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The objective of Division of Medical Data Informatics is to develop fundamental 
data informatics technologies for medical data, including algorithm theory, big data 
technologies, artificial intelligence, data mining, and privacy preserving 
technologies. Medical data, especially genome data are increasing exponentially 
from basics to clinical research in medical science. Our aim is to innovate medical 
science with novel data informatics solutions.

1.   Development of Privacy Preserving Technolo-
gies

a.   Differentially Private Mechanisms using Direc-
tion-oriented Smooth Sensitivity

Akito Yamamoto1, Tetsuo Shibuya1: 1Division of 
Medical Data Informatics, The Institute of Medical 
Science, The University of Tokyo

With the emergence of data science, protecting the 
privacy of individuals’ sensitive information is cru-
cial. Data collection and publication under differen-
tial privacy have gained considerable attention in a 
wide range of fields, such as bioinformatics and ma-
chine learning. In this context, the benefit of the con-
cept of smooth sensitivity, which can add tailored 
noise to respective datasets, has been recognized sub-
stantially. However, the existing concept focuses only 
on absolute values regarding the added noise and 
does not consider its direction. By adjusting the noise 
scales in the positive and negative directions for each 
output element, more tailored and realistic perturba-
tions can reduce overall noise. Therefore, we propose 
a novel concept, direction-oriented smooth sensitivity 
(DOSS), where the amount of noise is never larger 
than when using the original smooth sensitivity [1]. 
Further, there is a lack of theoretical analysis and dis-

cussion of the probability distributions used for noise 
generation; therefore, a concise general form is pro-
vided for the first time. We then propose a new-differ-
entially private algorithm using DOSS and our gener-
al form, along with efficient computation methods. To 
demonstrate the effectiveness of the proposed algo-
rithm, we applied it to genomic statistical analysis, 
which plays a crucial role in the development of per-
sonalized medicine. 

We furthermore improve the concept of direc-
tion-oriented local sensitivity to reduce the lower 
bound of the noise scales, and we re-define DOSS [2]. 
Simultaneously, we revisit the conditions for satisfy-
ing ϵ-differential privacy and use the enhanced DOSS 
to construct a more sophisticated mechanism. Fur-
thermore, we propose an unbiased mechanism where 
the expected value of the output equals the input val-
ue. Experimental results regarding the publication of 
genome statistics demonstrate that the proposed 
mechanisms can achieve higher utility than existing 
mechanisms. Overall, this study represents a signifi-
cant step toward realizing mechanisms that can add 
realistic and reliable noise.

b.   Subgraph Counting under Local Differential 
Privacy
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We suggest the use of hash functions to cut down 
the communication costs when counting triangle and 
other subgraphs under edge local differential privacy 
[3]. While various algorithms exist for computing 
graph statistics, including the count of subgraphs, un-
der the edge local differential privacy, many suffer 
with high communication costs, making them less ef-
ficient for large graphs. Though data compression is a 
typical approach in differential privacy, its applica-
tion in local differential privacy requires a form of 
compression that every node can reproduce. In our 
study, we introduce linear congruence hashing. Lev-
eraging amplification by sub-sampling, with a sam-
pling size of s, our method can cut communication 
costs by a factor of s2, albeit at the cost of increasing 
variance in the published graph statistic by a factor of 
s. The experimental results indicate that, when 
matched for communication costs, our method 
achieves a reduction in the ℓ2-error by up to 1000 
times for triangle counts and by up to 103 times for 
4-cycles counts compared to the performance of lead-
ing algorithms.

c.   Facility Location Problem under Local Differ-
ential Privacy

Quentin Hillebrand1, 2Vorapong Suppakitpaisarn, 
Tetsuo Shibuya1: 1Division of Medical Data Infor-
matics, The Institute of Medical Science, The Uni-
versity of Tokyo, 2Graduate School of Information 
Science and Technology, The University of Tokyo 

We introduce an adaptation of the facility location 
problem and analyze it within the framework of local 
differential privacy (LDP) [5]. Under this model, we 
ensure the privacy of client presence at specific loca-
tions. When n is the number of points, Gupta et al. 
established a lower bound of Ω(n0.5) on the approxi-
mation ratio for any differentially private algorithm 
applied to the original facility location problem. As a 
result, subsequent works have adopted the superset 
assumption, which may, however, compromise user 
privacy. We show that this lower bound does not apply 
to our adaptation by presenting an LDP algorithm 
that achieves a constant approximation ratio with a 
relatively small additive factor. Additionally, we provide 
experimental results demonstrating that our algo-
rithm outperforms the straightforward approach on 
both synthetically generated and real-world datasets.

d.   Cycle Counting under Local Differential Priva-
cy for Degeneracy-bounded Graphs

Quentin Hillebrand1, 2Vorapong Suppakitpaisarn, 
Tetsuo Shibuya1: 1Division of Medical Data Infor-
matics, The Institute of Medical Science, The Uni-
versity of Tokyo, 2Graduate School of Information 
Science and Technology, The University of Tokyo 

We propose an algorithm for counting the number 
of cycles under local differential privacy for degener-
acy-bounded input graphs [6]. Numerous studies 
have focused on counting the number of triangles un-
der the privacy notion, demonstrating that the expect-
ed ℓ2-error of these algorithms is Ω(n1.5), where n is the 
number of nodes in the graph. When parameterized 
by the number of cycles of length four (C4), the best 
existing triangle counting algorithm has an error of 
O(n2). In this paper, we introduce an algorithm with 
an expected ℓ2-error of O(δ1.5n0.5 + δ0.5d max

0.5n0.5), where 
δ is the degeneracy and dmax is the maximum degree 
of the graph. For degeneracy-bounded graphs (δ ∈ 
Θ(1)) commonly found in practical social networks, 
our algorithm achieves an expected ℓ2-error of O(n). 
Our algorithm’s core idea is a precise count of trian-
gles following a preprocessing step that approximate-
ly sorts the degree of all nodes. This approach can be 
extended to approximate the number of cycles of 
length k, maintaining a similar ℓ2-error, namely  
O(n(k−1)/2) for degeneracy-bounded graphs.

2.   Development of Technologies for Sequence 
Analysis

a.   Improved Approximation Ratios for the Short-
est Common Superstring Problem with Re-
verse Complements

Yrosuke Yamano1, Tetsuo Shibuya1: 1Division of 
Medical Data Informatics, The Institute of Medical 
Science, The University of Tokyo

The Shortest Common Superstring (SCS) problem 
asks for the shortest string that contains each of a giv-
en set of strings as a substring. Its reverse-comple-
ment variant, the Shortest Common Superstring 
problem with Reverse Complements (SCS-RC), natu-
rally arises in bioinformatics applications, where for 
each input string, either the string itself or its reverse 
complement must appear as a substring of the super-
string. The well-known MGREEDY algorithm for the 
standard SCS constructs a superstring by first com-
puting an optimal cycle cover on the overlap graph 
and then concatenating the strings corresponding to 
the cycles, while its refined variant, TGREEDY, fur-
ther improves the approximation ratio. Although the 
original 4- and 3-approximation bounds of these algo-
rithms have been successively improved for the 
standard SCS, no such progress has been made for the 
reverse complement setting. A previous study ex-
tended MGREEDY to SCS-RC with a 4-approxima-
tion guarantee and briefly suggested that extending 

Annual Report 2025（納品用）.indb   73Annual Report 2025（納品用）.indb   73 2026/05/14   10:28:482026/05/14   10:28:48



74

TGREEDY to the reverse-complement setting could 
achieve a 3-approximation. In this work, we strength-
en these results by proving that the extensions of 
MGREEDY and TGREEDY to the reverse-comple-
ment setting achieve 3.75- and 2.875-approximation 
ratios, respectively [7]. Our analysis extends the clas-
sical proofs for the standard SCS to handle the bidi-
rectional overlaps introduced by reverse comple-
ments. These results provide the first formal 
improvement of approximation guarantees for SCS-
RC, with the 2.875-approximate algorithm currently 
representing the best-known bound for this problem.

b.   Linear-Space Subquadratic-Time String Align-
ment Algorithm for Arbitrary Scoring Matrices

Yrosuke Yamano1, Tetsuo Shibuya1: 1Division of 
Medical Data Informatics, The Institute of Medical 
Science, The University of Tokyo

Theoretically, the fastest algorithm by Crochem-
ore et al. for computing the alignment of two given 
strings of size n over a constant alphabet takes O(n2/ 
log n) time. The algorithm uses Lempel–Ziv parsing 
to divide the dynamic programming matrix into 
blocks and utilizes the repetitive structure. It is the 
only previously known subquadratic-time algorithm 
that can handle scoring matrices of arbitrary weights. 
However, this algorithm takes O(n2/ log n) space, and 
reducing the space while preserving the time com-
plexity has been an open problem for more than 20 
years. We propose a solution to this issue by achiev-
ing an O(n) space algorithm that maintains O(n2/ log 
n) time [8]. The classical refinement by Hirschberg 
reduces the space complexity of the textbook O(n2) al-
gorithm to O(n) while preserving the quadratic time. 
However, applying this technique to the algorithm of 
Crochemore et al. has been considered challenging 
because their method requires O(n2/ log n) space even 
when computing only the alignment score. Our mod-
ification enables the application of Hirschberg’s re-
finement, allowing traceback computation in O(n) 
space while preserving the O(n2/ log n) overall time 
complexity. Our algorithm can be applied to both 
global and local string alignment problems.

c.   Faster Algorithm for Bounded Damerau–Lev-
enshtein Distance

Yrosuke Yamano1, Tetsuo Shibuya1: 1Division of 
Medical Data Informatics, The Institute of Medical 
Science, The University of Tokyo

 The Damerau–Levenshtein distance between two 
strings is the minimum number of insertions, dele-
tions, substitutions, and adjacent transpositions re-
quired to transform one string into the other. Unlike 
the standard Levenshtein distance, it accounts for the 
common typing error of adjacent character swaps. 

When edits are restricted so that no substring is edit-
ed more than once, existing algorithms for Leven-
shtein distance can be extended with relatively minor 
changes to support trans-positions. However, in the 
unrestricted setting (i.e., edits may overlap or interact 
arbitrarily), the problem becomes significantly more 
complex, and existing techniques no longer apply di-
rectly. In this work, we show that even in the unre-
stricted setting, the Damerau–Levenshtein distance 
can be computed efficiently [9]. We present two algo-
rithms that extend the classic O(n + k2) edit-distance 
frameworks of Myers and Landau and Vishkin, 
adapting them to accommodate unrestricted transpo-
sitions. The first algorithm runs in O(σn + k2) time, 
where σ is the alphabet size. The second achieves  
O(n + k2 log n) time for integer alphabets. Here, n is 
the length of the input strings and k is the distance 
threshold. Experimental results show that our algo- 
rithms achieve substantial speedups over k-inde-
pendent methods when k is small.

3.   Developing Technologies for Protein Structure 
Analysis

a.   Protein Hinge Estimation Based on Informa-
tion Criteria

Bunsho Koyano1, Tetsuo Shibuya1: 1Division of 
Medical Data Informatics, The Institute of Medical 
Science, The University of Tokyo

Protein hinges are flexible parts connecting several 
rigid substructures of proteins that are crucial to de-
termine protein function. Various methods have been 
developed for efficiently and accurately estimating 
protein hinge positions by comparing two different

conformations of the same protein for a growing 
number of protein structures. However, few studies 
have focused on accurately estimating the number of 
hinges, and it is required to accurately estimate both 
the number and positions of hinges. We propose fast-
er and more accurate algorithms for estimating the 
number and positions of hinges by utilizing informa-
tion criteria that run in O(n2)-time, where n is the pro-
tein length [11]. Our algorithms utilize BIC (Bayesian 
Information Criterion) or AIC (Akaike Information 
Criterion) based on a newly proposed k-hinge struc-
ture generation model that models the hinge motions 
between two protein conformations. 

b.   Comparison Algorithms for Protein Conforma-
tional Ensembles

Bunsho Koyano1, Tetsuo Shibuya1: 1Division of 
Medical Data Informatics, The Institute of Medical 
Science, The University of Tokyo

Molecular dynamics (MD) simulations yield var-
ied results based on simulation conditions; therefore, 
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the results must be compared across different condi-
tions. Previous studies have introduced measures to 
compare two protein conformational ensembles, each 
containing multiple protein structures, generated via 
MD simulations. However, existing brute-force algo-
rithms for computing measures, such as the mini-
mum root mean square deviation (RMSD) and aver-
age minimum RMSD, require O(nNM)-time, where n 
denotes the protein length and N and M are the num-
ber of structures in each ensemble. This time com-
plexity can be prohibitively slow when comparing 
two conformational ensembles generated via long 
MD simulations. We propose three faster heuristic 
methods—single-direction method, dual-direction 
method, and all-direction method—for computing 
the minimum RMSD and average minimum RMSD in 
O(n(N + M))-time using the SMAWK algorithm [12]. 

c.   Protein Structure Alignment Algorithms

Masahito Tsukahara1, Tetsuo Shibuya1: 1Division of 
Medical Data Informatics, The Institute of Medical 
Science, The University of Tokyo

Detecting common substructures between three- 
dimensional (3D) protein structures is a fundamental 
problem in structural bioinformatics and drug dis-
covery. This issue can be formulated as the well-
known geometric Largest Common Point-set (LCP) 
problem under the bottleneck distance. In this study, 
we focus on the order-dependent alignment variant. 
The fastest known exact algorithm for this variant has 
a time complexity of O(n32), whereas the fastest ap-
proximation algorithm with a theoretical guarantee 
runs in O(n8) time, where n is the size of the largest 
input structure. However, these algorithms suffer 
from impractical computational costs. Therefore, we 
propose two new approximation algorithms that im-
prove efficiency and accuracy [13]. The first algorithm 
optimizes an existing approach, achieving a reduced 
time complexity of O(n7 log n), whereas the second 
algorithm provides even greater efficiency under spe-
cific conditions. Experimental results on the PDB da-
tabase demonstrate that our proposed methods out-
perform existing algorithms in both efficiency and 
accuracy.

4.   Development of Technologies for Graph Data-
bases

a.   KEGG: biological systems database as a mod-
el of the real world

Minoru Kanehisa1, Miho Furumichi2, Yoko Sato2, 
Yuriko Matsuura2, Mari Ishiguro-Watanabe3: 1In-
stitute for Chemical Research, Kyoto Universi-
ty,2Pathway Solutions, 3Division of Medical Data In-
formatics, The Institute of Medical Science, The 
University of Tokyo

 KEGG is a database resource for representation 
and analysis of biological systems. Pathway maps are 
the primary dataset in KEGG representing systemic 
functions of the cell and the organism in terms of mo-
lecular interaction and reaction networks. The KEGG 
Orthology (KO) system is a mechanism for linking 
genes and proteins to pathway maps and other mo-
lecular networks. Each KO is a generic gene identifier 
and each pathway map is created as a network of KO 
nodes. This architecture enables KEGG pathway 
mapping to uncover systemic features from KO as-
signed genomes and metagenomes. Additional roles 
of KOs include characterization of conserved genes 
and conserved units of genes in organism groups, 
which can be done by taxonomy mapping. A new tool 
has been developed for identifying conserved gene 
orders in chromosomes, in which gene orders are 
treated as sequences of KOs [14]. Furthermore, a new 
dataset called VOG (virus ortholog group) is compu-
tationally generated from virus proteins and expand-
ed to proteins of cellular organisms, allowing gene 
orders to be compared as VOG sequences as well. To-
gether with these datasets and analysis tools, new 
types of pathway maps are being developed to pres-
ent a global view of biological processes involving 
multiple organism groups.

b.   Packing dimers to maximum occupancy under 
soft-core constraints

Robert Daniel Barish1, Tetsuo Shibuya1: 1Division of 
Medical Data Informatics, The Institute of Medical 
Science, The University of Tokyo

Dimer models have a long and fruitful history in 
fields ranging from organic chemistry to statistical 
mechanics and condensed matter physics, where in 
each case one can abstract the states or degrees of 
freedom of a physical system as instances of perfect 
matchings in a graph. Here, the enumeration of per-
fect matchings has often proven germane to charac-
terizing the general behavior of physical systems, and 
in predicting critical phenomena such as phase transi-
tions. In the other direction, the search for exact solu-
tions to the dimer model has been a boon to graph 
theorists and computer scientists, having resulted in 
the development of the classic Fisher-Kasteleyn-Tem-
perley algorithm for counting perfect matchings in 
planar graphs. In this work we introduce the valency 
model, which represents soft-core constraints for di-
mer models (i.e., constraints allowing multiple di-
mers to share an endpoint) at a maximum occupancy 
limit where we require each vertex in a graph to host 
some specified number of dimers [19]. In particular, 
the valency model abstracts these packings as assign-
ments of integral weights to the edges of a graph un-
der constraints for vertex strengths (i.e., sums over 
weights of incident edges). 
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