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Multivariate Time Series Anomaly Detection by Capturing
Coarse-Grained Intra- and Inter-Variate Dependencies
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Abstract

Multivariate time series anomaly detection is essential for failure
management in web application operations, as it directly influences
the effectiveness and timeliness of implementing remedial or pre-
ventive measures. This task is often framed as a semi-supervised
learning problem, where only normal data are available for model
training, primarily due to the labor-intensive nature of data label-
ing and the scarcity of anomalous data. Existing semi-supervised
methods often detect anomalies by capturing intra-variate tempo-
ral dependencies and/or inter-variate relationships to learn normal
patterns, flagging timestamps that deviate from these patterns as
anomalies. However, these approaches often fail to capture salient
intra-variate temporal and inter-variate dependencies in time se-
ries due to their focus on excessively fine granularity, leading to
suboptimal performance. In this study, we introduce MtsCID, a
novel semi-supervised multivariate time series anomaly detection
method. MtsCID employs a dual network architecture: one net-
work operates on the attention maps of multi-scale intra-variate
patches for coarse-grained temporal dependency learning, while
the other works on variates to capture coarse-grained inter-variate
relationships through convolution and interaction with sinusoidal
prototypes. This design enhances the ability to capture the patterns
from both intra-variate temporal dependencies and inter-variate
relationships, resulting in improved performance. Extensive experi-
ments across seven widely used datasets demonstrate that MtsCID
achieves performance comparable or superior to state-of-the-art
benchmark methods.

Keywords
Time Series, Anomaly Detection, Deep Learning, AIOps

1 Introduction

Modern society increasingly relies on web-based application sys-
tems integrated into distributed systems, cloud computing plat-
forms, and Internet of Things (IoT) devices [18, 22, 33]. These
systems function across various sectors, including finance, trans-
portation, telecommunications, media, and industrial operations.
Downtime or service interruptions in these critical infrastructures
can disrupt daily life, create chaos in business operations, and result
in significant financial losses [8, 19, 39].
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To ensure high reliability and availability of these systems, nu-
merous Al-based methods [3-6, 13, 14, 16, 17, 22, 28, 29, 31, 32, 34,
36, 37, 42] have been proposed to detect anomalies from system
operational data, such as service KPIs, as well as system runtime
status data like CPU and memory usage. This data often takes
the form of Multivariate Time Series (MTS). The objective of MTS
anomaly detection is to determine whether time steps in the series
are normal or abnormal.

Despite the vast amount of time series generated daily in these
systems, supervised learning methods often face challenges in this
domain due to the labor-intensive data labeling process and the
scarcity of anomalous instances [14, 36]. As a result, MTS anomaly
detection is typically framed as a semi-supervised learning task,
where only normal data is available for model training.

Traditional machine learning methods, such as Local Outlier
Factor (LOF) [4], One Class Support Vector Machine (OCSVM) [28],
Isolation Forest (iForest) [16], have been widely used for anomaly
detection tasks. These methods treat multivariate observations at
time steps as points in a feature space. Distance or density metrics
are used to assess the proximity of these points to each other. The
points that deviate significantly from the majority are flagged as
anomalies. We refer to this approach as proximity-based. Recently,
proximity-based methods that combine deep representation learn-
ing, such as DeepSVDD [26] and DAGMM [42], have also emerged.
However, this approach often struggles with high accuracy due to
their inability to effectively capture dynamic intra-variate temporal
dependencies and complex inter-variate relationships.

To address the aforementioned issues, many temporal-based
and spatiotemporal-based methods have been developed [5, 14, 15,
29, 30, 36, 37]. For instance, THOC [29] employs a differentiable
hierarchical clustering mechanism to integrate temporal features
across various scales and resolutions for effective normal pattern
learning. AT [36] models prior and series associations between
time steps in series for temporal pattern learning. DCdetector [37]
utilizes two patch-based attention networks for contrastive learning
to capture temporal dependencies in the given time series. We
classify these approaches as temporal-based methods since they
primarily rely on temporal dependencies for anomaly detection.
In contrast, InterFusion [15] leverages a hierarchical Variational
Autoencoder framework to capture both intra-variate temporal and
inter-variate dependencies. Memto [30] presents a memory-guided
reconstruction approach that utilizes a single Transformer network
to capture temporal dependencies, while also integrating inter-
variate associations through the interactions between the derived
representations and a set of memory items. STEN [5] presents a
framework that combines subsequence order prediction, capturing
temporal correlations, with distance prediction, which learns spatial
relationships between sequences. These methods are categorized
into spatiotemporal-based methods. While both temporal-based
and spatiotemporal-based methods enhance the ability to capture
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intricate intra-variate or/and inter-variate dependencies within
time series, they often fail to capture salient intra-variate temporal
and inter-variate dependencies in time series due to their focus
on excessively fine granularity. This limitation can result in their
suboptimal performance in MTS anomaly detection.

This paper presents MtsCID, a novel semi-supervised anomaly
detection approach for Multivariate Time Series through captur-
ing Coarse-grained Intra-variate and inter-variate Dependencies.
MtsCID employs a dual-network architecture: one network utilizes
the attention maps of multi-scale intra-variate patches to capture
coarse-grained temporal dependencies between time steps, while
the other focuses on variate interactions, leveraging convolutions,
frequency component-based Transformer and a set of sinusoidal
prototypes to capture coarse-grained inter-variate relationships.
The deviation from normal patterns in each dimension is aggre-
gated to generate losses during training and anomaly scores for each
time step during inference. The resulting anomaly score indicates
whether a given timestamp is anomalous or not. Our approach has
been evaluated on seven commonly used publicly available datasets.
Experimental results demonstrate its effectiveness, achieving com-
parable or superior anomaly detection performance compared to
nine state-of-the-art methods.

In summary, our main contributions are as follows:

(1) A novel time-frequency interleaved learning scheme:
We introduce an novel scheme for learning intra- and inter-
variate dependencies through interleaved processing in
both the time and frequency domains. This method uti-
lizes frequency domain components to align inter-variate
time steps and time domain representation to learn coarse-
grained temporal dependencies, thereby enhancing the cap-
ture of normal patterns within the series and improving
anomaly detection.

(2) A dual-network multivariate time series anomaly de-
tection approach: We propose MtsCID, an anomaly de-
tection method that utilizes a dual-network architecture
for coarse-grained learning of both intra-variate temporal
dependencies and inter-variate relationships. This design
enriches the information embedded in the representations,
enhancing the overall performance of time series anomaly
detection.

(3) Extensive experiments: We compare MtsCID with nine
SOTA baselines on seven widely used public datasets. The
results confirm the effectiveness of MtsCID. In addition,
The ablation experimental results show the efficacy of each
major component in MtsCID.

2 Proposed Approach
2.1 Problem Definition

Given a set of subsequences D = {Xl, .. ,XN}, where N represents
the total number of subsequences and each X! € R7*C denotes
a subsequence of observations [xi, o xi], with L indicating the
length of the subsequence. Here, xi € R€ represents the multivari-
ate observation vector at time ¢, with C indicating the total number
of variates. Semi-supervised time series anomaly detection aims to

identify anomalies at the individual time step level within specified

Anon.

subsequences, assuming that the training subsequences consists
solely of normal observations.

2.2 Approach Overview

When MTS subsequences are input into MtsCID, they are processed
through two branches: the upper branch for learning temporal de-
pendencies and the lower branch for learning inter-variate rela-
tionships. As shown in Fig 1, the two branches comprises three
components: the temporal autoencoder network (t-AutoEcoder),
the inter-variate dependency encoder network (i-Encoder), and the
sinusoidal prototypes interaction module (p-i Module).

In the upper branch, each variate in the subsequence is initially
transformed into its frequency components. The fc-Linear, a fre-
quency component-based Linear layer, and fc-Transformer, a fre-
quency component-based Transformer network, are employed to
learn the dependencies of these frequency components. The de-
rived representations are subsequently transformed back to the
time domain and passed through a set of intra-variate ts-Attention
(time-series Attention) networks to learn temporal dependencies
from the attention maps of multi-scale patches. Finally, these repre-
sentations are fed into the decoder to reconstruct input sequences.

In the lower branch, each subsequence is first processed in the
time domain using a convolutional layer with a specific kernel size
to capture local temporal dependencies in the variates. The output
is then fed into the inter-variate fc-Transformer networks to learn
inter-variate relationships in the frequency domain. The resulting
representations are subsequently interacted with a set of sinusoidal
prototypes in the p-i Module for inter-variate relationship pattern
learning.

During training, the reconstruction loss between the input and
the generated sequences from the upper branch is combined with
the output from the lower branch to form a comprehensive loss that
guides model training. During inference, the reconstruction loss
from the upper branch interacts with the output from the lower
branch to produce an anomaly score for each time step in the series,
indicating whether a specific timestamp is anomalous.

Figure 2 provides a brief overview of how the relevant building
blocks function. Next, we will elaborate on each major component
of MtsCID.

2.3 Temporal AutoEncoder Network
(t-AutoEncoder)

The temporal autoencoder network is designed to capture temporal
dependencies between time steps within the series. When time se-
ries subsequences X € RBXIXC gre input—where B represents the
batch size, L is the subsequence length, and C denotes the number
of series—each series is first transformed into its frequency compo-
nents H € RBXf*C Here, H encompasses the real and imaginary
parts of the frequency components, with F representing the number
of frequency components. This transformation is achieved using
the Discrete Fourier Transform (DFT).

The real and imaginary parts of the derived frequency compo-
nents are projected into distinct latent spaces in the fc-Linear net-
work using respective learnable parameters W) and w() ¢ RCXd,
Two independent networks for processing real and imaginary parts
are also applied in the subsequent fc-Transformer networks. For
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Figure 1: The overview of MtsCID.
clarity and brevity, we will omit the subscripts in the following Z = LayerNorm (iDFT(PI + V)) (4)
descriptions.
Subsequently, the fc-Transformer network processes the pre- ZPi = Patch(Z) (5)
vious output to generate representations, H e RBXf*d for each b ZPiT
frequency component. Notably, the Q, K, and V inputs to the fc- APi = Softmax MPi (6)
Transformer network are derived from the same source. In line with i
standard Transformer architecture, a residual connection and layer Lo
normalization are utilized to enhance these representations. The 7= Unpatch(— Z AP?) (7)
resulting representations are then transformed back to the time mi3
domain using the inverse Discrete Fourier Transform (iDFT) as 5 A
& ( ) X = Decoder(Z2) (8)

7 € RBXLXd .

Next, Z, generated from the previous step, is transformed into
differently sized patches in a channel-independent manner, de-
noted as {ZP1, ..., ZPm}, where ZP! € R (Bxd)xnixp; represents a
matrix with patch number n; and patch size p;, fori € {1,...,m},
with m indicating the number of multi-scale patches. Each Z?i is
then fed into an intra-variate ts-Attention network to generate
corresponding attention maps AP € R(BXd)Xn:Xni for the patched
subsequences, which capture intra-variate temporal dependencies
at a specific granularity. The derived attention maps AP are subse-
quently mapped back to their original patch sizes using learnable
parameters MPi € R™>Pi_All the projected attention maps are
then averaged and transformed back into the input subsequence
format through an unpatch operation, resulting in Z € REXLxd,
Finally, these Z are passed into the decoder module, consisting of
a linear layer, to obtain the reconstructed sequences X € RBXLXC,
The mathematical formulas for our Temporal AutoEncoder are as
follows:

H = DFT(X) (1)
Q=K=V=HW ®)

T

H = Softmax (

We opt for fc-Linear and fc-Transformer operating in the fre-
quency domain based on two key assumptions: 1) Time series data
in the frequency domain may reveal more salient patterns com-
pared to those in the time domain, as they are less influenced by
individual time steps. 2) Since time series values are continuous,
their representations in the frequency domain significantly reduces
their population. This reduction may enhance the determinism of
subsequent reconstructions when learning the pattern from nor-
mal samples. In the later ablation study section, our experimental
results will show that the effectiveness in detection performance
using frequency domain representations is better than using time
domain representations.

2.4 Inter-variate Dependency Encoder Network
(i-Encoder)

Prior studies have demonstrated that inter-variate relationships can
enhance anomaly detection in multivariate time series [5, 15, 30].
In this study, we employ an independent inter-variate dependency
encoder network to capture these relationships from normal time
series subsequences. Since each variate measures different aspects
of the monitored system, they often exhibit varying periodicities,
making it challenging to learn their normal combination patterns
at time steps.
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Figure 2: The building blocks in MtsCID.

To address this challenge, we first input the time series subse-
quences X € RBXLXC into a 1D-convolution network. The kernel
size of the convolution network is assumed as k. This process yields
corresponding representations, T € RBXCXL \which capture lo-
cal temporal dependencies in variates. The derived representation
offers two key benefits: 1) Capturing coarse-grained temporal de-
pendencies enhances the semantic representations of individual
time steps, making it more robust to noise interference. 2) It can
mitigate the issues related to potential misalignment of time steps
across variates that may occur during data collection, as well as
challenges posed by unsynchronized variates.

The derived representations T is then transformed into its fre-
quency components, E € RB XCXf Then, a fc-Transformer network
is employed to capture inter-variate relationships in the frequency
domain, generating the representations J € REXCXf Notably, the
inter-variate fc-Transformer processes data along the variate di-
mension, while the intra-variate fc-Transformer in the temporal
autoencoder operates along the time step dimension. A detailed
comparison can be seen in Figure 2.

The derived representations J, which capture inter-variate re-
lationships, are then transformed back into the time domain. A
residual connection and layer normalization are applied, result-
ing in the final representations O € RB*XIXC The mathematical
expressions summarizing this process are presented as follows:

T = Conv1d(X) 9
E = DFT(T) (10)
EET
J = Softmax(—)E (11)
Vf
O = LayerNorm(iDFT(J) + X) (12)

2.5 Sinusoidal Prototypes Interaction Module
(p-i Module)

In the inter-variate dependency encoder network, while the derived
representations O capture inter-variate relationships, the combina-
tions of variables at time steps remain complex and challenging for
learning salient normal patterns. To address this issue, we aim to
simplify these complex combinations into a limited set, making it
easier to learn normal inter-variate relationship patterns.

Anon.

In the study by Song et al. [30], the authors demonstrate that
incorporating memory items, also known as prototypes, can en-
hance the learning of inter-variate normal patterns. Inspired by
their work, we develop a sinusoidal Prototypes Interaction Module.
Unlike their dynamic memory updating mechanism, we utilize a
set of fixed memory items M € RE*L, derived from sinusoidal
functions with varying periodicity, defined as follows:

2
MeRMXC, My = COS(TH : i~j)

fori=0,1,...,L—1and j=0,1,...,C—1.

By using fixed memory items, we avoid the instability issue in
model training mentioned in [30]. Furthermore, since these memory
items are derived from sinusoidal functions with different periodic-
ity, their combinations along the time step dimension approximate
a limited set. As shown in the experimental section, this approach
enhances the salience of patterns across inter-variate relationships,
thereby improving both robustness and detection accuracy, even
without the need for additional two-phase training and clustering
processes as described in [30].

Following the practice in [30], we multiply representations O
, generated from the inter-variate dependency encoder network,
with our fixed sinusoidal prototypes through dot product, followed
by the SoftMax operation, as follows:

exp(< O.t,,, M;. > /1)
Zﬁ":l eXP(< O:,t,:s Mj,: > /T)

Wti = (13)

2.6 Learning Tasks

MtsCID utilizes two learning tasks, i.e., temporal dependency recon-
struction task and prototype-oriented learning task, to effectively
guide model optimization during training. These tasks corresponds
to two specific losses: the L;—rec, and the Li—ep;.

2.6.1 Temporal Dependency Reconstruction Task. For the temporal
dependency learning branch, i.e. the upper branch, a reconstruction
loss is utilized between the input and the reconstructed ones to
direct its network for optimization. The reconstruction loss L;— ¢
is defined as L2 loss between X and X:

1 B
Li—rec = E ”Xs —XS||§ (14)

s=1

2.6.2 Prototype-Oriented Learning Task. For the inter-variate de-
pendency learning branch, i.e. the lower branch, we adopt the
practice from the study [30] that an entropy loss Li—_ens as our
auxiliary loss for regularization on W derived in Equation 13:

1

B L C
Li—ent = 3 —wy,ilog(wy,i) (15)

s=1t=1i=1

During the training phase, The objective function L is to mini-
mize the combination of loss term Equation (14) and Equation (15)
as follows:

L=1Lsrec+ALi—ent (16)

where A denotes a hyper-parameter for weighting coefficient.
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Table 1: Overview of datasets used in the experiments.

Datasets  #Entities  #Dims. #’Fllrir:xlll:sltne%s #Tlgrelfélsrtlgps %1;1:0521!;%68
SMAP 55 25 135,183 427,617 13.13%
MSL 27 55 58,317 73,729 10.72%
SMD 28 25 708,405 708,420 4.16%
PSM 1 25 55,541 34,387 3.13%
SWaT 1 51 496,800 449,919 11.98%
GECCO 1 9 69,260 69,260 1.05%
SWAN 5 38 60,000 60,000 32.6%

2.7 Anomaly Detection

During inference, the deviations from the learned normal patterns
in the two branches, specifically the Temporal Deviation (TD) and
Relationship Deviation (RD), are combined to generate anomaly
scores for each time step in the input. The TD(X;,., X;.) is defined
as the distance between the input X; . € RC and the reconstructed
input Xt!: € RC attime ¢. The RD(Oy,, M..) is defined as the distance
between each Oy and its nearest memory step ms.. The formal
definitions of the Anomaly Scores (AScore) are as follows:

AScore(X) = Softmax([RD(O.., M..)]) o [TD(Xy.. X)) (17)

where o is element-wise multiplication and and AScore(X) € RL
is anomaly score at each time step. These anomaly scores with
higher scores indicating a higher likelihood of the corresponding
time steps as anomalies.

3 Experimental Setting
3.1 Datasets

We evaluate MtsCID on two groups of seven widely used real-world
MTS datasets. A summary of these datasets is provided in Table 1,
along with further descriptions below.

o SMAP (Soil Moisture Active Passive) [11] is a dataset of soil
samples and telemetry information using the Mars rover
by NASA, while MSL (Mars Science Laboratory) [11] corre-
sponds to the sensor and actuator data for the Mars rover
itself. SMD (Server Machine Dataset) [31] is a five-week
long dataset of stacked traces of the resource utilization of
28 machines from a compute cluster. PSM (Pooled Server
Metrics) [1] is collected internally from multiple application
server nodes at eBay with 25 dimensions. SWaT (Secure
Water Treatment) [20] is gathered from a real-world water
treatment plant, including 7 days of normal operations and
4 days of abnormal operations.

e NIPS-TS-GECCO [21], referred to as GECCO, comprises
drinking water quality data for the Internet of Things and
was published at the 2018 Genetic and Evolutionary Compu-
tation Conference. NIPS-TS-SWAN [2, 12], known as SWAN,
is an openly accessible, comprehensive MTS benchmark
derived from solar photospheric vector magnetograms in
the Space Weather HMI Active Region Patch series. Both
datasets are sourced from [37].

WWW °25, April 2025, Sydney, Australia

3.2 Evaluation Metrics

In this study, we employ three groups of evaluation metrics.

e The first group of metrics includes point-adjustment Preci-
sion, Recall, and F1-score, which are widely used in time
series anomaly detection [30, 31, 34-38, 40]. This approach
acknowledges that anomalies typically manifest as contigu-
ous segments rather than isolated points. Consequently,
if any point within a contiguous segment is detected as
anomalous, the entire segment is deemed correctly identi-
fied. Following the methodology in [5], we utilize the best
F1 score to mitigate biases from threshold settings.

o The second group is Affiliation Precision, Recall and F1
Score [10], which are also used in recent studies [5, 22, 37]:
This set of metrics incorporates duration measures between
ground truth and predictions, addressing limitations of
other metrics that ignore temporal adjacency and event
duration. Due to space constraints, we present only the
Affiliation F1-score (AF-F1).

e VUS-ROC/VUS-PR [23] are used as the third group of met-
rics in our study, which are also used in recent studies [5,
22, 37]. These metrics extend the ROC-AUC and PR-AUC
measures. VUS-ROC (Volume Under the ROC Surface) and
VUS-PR (Volume Under the PR Surface) address biases in-
troduced by point adjustment by evaluating the overall
volume under the respective curves.

3.3 Implementation and Environment

Following the approach in [30], we generate sub-sequences using
a non-overlapping sliding window of length 100 to create fixed-
length inputs for each dataset. The training data is then divided
into 80% for training and 20% for validation. In the t-AutoEncoder
network, we set the number of multi-scale patches to m = 2, with
pi taking values from [10, 20]. The i-Encoder network is configured
with a 1D convolution layer featuring a kernel size of (k = 5).

We implemented MtsCID using PyTorch 1.11.0. The model was
trained with the AdamW optimizer and employed polynomial learn-
ing rate decay, starting at 2 X 1073 and gradually decreasing to
5x 10~%. A mini-batch size of 64 was used, and training continued
for up to 20 epochs, with early stopping applied if performance did
not improve for 10 consecutive iterations. All experiments were
conducted on a Linux server Ubuntu 20.04 equipped with an AMD
Ryzen 3.5GHz CPU, 96 GB of memory, and an RTX2080Ti with 11
GB of GPU memory.

4 Results and Analysis
4.1 The Effectiveness of MtsCID

To evaluate the effectiveness of our proposed method, we compare
MtsCID with nine state-of-the-art semi-supervised methods. The
baseline methods include proximity-based approaches—iForest [16],
DeepSVDD [26], and DAGMM [42]; temporal-based methods—
THOC [29], Anomaly Transformer [36], and DCdetector [37]; spatio-

temporal-based models—InterFusion [15], MEMTO [30], and STEN [5].

In our comparative analysis, the implementations of the baseline
approaches were obtained from their public repositories. To ensure
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Table 2: Overall Performance Comparison of All Methods in Point-Adjustment Metrics.
Method SMD MSL SMAP SWaT PSM
P R F1 P R F1 P R F1 P R F1 P R F1
iForest[16] 4231 73.29  53.64 5394 8654 6645 5239  59.07 5553 4929 4495  47.02 7609 9245  83.48
DeepSVDD[26] 7854 79.67 7910 9192 7663 8358  89.93  56.02  69.04 8042 8445 8239 9541 8649  90.73
DAGMM [42] 67.30  49.89  57.30  89.60  63.93 7462 8645 5673 6851  89.92  57.84 7040 9349  70.03  80.08
THOC [29] 7976 9095 8499 8845 9097  89.69 9206 8934 9068 8394 8636 8513 8814  90.99  89.54
AT [36] 9133 9450 9288 9209 9623 9410 9432  99.02 9661 9200  99.08 9540 9808 9831  98.19
DCdetector [37] 8414 8860 8628 9042 9414 9221 9532  97.86 9657  96.87 9921  98.02 9821 9827  98.24
InterFusion [15] ~ 87.02 8543  86.22 8128 9270 8662 8977 8852  89.14 8059 8558 8301  83.61 8345  83.52
MEMTO [30] 89.17 9468 9184 9225 9610 9413 9380  99.41 9652 9283  99.96  96.26 9837  99.04  98.50
STEN [5] 83.58 8311 8329 9017 9491 9242 9649 9652 9649 9183 9912 9531  97.74 9802  97.88
MtsCID 91.50 9537  93.39 9337 9697 9513 9590 9879  97.32 9416  99.82 9691  98.57 9851  98.54

1 P, R, and F1 refer to Precision, Recall, and F1-score, respectively. The results represent percentages.
2 we reproduced the results for Anomaly Transformer, DCdetector, MEMTO, and STEN, while adopting the reported performance from [30] for the other baselines.

3 In the table, values that are underlined represent the second-best metrics, while those in bold indicate the best metrics.

Table 3: Multi-Metrics Performance Comparison Results on Recent SOTA Methods.

Method Metrics SMD MSL SMAP SWaT PSM GECCO SWAN

F1 92.88 94.10 96.61 95.40 98.19 44.53 73.86

AF-F1 74.11 67.54 67.31 53.22 65.90 70.37 7.30

Anomaly Transformer [36] VUS-PR 72.53 84.83 92.18 95.06 92.48 10.14 90.99
VUS-ROC 82.89 94.33 97.66 98.39 94.18 61.66 89.38

F1 86.28 92.21 96.57 98.02 98.24 37.08 73.59

AF-F1 66.04 66.91 67.68 69.75 63.78 63.19 6.02

DCdetector [37] VUS-PR 60.79 83.40 92.39 97.32 91.10 10.08 91.83
VUS-ROC 78.63 94.45 97.32 98.90 90.54 60.19 88.55

F1 91.84 94.13 96.52 96.26 98.50 54.25 73.93

AF-F1 70.71 67.27 66.72 34.97 66.46 16.21 0.53

MEMTO [30] VUS-PR 72.58 85.93 92.17 95.58 94.00 17.96 93.68
VUS-ROC 82.38 88.87 97.09 98.43 92.72 61.98 86.33

F1 83.29 92.42 96.49 95.31 97.88 36.34 73.85

AF-F1 64.02 63.46 66.86 70.98 59.94 48.44 2.65

STEN [5] VUS-PR 61.37 85.26 94.10 90.62 94.70 15.74 92.92
VUS-ROC 91.29 95.59 98.30 98.38 96.71 86.06 92.11

F1 93.39 95.13 97.32 96.91 98.54 77.10 74.29

AF-F1 74.46 68.20 67.68 57.01 67.56 73.40 8.69

MtsCID VUS-PR 79.12 87.61 94.02 95.83 93.50 35.90 93.62
VUS-ROC 84.22 89.46 96.71 98.30 91.59 72.38 86.45

1 Underlined figures represent the second-best metrics, while those in bold indicate the best metrics.

consistency, we adhered to the parameters provided by their re-
spective implementations unless otherwise specified. Each method
was executed five times for each dataset, and the resulting values
were averaged to report the final results.

We first evaluate MtsCID against all the aforementioned base-
lines using point-adjustment metrics across five datasets, with re-
sults presented in Table 2. Since recent methods, including Anomaly
Transformer, DCdetector, MEMTO, and STEN, outperform other
baselines, we focus our multi-metric comparison of MtsCID primar-
ily on these models. This comparison includes the aforementioned

five datasets, as well as two additional, more challenging datasets
(GECCO and SWAN) that feature a wider variety of anomalies.
The experimental results in Tables 2 and 3 demonstrate that

MtsCID achieves robust and superior performance across all datasets.

Specifically, MtsCID secures the highest F1 and AF-F1 scores in six
out of seven datasets, and the second-best F1 score in the remain-
ing dataset, outperforming all baseline methods. Notably, on the
challenging GECCO dataset, MtsCID demonstrates a significant
advantage in the F1 metric, outperforming the second-best baseline
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by 42.12%. MEMTO also achieves consistently excellent results, indi-
cating that leveraging prototypes enhances detection performance
by providing additional information. While DCdetector and STEN
perform well, closely matching MtsCID’s effectiveness across most
datasets, there is a notable disparity in detection effectiveness on
the SMD and GECCO dataset.

Furthermore, We can see from Table 2 and Table 3 that the meth-
ods leveraging temporal and spatiotemporal dependencies consis-
tently outperform all proximity-based methods, underscoring the
importance of capturing dependencies among features in time se-
ries. However, spatiotemporal-based methods like STEN do not
always surpass temporal-based methods such as Anomaly Trans-
former and DCdetector, likely because temporal dependencies are
the primary indicators for identifying anomalies. This suggests that
spatial features require careful design for improved performance.

4.2 Ablation studies

In this section, we aim to thoroughly examine the effectiveness
of each major component within MtsCID on the final results. To
accomplish this, we conduct ablation studies that categorize the
MtsCID variants into three distinct groups:

o Network Branch Ablation: We compare variants that
exclude either the upper branch or lower branch.

e Coarse-Grained Processing Ablation: We compare vari-
ants that either exclude the intra-variate ts-Attention layer
in the t-AutoEncoder network or replace the convolution
layer with a linear layer in the i-Encoder network.

o Frequency Processing Ablation: We evaluate variants
that replace all frequency component-based networks with
time domain counterparts.

The results are presented in Table 4. It is clear that MtsCID with
dual networks (without subscripts) consistently outperforms sin-
gle network counterparts (where "to" indicates the t-AutoEncoder
branch and "io" indicates the i-Encoder branch). These findings
empirically support our hypothesis that integrating both tempo-
ral dependency and inter-variate relationship learning in MtsCID
enhances the model’s ability to learn patterns from normal time
series, facilitating better anomaly detection.

The results in Table 4. also show that MtsCID with coarse-grained
processing consistently outperforms their counterparts without one
of the coarse-grained treatments. This empirically confirms that
coarse-grained processing in temporal dependency learning and
inter-variate relationship learning in MtsCID enhances the model’s
ability to learn patterns from normal time series, facilitating better
anomaly detection.

Table 4 also provides a clear comparison between MtsCID and its
variants subscripts with td (The t-AutoEncoder and i-Encoder both
operate on the time domain rather than on the frequency domain)
across datasets. The experimental results empirically support our
claim that working on the frequency domain facilitates the trained
model in effectively learning normal patterns.

4.3 Sensitivity studies

4.3.1 Loss Weights Sensitivity. In the previous experiments, all
assessments were conducted with the hyperparameter setat A = 0.1.
To further investigate the impact of this weight, we performed a
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sensitivity analysis by varying the hyperparameter within the range
of 1073 to 10%. As shown in Figure 3a, the model’s performance
is largely insensitive to the variations in hyperparameter choices
for the loss weight. Therefore, we have decided to keep the current
hyperparameter setting.

4.3.2  Sensitivity Analysis of Multi-Scale Patch Settings. To explore
the impact of multi-scale patch settings, we conducted a sensitivity
analysis with patches configured as {[5, 10], [10, 20], [5, 10, 20] }.
As illustrated in Figure 3b, detection performance showed slight
variations based on patch settings. Consequently, we have chosen
to use the [10, 20] configuration.

4.3.3  Sensitivity Analysis of Convolution Kernel Settings. To further
investigate the impact of kernel settings, we conducted a sensitivity
analysis with kernels set to {1, 3, 5,7, 9}. As shown in Figure 3c, per-
formance slightly fluctuated with different kernel settings, except
for the SMD dataset, where performance decreased as kernel size
increased. A kernel size of 5 yielded relatively higher results across
the other datasets, leading us to choose this size.

4.4 Scalability Studies

To evaluate the scalability of MtsCID, we conducted runtime com-
parisons with baseline methods, highlighting the efficiency of our
proposed approach. Figure 3d presents the average training and
testing times per epoch for these methods. For conciseness, we
focus on the experimental results from the MSL dataset, where
MtsCID demonstrates superior efficiency in both training and test-
ing compared to all the other baseline methods. This indicates that
MtsCID has strong scalability potential for real-world applications.

5 Discussion
5.1 Why does MtsCID Work?

In this section, we present two key reasons why MtsCID outper-
forms relevant baseline methods. First, MtsCID extracts salient
patterns from attention maps generated by multi-scale patches and
inter-variate relationships revealed through convolution operations,
rather than relying on excessively fine-grained time steps, result-
ing in improved performance. Second, by integrating frequency
domain processing with time domain operations, MtsCID aligns
time steps across variates, reducing interference from misalignment.
This combination enhances its ability to capture normal patterns
from inter-variate relationships, ultimately improving detection
performance.

5.2 Limitations and Future Work

While our experiments demonstrate the effectiveness of MtsCID
for MTS anomaly detection, it does have limitations. Currently,
the temporal dependencies between time steps and inter-variate
relationships are learned independently during training, which may
lead to the loss of valuable information that could enhance anomaly
identification. In future work, we plan to explore self-supervised
techniques to better capture these connections and improve perfor-
mance. Additionally, the utilization of information in the frequency
domain remains underdeveloped, making it worthwhile to investi-
gate this further in our upcoming research.
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Anon.

Table 4: Ablation Experiments for Network Architecture and Operating Domain.

Category Ablation Method SMD MSL SMAP SWaT PSM
Component Invariant F1 F1 F1 F1 F1
i-Encoder Network MtsCID¢q 88.45 91.96 95.18 91.45 96.58
Network

t-AutoEncoder Network

MtsCIDj 83.23 89.84 94.09 96.42 97.02

. . Multi-Scale Patch Attention
Granularity Processing

MtsCID¢o 93.13 94.91 96.87 96.78 98.41

————— .
ooz " 0.93

Convolution MtsCIDao 92.05 94.73 97.01 96.41 98.11

Domain Frequency Domain Processing MitsCIDyq 91.22 94.89 96.72 96.65 98.43

/ With All Components MtsCID 93.39 95.13 97.32 96.91 98.54
1.00 B 7 1.00 . 7 7 g
0.99 0.99 3
0.98 0.98 £
g0.97 e S s e g0.97 g
£ 0.96 & 0.96 =
& 0.95 £ 0.95 :&;
0.94 0.94 h:
E

0.92

0.92
0001 001 01 10 100 100.0 [5. 10
Loss Coefficient Setting

[ 10, 20] [5.10, 20]
Multi-scale Patch Setting

(a) Loss coefficient sensitivity. (b) Patch setting sensitivity.

5 7
Kernel Size Setting AT DCdetector STEN  MEMTO  MIsFINE

(c) Kernel setting sensitivity. (d) Scalability analysis.

Figure 3: Sensitivity and Scalability Analysis.

6 Related Work

Existing MTS Anomaly Detection Methods. From the perspec-
tive of label utilization, existing methods can be categorized into
supervised, semi-supervised, and unsupervised approaches. Super-
vised methods, such as AutoEncoder [27], LSTM-VAE [24], Spectral
Residual [25], and RobustTAD [9], deliver competitive performance
but are limited by the labor-intensive labeling process and the
scarcity of anomalies. Unsupervised methods, like GANF [7] and
MTGFlow [41], eliminate the need for labels but often produce
sub-optimal results due to the lack of guidance. In contrast, semi-
supervised methods—including all baseline methods in our experi-
mental evaluation, such as THOC [29], InterFusion [15], Anomaly
Transformer [36], DCdetector [37], MEMTO [30], and STEN [5]—
leverage abundant normal data while reducing reliance on rare
anomalies. This approach enhances detection performance and
eases data requirements. Our proposed method also follows a semi-
supervised approach.

From the perspective of feature utilization, existing methods
for MTS anomaly detection can be categorized into step-based
and attention map-based approaches. Step-based methods learn
normal patterns from individual time steps in variates or their
latent representations, with notable examples including iForest [16],
DAGMM [42], DeepSVDD [26], THOC [29], InterFusion [15], ME-
MTO [30], and STEN [5]. Since each time step plays a significant
role in these methods, they often struggle to capture meaningful
semantics in variates effectively. In contrast, attention map-based
methods leverage attention mechanisms to analyze relationships
across segments of time steps. By focusing on attention maps rather
than each time step, these methods capture more salient patterns,
leading to improved results. Representative approaches include the
Anomaly Transformer [36] and DCdetector [37]. In our proposed

method, we utilize attention maps as features in one branch of the
framework to facilitate intra-variate temporal dependency learning.

Prototype-based Time Series Anomaly Detection. Prototype-based
approach leverages a set of prototypes, representing normal pat-
terns extracted during training, to improve anomaly differentiation.
A notable example is MEMTO [30], which leverages prototypes con-
structed by a two-phase training process that combines clustering
with incremental updates to enhance anomaly identification. In our
proposed method, we employ a set of fixed prototypes that do not
require updates. This approach mitigates instability during model
training and eliminates additional processing like clustering and
two-phase training, enhancing both robustness and time efficiency
while maintaining comparable performance.

7 Conclusion

In this paper, we introduce MtsCID, a novel semi-supervised ap-
proach to MTS anomaly detection. MtsCID features a dual-network
framework: an intra-variate temporal dependency learning net-
work for capturing coarse-grained temporal patterns from attention
maps, and an inter-variate relationship learning network combined
with a sinusoidal prototypes interaction module for inter-variate
relationship learning. This design is further enhanced by networks
operating in the frequency domain, allowing the model to leverage
information from both the time and frequency domains for effective
normal pattern learning. Through the collaboration of these com-
ponents, MtsCID effectively captures highly discriminative normal
patterns from temporal dependencies and inter-variate relation-
ships, enabling better discrimination of anomalous timestamps in
the time series. Our extensive experiments on seven widely used
public datasets demonstrate the effectiveness of MtsCID.

Our source code and experimental data are available at https:
//lanonymous.4open.science/r/MtsCID-2D2B/.
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