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MCP-based Data Integration, Tool Sharing, and Knowledge Sharing for Infrastructure Digital Twins
(Proceedings of Symposium on Applied Mechanics)
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Riki HONDA, University of Tokyo
E-mail: rhonda@k.u-tokyo.ac.jp

The data platform for digital twins of infrastructure should be capable to manage the relationships among highly
diverse data sets. Considering the property of infrastructure data, we developed a data integration platform using
the MCP protocol to connect data and tools developed in the SIP project, and conducted a proof-of-concept
(POC) targeting several use cases. The POC demonstrated that establishing these relationships as procedural
knowledge when conecting data and tools via MCP effectively supports the stable operation of large language

models (LLMs).
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Fig. 1 MCP-based data integration and analysis orchestration
architecture.
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Fig. 2 Integrated dashboard of MCP servers: data, tools and
knowledge.
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Fig. 3 Use case map viewer showing spatial distribution of
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Automatic Generation of Input Data for micrometeorological analysis
using Multi-Scale Simulator for the Geoenvironment
(Proceedings of Symposium on Applied Mechanics)
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To conduct micrometeorological analysis using the multiscale atmospheric model, Multi-Scale Simulator for
the Geoenvironment (MSSG), we developed an automated method for generating digital twins. This method
utilizes 3D urban model data (Project PLATEAU) linked to the Ministry of Land, Infrastructure, Transport
and Tourism's National Land and Transportation Data Platform. The automated generation process reduces
manual labor and effort. Furthermore, to enable micrometeorological calculations in areas where PLATEAU
datasets are not sufficient, we have developed a system that automatically generates input data for these

calculations from other available datasets.
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ig.3 Land use based on PLATEAU (left) and JAXA (right)
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Fig.6 Comparison of MSSG and measurement (WBGT)
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This study proposes a framework for assessing the seismic risk of buildings in large-scale urban area. City-
scale numerical simulations and sensor network are integrated to update building-specific fragility functions.
The proper orthogonal decomposition (POD) technique plays a crucial role to analyze numerical simulation
data. The POD-based approach helps to represent large-scale simulation results in a more compact and mean-
ingful way, a crucial step in understanding seismic impacts. The framework also highlights the importance
of sparse sensor distribution. Furthermore, this study uses cloud analysis and Bayesian updating to update
the fragility functions of buildings based on sensor data. It first creates fragility functions for all buildings
based on cloud analysis using numerical simulation data, and then progressively refines them by incorporat-
ing sensor data through Bayesian inference. This dual-stage approach allows for a rapid risk assessment of
all buildings in a target area, with continuous improvements to fragility functions by the sensor data.

1. Introduction

This study introduces a framework for assessing earthquake risk
in large-scale urban area. It integrates numerical simulations and
sensor data to evaluate building seismic responses. The Stochas-
tic Green Function and Integrated Earthquake Simulation (IES)?
methods generate data for analysis. Fragility functions, repre-
senting building vulnerability, are derived from these simulations
and refined with sensor network, employing techniques Proper or-
thogonal decomposition (POD), sparse sensing technology, and
Bayesian updating. The effectiveness of the proposed framework
is examined with Sendai City as the target area.

2. Numerical simulation

In the numerical simulation of seismic motion, from earthquake
fault to engineering bedrock and then to the surface, two main
methods are employed to assess the response of surface structures:
the Stochastic Green’s Function and the Integrated Earthquake
Simulator (IES)?. The Stochastic Green’s Function method is an
extension of the empirical Green’s Function approach, introduced
by Irikura®, utilizing observed records to account for subsurface
structures’ effects on seismic waves. It is particularly useful when
suitable observed records are unavailable. IES, integrated with a
Geographic Information System (GIS), integrates earthquake mo-
tion simulation with structural and sesmic response simulation. It
involves generating earthquake waves, evaluating their impact on
structures, and analyzing evacuation and crisis management af-
ter an earthquake. By adjusting the fault model, various scenarios
are created for both methods, facilitating the generation of training
and validation datasets for seismic response analysis.

3. Sparse sensor network for monitoring

Proper orthogonal decomposition (POD) extracts dominant spa-
tial modes from data based on singular value decomposition
(SVD)3). Given a data matrix Y, its SVD is

Y =UzvT, M

and each snapshot y; can be approximated by a truncated expan-
sion

.
Yi ~ZZijuj, ()
=1

where u ; is the j-th POD mode and z;; is its corresponding modal
coeflicient for case i.

Using the retained modes, sparse sensing is formulated as a
linear measurement model:

y=HUz =Cz, 3)

where y € RP is the observation vector, H € RP*" is the sensor
location (selection) matrix, U € R**" contains the retained POD
modes, z € R” is the latent state, and C = HU € RP*" is the
measurement matrix. Observations are assumed to be contami-
nated by Gaussian noise N (0, foud | ). The latent state is estimated
via the pseudo-inverse™®:

,_[cTeety, psr, @
z =
«€crey'cty, p>r.

Sensor locations are optimized to reduce the uncertainty of Z.
Specifically, we adopt a D-optimal criterion, i.e., selecting H to
maximize the information content of C (equivalently, minimize
the estimation error covariance). A genetic algorithm is used to
search for the optimal sparse sensor configuration in this study.

4. Sequential update of a damage assessment model
The sparse sensor network provides partial observations of earth-
quake input and structural response, such as intensity measures
(IM) and engineering demand parameters (EDP). To map these
measurements to building level damage probabilities, we use
fragility functions derived via cloud analysis>:

(&)

InIM —1
Pf(EDP > LS| IM) = @(u),

B

-12018 -



Applied Mechanics Committee, JSCE

12018

where ®(-) is the standard normal CDF, and 7 and 3 are the me-
dian and dispersion.

To support city-scale updating, we model the IM—EDP relation
in log space with a Bayesian hierarchical regression®:

InEDPj;=aj+BijInIM;;+¢&j;, &ji~ N(0,0’z). 6)

Buildings of the same structural type share information through
type-level priors on (aj,[;) (partial pooling), which stabilizes
estimates when per-building data are limited or noisy (e.g., when
full-field responses are inferred from sparse measurements). For
each limit state LS, the posterior of (@}, 8;,0) is converted to
the corresponding fragility parameters (77, 8) using the standard
cloud-analysis mapping.

Exact inference is intractable for an urban inventory, so we use
mean-field variational inference. When a new earthquake pro-
vides additional data D;, we update the variational posterior se-
quentially by treating the previous approximation as a predictive
prior:

qr = argmax Eq[log p(D; | 6)] = KL(¢(0) | g:-1(6)) . (1)

This event by event update avoids refitting on the full histori-
cal dataset while continuously refining the fragility parameters in
Eq. (5) as new observations become available.

5. Workflow of the proposed sequential risk assess-
ment framework

The proposed framework operates through repeated predict update
cycles. Atstept, aspatial IM field (e.g., PGA) is obtained and used
to generate predictive damage estimates based on the variational
posterior from step #—1. When new observations are available,
sequential variational inference updates the posterior by treating
the previous approximation as a predictive prior and conditioning
on the new data, yielding updated damage estimates.

Figure 1 summarizes the workflow across multiple update
steps: the first row shows the IM (PGA) maps, the second row
shows predictive damage estimates before the current update, and
the third row shows the updated damage estimates after assimilat-
ing the current observation. In this study, only one target building
typology is included in the evaluation and updating, buildings out-
side this typology are excluded and shown as gray points.

Step 2 Step 12 Step 65
E 10 &‘
Before ;
update
Updated :\-‘ E

Fig.1 Workflow illustration of the proposed sequential damage assessment framework.

6. Conclusion

This study presents a novel method for assessing and updating
seismic risk profiles of urban buildings, suggesting a path forward
for making cities safer and more resilient to earthquakes through
technological and methodological advancements. The result un-
derscores the importance of integrating numerical, and highlights
the need for extensive data collection to further refine fragility
functions, suggesting future research directions that include ad-
justing fault parameters for broader scenarios and incorporating
more detailed intensity measures.
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Static data fusion could be used for integrating multi-source sensor measurements into a unified represen-
tation with reduced variance. This paper proposes a generative framework for static data fusion without
any limitations on the nature of the noise distributions based on heteroscedastic Variational Autoencoders
(VAES) that treats likelihood derivation as a generative noise modeling task. The methodology comprises
of two distinct phases: an offline stage where a VAE learns the underlying noise distribution directly from
deviation vectors, and an online inference phase that utilizes an Importance Weighted Autoencoder (IWAE)
structure to compute the posterior distribution. Numerical verification using the fusion of two 10-dimensional
multivariate logistic datasets demonstrates that the proposed framework serves as a robust surrogate for the
likelihood function. The results show that high-fidelity posterior estimation is achievable even within a com-
pressed latent space equivalent to only 30% of the original feature dimensionality. This approach offers a
robust advantage for real-world Bayesian inference by bypassing the need for explicit parametric equations
in complex, high-dimensional environments and overcoming limiting assumptions based on Gaussianity.

1. Introduction and Motivation

Measurements acquired from real-world sensors are inherently
noisy. An appropriate method to handle this uncertainty is to treat
the collected samples as instantiations of specific probability dis-
tributions. When analyzing concurrent readings from an array of
sensors, static data fusion can be used to merge this information
to yield an estimate that is significantly more precise than any in-
dividual measurement. In the context of digital twins, static data
fusion is particularly applicable when multiple data sources de-
scribe the same physical phenomenon or operating condition, and
the objective is to integrate these views into a unified representa-
tion with reduced variance.

Generative Machine Learning (ML) methods have been ap-
plied to address various real world problems. A particular ap-
plication that is similar to the problem that we are trying to ad-
dress in this study is data assimilation (Chen et al.D). In ML-
assisted data assimilation for dynamical systems, the state is first
advanced in a forecast/prediction step and then updated in an anal-
ysis/correction step when new observations become available. For
high-dimensional systems, Cheng et al.!) emphasize that data
assimilation could be accomplished in the latent space (called
latent space DA) leading to computational efficiencies. In this
sense, latent-space DA is a recursive state-estimation framework
for time-evolving systems, in contrast to the static representation-
level fusion of multiple views, which is the focus of this study.

Bayesian inference provides the foundational mathematics for
integrating prior beliefs with new observations via Bayes’ rule.
Yet, characterizing the exact likelihood function becomes a ma-
jor issue when the data exhibits complex, non-Gaussian traits.
To resolve this, the proposed methodology treats the likelihood
derivation as a generative noise modeling task. By deploying
a heteroscedastic Variational Autoencoder (VAE) (Kingma and
Wellingz)), i.e., a VAE with a stochastic encoder and a stochas-
tic decoder, the system learns the underlying noise distribution
directly from the data, acting as a surrogate for traditional para-
metric equations.

2. Proposed Generative Methodology

Suppose data is available from two sources, X and Y. Then,
the posterior distribution p(x|y) could be computed following the
Bayes’ theorem,

- PUOES, p) = [ papedr )
p(9)

Here y is the mean of a set of new observations (yi € Y),

{y',...,yM} and p(y|x") is the likelihood. The prior is the em-

pirical distribution (x' € X), {x!, ...,x™} given by

N
1 n
p) =5 D80 =" @)
n=1
Substituting Eq. 2 into Eq. 1 results in the following posterior
N
p(xlg) = D B 6(x —x") 3)
n=1
where the posterior weights 8" are given by
T
g = 15(y| _) _ @
25 pyhy)

The proposed method discards the requirement for explicit
likelihood equations, substituting them with a machine learning-
based density estimator based on the deviator vector, i.e., the de-
viation v" between the observation mean (y) and a prior state x™.

V=g -x" = pylx"™) = pu(y-x") 5)

The framework operates in two distinct stages: offline model
training and online posterior inference.

2.1. Offline Noise Characterization

During the offline stage, the system characterizes the noise by
computing the arithmetic mean of a training observation set. In-
dividual deviation vectors are generated by calculating the dif-
ference between this mean and each respective sample. A VAE

is subsequently trained exclusively on these noise vectors, vk =

Ytrain — Y-

The VAE architecture consists of an encoder, ¢ (z|v), that
maps the high-dimensional noise into a lower-dimensional latent
space (z € Z), and a stochastic decoder, p ¢ (v|z)], that attempts to
reconstruct the original input. During training, the network max-
imizes the Evidence Lower Bound (ELBO), which balances re-
construction accuracy against a Kullback-Leibler (KL) divergence
penalty. This regularization penalty ensures the latent space re-
mains smoothly structured and prevents the network from memo-
rizing isolated data points.
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Fig. 1: Fused dataset involving the 10D Multivariate logistic dataset (First 3 dimensions)

2.2. Online Bayesian Inference

For the online inference phase, the deviation of the prior samples
from the observation mean, i.e., j — x", is computed for every
prior sample. To accurately assess the probability density of these
deviations, the framework implements an Importance Weighted
Autoencoder (IWAE) (Burda et al.®)) structure. Standard VAEs
only yield a lower bound on the true log-likelihood, which intro-
duces amortization error due to imperfect posterior approxima-
tions. The IWAE resolves this by drawing a large number of in-
dependent samples (specifically, k = 1024) from the encoder’s
latent space distribution. By calculating the average (£, (v")) of
k number of importance weights

_pe("zi)p(zi)

i = 6
q¢(zilv™) ©

across the latent vectors, zy,...,zx ~ ¢qg(z[v"), the system
achieves a substantially tighter bound on the true log-likelihood.
Here, p(z;) is the standard Gaussian prior. Finally, these refined
likelihood estimates are normalized across all prior states to gen-
erate the final posterior weights, 8y, as

L

B = ——— ©)
2L

3. Numerical Verification

A core limitation of conventional Bayesian integration is the in-

ability to easily formulate likelihoods for non-Gaussian informa-

tion. To demonstrate the generative framework’s capacity to by-

pass this constraint, a comprehensive experiment was executed

utilizing a 10-dimensional multivariate logistic distribution with

independence across individual dimensions.

The synthetic data was drawn from two independent 10-
dimensional domains, serving as the prior knowledge base and
the new observation set, respectively. Following the previously
detailed methodology, the VAE was trained directly on the devi-
ation values between the observed samples and their computed
mean. To force meaningful compression and feature extraction,
the latent space bottleneck of the neural network was restricted to
exactly three dimensions.

To establish a semi-analytical benchmark for verifying the
VAE-based fusion results, a Kernel Density Estimation (KDE) ap-
proach was utilized. However, explicitly evaluating the joint pos-
terior density across a multidimensional grid is computationally
prohibitive due to the curse of dimensionality, as the number of
evaluation points scales exponentially as O(K?).

To overcome this intractability, we evaluate the marginal distri-
butions of the fused dataset by assuming independence across in-
dividual dimensions. This assumption reduces the computational
complexity from exponential to linear, scaling at O(D X K), which
renders the validation highly tractable even for high-dimensional
cases.

For each dimension d € {1... D}, the procedure extracts the
1D samples from the prior X. 4 and the observationY. 4. A Gaus-

(c)

sian KDE is fitted to the prior samples to obtain KDE prjor, and
another Gaussian KDE is fitted to the deviation samples (7 —y) to
represent the likelihood, KDE oy ce. After defining a 1D eval-
uation grid, the unnormalized posterior density for the d-th di-
mension is computed via the element-wise multiplication of the
prior density and the likelihood density evaluated at shifted grid
arguments

Punnorm = KDEprior (grid) X KDEsource (ﬂy —grid) (8)

Finally, the true marginal posterior pposs is obtained by nor-
malizing punnorm using Simpson’s rule for numerical integration
over the 1D grid.

As shown in Fig. 1, the proposed generative ML frame-
work proved highly successful at integrating the non-Gaussian
datasets. Despite the mathematical complexities inherent in the
10-dimensional logistic case, the VAE effectively operated as a
flexible surrogate for the likelihood function. The system gen-
erated marginalized posterior distributions that successfully cap-
tured the complex data structure without relying on explicit para-
metric equations, empirically validating the proposed methodol-

ogy.

4. Concluding Remarks

In this study, we present a robust generative methodology based on
heteroscedastic VAEs for static data fusion, particularly for non-
Gaussian datasets. Furthermore, the inclusion of multi-sample
importance weighting via the IWAE objective significantly dimin-
ishes amortization errors. The proposed methodology is verified
through a case study involving non-Gaussian datasets that demon-
strating strong alignment with expected semi-analytical solutions.
Notably, this high fidelity is achieved despite the fusion occurring
within a compressed latent space equivalent to 30% of the origi-
nal feature dimensionality. This framework represents a promis-
ing direction for robust Bayesian inference in complex, real-world
scenarios.
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