 

1. INTRODUCTION 

Recently, smartphones or mobile phones serve as the central computing and 
communication device in people’s lives [2]. Such a trend is inevitable in the real 
world due to the tremendous growth in recent years of new smart devices, such as 
iPhones, iPads, and Android-based platform, which is expected to continue [1]. 
Also, people always want to get a job and hire good job seekers. There are some 
applications which help finding jobs, however, people who want to hire a job seeker 
cannot use these services. In addition, they cannot use in real-time for recruiting. 
This paper propose a real-time recruiting system, which is a smart phone 
application based on android platform [3,4,6]. Android is an open source 
framework designed for mobile devices [7]. In this paper, we called a person who 
wants to get a work as ‘Recruitee’ and a person who wants to hire an applicant as 
‘Recruiter’. Our system has advantages. First, we provide services for Recruiter. 
Recruiter can look through the resumes or search suitable applicants themselves. 
Second, we provide a real-time communication service between Recruitee and 
Recuiter. Third, the users give a reliability score of the information in our 
application for high credibility. Our system is designed in Korean, because of the 
convenience of implementation. The contributions we make in this paper are as 
follows.  

(1) We provide ‘A Recruiter Member Service’ to solve the problem that only 
applicants can use exist services. Recruiter is looking through the resumes and 
communicating in real-time with Recruitee. Also, Recruiter can search suitable 
Recruitee directly. (2) We adopt ‘A Reliability Evaluating Function’ to maintain 
information in order that people can trust. All of members can evaluate information 
such as resume or recruiting notice.  

The rest of this paper is organized as follows. Section 2 describes existing 
services related to this paper. Section 3 introduces the proposed system. Section 4 
summarizes and concludes the paper. 
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2. RELATED SERVICES 

In this section, we explain related services. We can find a job using ‘Alba-
Chunkuk’[1] which is a smart phone application based on android platform. ‘Alba-
Chunkuk’ has some advantages when we want to get a job. First, we can find a job 
with various options such as area, type of occupation and pay. Second, we can 
clipping the job information that we are interested in. Third, job seekers can apply 
using this application on smart phone. Another application, ‘Indeed’[5], is a web 
page for smart phone. This is different from other applications, because they 
operate similar with search engine. We can find lots of job information with 
‘Indeed’ at a time. Moreover, they provide 53 languages. However, there is a 
significant problem exist. All of these recruiting applications services are only  for 
job seekers. People who want to hire an applicant cannot use these applications.  

3. A REAL-TIME RECRUITING SYSTEM 

In this section, we introduce a real-time recruiting system which we proposed. Our 
system provides several services different from other existing systems. We have 
two main services: (1) A Recruiter Member Service and (2) A Reliability Evaluating 
Function. We introduce these two services in Section 3.1 and Section 3.2 and we 
analysis proposed system in Section 3.3. 

3.1 A Recruiter Member Service 

There is no application that services for Recruiter, however, we have ‘A Recruiter 
Member Service’. Recruitee can apply by our application, then, resume will send to 
Recruiter. Recruiter is looking through resumes and if there are some interesting 
Recruitees, Recruiter and Recruitee can communicate in real-time. In addition, 
Recruiter can search Recruitee directly and see the information of Recruitee. If they 
find the suitable Recruitee, then, press the ‘select’ button. Also, Recruiter registers 
the job post immediately when they need Recruitee by smart phone.  

Recruiter can handle resumes easily by using our application and find suitable 
Recruitee quickly by real-time communicating with Recruitee. Moreover, Recruiter 
can register the job post himself and find the suitable Recruitee at once. Figure 1 
shows the process of registering the job post by Recruiter.  

3.2 A Reliability Evaluating Function 

As many people using this real-time recruiting system, there is a possibility that the 
information in application is unreliable. Thus, we adopt ‘A Reliability Evaluating 
Function’ that people can trust all of information in our application. When users 
look through our application, if they think the information is credible, they press 
the ‘reliability’ button. Then the reliability score of the information increases or 
decreases 1 point. As the members who use this application give the reliability 
score themselves, we can trust the information in our application by the reliability 
score.  
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5. 기타 연구소 설립목적에 부합되는 사업

제5조 (연구센터) 연구소는 제4조의 사업을 원활히 수행하기 위하여 연구센터를 둘 수 있다.

제 2 장  조 직

제6조 (소장)

① 연구소에 소장을 두며, 소장은 연구소를 대표하고 연구소 운영에 관한 제반업무를 

통할한다.

② 소장의 임명은 본 대학교 직제규정이 정하는 바에 의한다.

제7조 (연구센터장)

① 연구센터에 연구센터장을 두며, 연구센터장은 연구센터의 운영에 과한 제반 업무

를 통할한다.

② 연구센터장은 제9조에 규정된 연구위원 중에서 총장이 임명한다.

③ 연구센터장의 임기는 2년으로 하되 연임할 수 있다.

제8조 (간사)

① 소장의 업무를 보좌하기 위하여 연구소에 간사를 둘 수 있다.

② 간사는 제9조에 규정된 연구위원 중에서 소장의 제청으로 총장이 임명한다.

③ 간사의 임기는 2년으로 하되 연임할 수 있다.



제9조 (연구위원)

① 연구소의 제반 연구활동을 수행하기 위하여 연구위원을 둔다.

② 연구소의 설립목적과 사업에 동의하는 본 대학교 소속 교원은 본인의 동의가 있는 

경우 소장의 동의에 의해 연구위원으로 위촉할 수 있다.

③ 연구위원은 본 대학교에 재직하는 동안 연구위원의 지위를 유지할 수 있다.

제10조 (연구원)

① 연구소에 전임 및 비전임연구원을 둘 수 있으며 책임연구원, 선임연구원, 연구원으

로 구성할 수 있다.

② 책임연구원은 박사학위를 소지한 자로서 소장의 제청으로 총장이 임명한다.

③ 선임연구원은 박사과정 또는 수료한 자로서 소장의 제청으로 총장이 임명한다.

④ 연구원은 석사학위과정 또는 소지자로서 소장의 제청으로 총장이 임명한다.

⑤ 연구원의 임기는 2년으로 하되 연임할 수 있다.

제11조 (연구조교)

① 연구소에 연구조교를 둘 수 있으며 제반 업무에 종사한다.

② 연구조교는 학사학위 이상학력의 소지자로서 소장의 제청으로 총장이 임명한다.

제12조 (객원연구원)

① 전문분야에 연구경력이 탁월한 해외 및 국내 학자들로서 본교 연구소의 연구활동

에 참여하고자 하는 자는 제15조에 규정된 연구소 운영위원회의 심의를 거친 후 

총장의 결재를 받아 객원연구원으로 소장이 위촉할 수 있다.

② 객원연구원의 임기는 1년으로 하되 연임할 수 있다.

제13조 (박사학위 소지자 연구과정 : Post-Doc. course) 연구소는 국내외에서 박사학위를 취

득한 소장연구자들에게 연구의 기회를 제공하기 위하여 박사 후 연구과정을 운영할 

수 있으며, 제15조에 규정된 연구소 운영위원회의심의를 거친 후 총장의 결재를 받아 

박사학위소지자 연구과정요원으로 소장이 위촉할 수 있다.

제14조 (감사)

① 연구소에 감사를 두며, 감사는 연구소의 회계결산에 대한 내부감사를 수행한다.

② 감사는 간사가 아닌 연구위원 중에서 총장이 위촉하며, 임기는 1년으로 하되 연임

할 수 있다.

③ 감사는 감사종료 후 10일 이내에 감사보고서를 작성하여 총장과 제15조에 규정된 

연구소 운영위원회에 제출하여야 한다.



제 3 장  운영위원회

제15조 (운영위원회)

① 연구소의 운영에 관한 중요사항을 심의하기 위하여 연구소 운영위원회(이하 “운영

위원회”라 한다)를 둔다.

② 운영위원회는 소장과 10명 이내의 연구위원으로 구성하고 소장이 위원장이 된다.

제16조 (기능)

1. 사업게획에 관한 사항

2. 예산 및 결산에 관한 사항

3. 연구소 관련규정의 제정 및 개폐에 관한 사항

4. 객원연구위원의 위촉에 관한 사항

5. 기타 연구소 운영에 관한 중요사항

제17조 (회의)

① 운영위원회 회의는 위원장이 소집하고 그 의장이 된다.

② 운영위원회는 재적위원 2/3이상의 출석과 출석위원 과반수의 찬성으로 의결한다. 단, 

가부동수인 때에는 의장이 결정권을 갖는다.

제 4 장  재 정

제18조 (재정)

1. 대학, 정부기관, 관련단체의 보조금

2. 기업 및 개인의 찬조금

3. 연구위원의 기여금

4. 기타 수입

제19조 (회계연도) 연구소의 회계연도는 본 대학교의 회계연도와 같다.

제20조 (장부 및 물품관리)

① 소장은 연구소의 재정에 관한 회계장부를 기록, 유지하여야 한다.

② 소장은 연구소내의 제반 시설과 물품을 성실히 관리하여야 한다.

제 5 장  보 칙

제21조 (재산의 귀속) 연구소가 해산할 경우 그 재산은 본 대학교에 귀속한다.

제22조 (세칙) 이 규정 시행에 필요한 세부사항은 소장이 운영위원회의 심의와 총장의 승인

을 얻어 세칙으로 정한다.



부 칙

(1) (시행일) 이 준칙은 1996년 4월 29일부터 시행한다.

(2) (경과조치) 연구기관의 장은 이 준칙이 시행되는 날로부터 1개월 이내에 연구기관의 규

정을 이 준칙에 저촉되지 않도록 개정해야 한다.

부 칙

(1) (시행일) 이 준칙은 1996년 10월 14일부터 시행한다.

부 칙

(1) (시행일) 이 준칙은 2004년 4월 9일부터 시행한다.


