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Il Motivation: Goal-Oriented Communications

® Scenario: Multiple Correlated Sources
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Il Motivation: Goal-Oriented Communication
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Il Motivation: Goal-Oriented Communication

o.® Open Challenge: How to sample and transmit, to optimize goal-oriented
@ application-layer performance in the presence of network delay

Prior insights (Single Source): A

® Wiener process estimation?!: threshold policy for sampling f(change, age)
® Single-Source OU process estimation’l: MSE monotonic in age
® General inference: non-linear, non-monotonic performance degradation in Aol

N [

J
Open problem: Multiple sources (correlated, delayed): A
® Most studies assume independent multiple sources

® Heuristic metrics for correlated sources: Age of Correlated Information, etc.
. ® Our formulation: optimal pull-based sampling for remote joint estimation

J

[2] Y Sun, Y Polyanskiy, E Uysal. Sampling of the Wiener Process for Remote Estimation over a Channel with Random Delay. IEEE Transactions
on Information Theory, 2019

[3] TZ Ornee, Y Sun. Sampling and remote estimation for the Ornstein-Uhlenbeck [process through queues: Age of information and beyond.
Aimin Li and Elif Uysal (METU)
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Il Motivation: Age and Beyond

® Insights from Age of Information (Aol) research

ﬂ ' \ ® Aol captures the freshness of information:
Real-life Age of Information (Aol) | Sparse Update—> Stale;
| —
o5 ST g Frequent Update— Waste of Energy+Stale.
ol fresh dat { (k) : :
[ ||3ge O | St;ale ® Aol as a key metric whenever fresher data is more
= b3t Rla 1 fata,
5 Ol / \ waste of valuable.

/ ¥ |
/\ > 4 \ 1| energy

\

- < ’
W A
o NN {
s

o
-

I ‘,’ $

® Agec-optimal policy neither transmits at the highest
Fresh data  Waste of energy | possible rate nor requires the smallest end-to-end delay !

O T '.,}\"\'y' AL N

\ T 50 70 / (Waiting before transmitting may be efficient).
Sampling Rate (samples/sec)
()

e Open Challenge: Impact of Aol on goal-oriented application-layer
@ performance remains not fully understood.

[11Y Sun, E Uysal, RD Yates, CE Koksal, NB Shroff. Update or Wait: How to Keep Your Data Fresh. IEEE Transaction on
Information Theory, 2017.
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Il Motivation: MSE-Oriented Remote Information Fusion

® [nformation Fusion and Estimation
Sensor 1 Information

Fusion Center
Wil] N

)
Channel
kFWI\r Sampler ) O
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( Correlated Source and — d
N 2 Scheduler
WE ) N JRandom
T Delay
\, J . J
\ y ACK/NACK
Sensor 2

Challenge: Naive aggregation of delayed data from correlated sources may lead to |
® - redundant or misleading information.

-Un

\_ Aimin Li and Elif Uysal (METU) Y,

J
<
Question: How to sample to optimize the staleness level.




Il System Model: Multiple Correlated Sources

Sensor 1 Information
e WEI) ™ Fusion Center

'\ Channel
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Wt — / Random
e N i
'MWW Delay
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Sensor 2

\Correlated Processes

Source Dynamics:

The two observed sources W( ) and W( ) are Correlated Wiener process: . Mutually Independent :

aw,® = de()+ (1 02)dB>

p correlation coefficient; if p = 1, Wt(z) = Wt(l); if p I_i_anQEIiVLIJ/{TsaI (N@rupdependent of Wt(l)

dW(l) dBt(l)ﬁ :  Wiener Process




Il System Model: Objective

Sampling policy-
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Il System Model: Scheduling Policy Definition

Sensor 1 Information
4 (1) N Fusion Center
W, N
Channel O
/NP é A
./ ‘U\ Sampler
( Correlated Source ) and > —
(N WEZ) A /u._ Scheduler O
/Gcheduling policy N
) ‘ ACK/NACK —

Sensor 2

Scheduler Design (Which Source to Transmit?)

Scheduling Policy &

A scheduler is a policy function that determines which source is selected for transmission.
a; =nm(Jp,_,) VieN

Here a; € {1,2} is the scheduling action; 7D is the history before the time D;_,

D; <t}
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]l System Model: Sampling Policy Definition

Sensor 1 Information
e A Fusion Center
L

Sampling policy f

s N
\ Sampler

)
and -\\ —
Scheduler Q
" Y,
| e/

T ACK/NACK

Channel

@ @

Sensor 2

Sampler Design (When to Transmit?)

Sampling Policy f

A sampler is a policy function that determines when each sensor is sampled and transmitted.
Si = fUp,_,) VieN

Here S; € R* is the sampling time of the i-th transmitted packet;
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Il System Model: Fusion Policy Definition

Sensor 1 Information
W) ™ Fusion Center
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Remote Information Fusion
Fusion policy g

A function that determines the real-time estimate (AWt(l), VT/t(z)):

WD W) = g(3), VteR*
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Il Main Results: Separation Principle

Coupled Policies Separation Principles

® Optimal Remote Information Fusion
» Given any sampling and scheduling policy
pair, the MMSE fusion policy is optimal.

\

® Optimal Scheduling Policy

$ Co-Desig > Given any sampling policy and MMSE

/ remote fusion, the optimal scheduling

/| policy i1s the Maximum Age First (MAF)
scheduling policy.

/

® Optimal Sampling Policy

® Challenge » Given the remote MMSE fusion policy
» These three policies are mutually coupled. and MAF scheduling policy, the optimal
» Challenging for explicit optimal policies. scheduling policy is the threshold-based

Our work achieves explicit solutions.

min Li g@d Elif Uysal

+Age-optimal sampling policy.




ll Main Results: Optimal Remote Information Fusion

Step 1:
Optimal Fusion Policy "

MMSE Decoupled Fusion Policy

Optimal Fusion Policy given any w and f (Theorem 1):
The MMSE g,,,sg is the optimal fusion policy:
Wi-a,, Are= Doy

(1)
W. — We_n
‘ [Gtp (A1t A, t) Qtp(A1t A t)] Wt " t] Aq> Dyt
)

Weighted Coefﬂments

Remote

Information §

. W ht dS
Fusion eighted Sum

Wi-a,, Ay <A1

75 (2)
W = Wi-a
‘ [Gt p(Bg e, Aq, t) Qt,p(Az ¢, Aq t)J ot

Weighted Coefﬁments

Weighted Sum

Here, A;; is the age of source i. /
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Il Main Results: Optimal Scheduling

Decoupled Scheduling Policy

Optimal Scheduling Policy given g,,,s5 and f (Theorem 2):
The Maximum Age First (MAF) Ty 4r scheduling is optimal
/ Wt Al ¢ Al,tS AZ,t
Wt(l) _ We-a,,
Remote [Gep(A1,82¢) Qi p(A1e, B2p)] - Wt— Ape>Dnt
Information /
Fusion Welghted Sum
W, _ Ay < A
Step 2: e t=Azt ” 2,t= A1t
. . = —A
Optlmal_ Scheduling t [Gep(BaeB1r) Qpp(BorBrp)] - Wt 2t Ay > Dy,
Policy MAF t—Aq ¢
SN—— Weighted Sum
Here, A;; is the age of source i. /
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Il Main Results: Optimal Sampling

Optimal Sampling Policy

Oont Stleg 3: ’ > Optimal Sampling Policy given g,;,sg and my 4 (Corollary 1):
P 'mW Age-optimal Sampling!¥ is All you Need!

Remote

Information
Fusion

Scheduler

T—o0 T T—oo T
\ J \ J
Y Y

: 1 r o a ~(1 2 ~ (2 : 1 !
I;lfllm sup = Eg, voemmar f U (Wt( ) _ Wt( ))2 + (Wt( ) _ Wt( ))Zdt = I)Igf limsup =Ky oo mvar f j Are+ Ay pdt
0 0

MSE-Oriented Sum-Aol-Oriented

[4] Ahmed M. Bedewy, Yin Sun, Sastry Kompella, and Ness B. Shroff. Optimal Sampling and Scheduling for Timely Status
Updates in Multi-source Networks. IEEE Transactionson InférmatiorrTheory, 2021
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Il Simulations Results

Sum-Aol —~ MSE Insight:

30 L ! T T T T
® Even for correlated sources,
25 | minimizing sum-Aol is
equivalent to minimizing

MSE.

N
o

® As a result, Aol can serve as
a surrogate for remote

Time-Average Value
—
)

10 estimation and information
= = =MSE: ZW+MAF oonnin Aol: ZW+MAF fusion for Wiener Processes'
] | NN He— MSE: ZW-+RAND = = = Aol: WF-+MAF| -
MSE: WF+MAF no matter whether the

sources are correlated.

!

!
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ll Comparative Analysis: New Trends and Challenges

Inference

Result

Receiver

Scheduler 22,

Sources

Fig. 1: A remote inference system with M correlated sources.

Objective

Policies
Components

Channel

Addressed
Challenges

MSE
(Not only
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Sampling &
Scheduling &
Fusion over
Continuous
Time
Random
Delay

Explicit
Optimal
Co-Design

System flocet ] Comparsion  ThisWork  Arciv Paper[5]

A General Joint
Function of Ages
(Age-based Inference
Error)

over

How to Decouple
Ages for scheduling?

[5] Md Kamran Chowdhury Shisher, Vishrant Tripathi, Mung Chiang, and Christopher G. Brinton. Aol-based Scheduling of
Correlated Sources for Timely Inference. Arxiv, September2;i2025meTy)




Il Comparative Analysis: New Trends and Challenges

System Model 0] Comparsion  ThisWork  TMC[6]

Objective MSE MSE
g Sampling &
Policy Scheduling &
B Station/Moni .
ase Station/Monitor Components Fusion over over
A/\/\“ A))) ------ Yo ((ﬁ Continuous
/’ ] ~ H
Process 1 Sensor 1 , \\ \\ Sansor I Process M Tlme
\\\ e f(( Channel Random
S ﬁ & R/ Delay
rocess channel rocess M= . m
T sensor2 %’3&;?.‘222’?2;” Sensor i ~ 1 Addressed Explicit How to Schedule
A with monitor at 2 A Challenges Optimal Correlated Sources?
Process 3 sensor3 Sensor M — 2 Process M=z Co -DeSi g n
Sources Non-stationary Non-stationary
Markov Hidden Markov

[6] R. V. Ramakanth, V. Tripathi and E. Modiano. Monitoring Correlated Sources: Aol-based Scheduling is Nearly Optimal,
IEEE Transaction on Mobile Computing, February, 202%nin Li and Elif Uysal (MVETU)
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