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Motivation

Background

As space missions continue to grow in originality, systematicity, complexity, precision
requirements, and technical difficulty, the need for complex system simulation has
become increasingly urgent.

Space Science Large Satellite Constellation Space Reconnaissance/Resistance

» High technical complexity * Complex coordination processes * High precision requirements

Situational awareness simulation requires systematic modeling of space entities,
scenarios, and environments, calling for data—model fusion to integrate
heterogeneous data and multidisciplinary models under stringent accuracy and
real-time constraints.



Motivation

Main solutions: task scheduling systems
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Three critical challenges

« Management instability
Frequent leader elections cause service interruptions.
* Burst load handling
Be unable to predict/proactively scale for large-scale computing tasks — node crashes.
 Resource oscillation
Reactive load migration triggers unstable resource allocation and load oscillations.
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Design

Proposed solution: MP-DMC framework

Node management center layer Model calculation scheduling layer
ro T T T T T e e e ISttty - .~ ) it it S \
I Node dynamic elastic Create a new node | Follower node 1 (waiting) \ 1 - I
| expansion algorithm I Scheduling center server (backup) |
| qmmmmmmmmmmmmm s s s s s ssssss s sss s ———— Ly Scheduling center server (primary) I
| E Before expansion Follower node N (election) L |
H | monitoring management communication |
| E/— Task scheduling Il Node registration | I |
i . and distribution | 20 Sttt
s Orchestration . | i Dynamic load analysis |
I3 nterface tool Scheduling center l : [
| | Elastic scaling 9 : CPU resources :
i leader node | U balancing [
| Subscription | | E ]7DD_ Memory resources |
1 = o '’
I E Global Current computing Expansion | : 1 |
| ! TESEITEE Heartbeat resources | ;\ |
l E Faulty node i P Execution result confirmation 1 |
I3 control Hegrigeat l E tor 1 Calculation |
| E Resource request Heartbeat trigger l | , ecutor
| ! registration Executor L[ :
H Other computing I RPC node ‘ RPC
| resources Leader-follower | : Executor N |
| S e ———— ’ election algorithm I
\ al
— e e o e s e e e G G G G G G G G e e e e e e e e e e - - — — — — — — — — — — — — — — — — — T ________ /
et e el By
Data security transmission layer Load migration
e il 7). Sl scheduling algorithn Data storage management layer
Send External system J L S S Sy S S S S S
| Data mapping area — - I~
W o comain TR P pping Subscr:tpnon Subscriber : :
I node _ po | Data buffer
Metadata e |
| e L ww Tl
I Checkpoint Publisher Subscription offset —’J|‘ \ || cache N cache N |
I port g Topic1 r————— 7 | ) . | |
| v I Subscriber Subscriber ||
| Publish Elati Sati 6~~~ group 1 group 2 | _ |
| . ock | bloc | . || Relatioanl SNert | !
Data domain Topic 2 | Subscriber | drithbsse T I
| Topic Dat Dat | node : | service | |
gl VWatermrk | i ook ook T i | ‘
' Watermark partitioner block block || I
Checkpoint node | I
\ e ’ File stora
ge J
N e e o o o e o — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — T S S S S ————

Overall architecture of the proposed microservice platform for data—model computing (MP-DMC), which adopts
a four-layer distributed architecture where similar functional structures are expressed using the same color



Design

Distributed data—model fusion management and the

scheduling strategy

(1) Leader—follower election algorithm

Elector for node 1
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Receive votes from other nodes

Node election process

Algorithm 1 Leader—follower election

Require: N,Q, (n=1,2,...

1
2
3
4:
5:
6
7
8
9

7N)a 07 Lthr

: Initialize Aclection and Await
: Sort Q; (1 =1,2,...,N
: fori=1to N do

) by priority or load in ascending order

if |Ae1ection| > 6 then
Add Qz to Await

else if |Ayait| > 0 then
Add Ql to Aelection

end if

: end for
10:
11:
12:
: end if

: if @Q; has priority then

Timer — Multicast(Q;, heartbeat message)
if L; > Lin, then
Add Q; to Await

Multicast(move over message) and wait for acknowledgments
if Number of acknowledgments > N/2 then
Q@Q; becomes the leader node
else
Multicast(end message)
end if

: end if
: return Q,




Design

Distributed data—model fusion management and the

scheduling strategy
(2) Node dynamic elastic expansion algorithm

@® DMA-LSTM model @ Dynamic node expansion
-> Predict node load

Algorithm 2 Dynamic elastic expansion algorithm
Require: N,Q, (n=1,2,..., N)
: Sum <+ 0
for i=1to N do
Predict L™ (¢ + T) for node i using DMA-LSTM
Sum < Sum + L?re (t+T)
end for
if Sum > N then
Create a new node Qnew
Add Qpew to the expanding queue
end if
return (Qn U{Qnew}, N+ 1)
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Design

Distributed data—model fusion management and the

scheduling

strategy

(3) Load migration scheduling algorithm

Executor registration

Scheduling
center

—. Follower node 1 Follower node 2 g

................................................

Leader node

Task management
(- 15 Linked list
i 40 Time 73
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é Overload, Task migration

Task execution
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Executor 2 Expired task

recovery

Executor 1 Executor 3 Executor N

Task
allocation
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Algorithm 3 Load migration scheduling

Resources

UDD UD

FoIIower FoIIower Follower
node 1 node 2 node N

Computation scheduling process

Key concepts:

» TSW (Task Scheduler Weight):

Wi j(t) = hi;(t

—1)& (L

]() (t_]'))/Ql

(Lower TSW — node neglected — migration target)

¢ Loss Function Minimization:

U(t) =

Ut —1) —n/2W(£)Q(t)T(¢)

Require: N, Ly (t), Qn(t), and T,,(t) (n=1,2,...,N)
1: for all 0 <t <T do

2: Uthr (t) = mean{l — L; ;(¢)}, 4,7 =1,2,...,N
3:  P{desc} — sort L; ;(t)
4: for all 4,5 =1,2,..., N do
5 wig(t) = (Lig () — Lot — 1)/ (Q(OT3 (1)
6: while ¢{inx} by 1,2,..., N do
7: if LZ'J (t) + ug,; (t) > uthr(t) then
8: u;,;(t) =0, h; ;(t) =1.0
9: — transfer to u;41,j41(t) by ¢{inx +1}
10: else
11: hi,; (t) =0.5
12: end if
13: end while
14: U(t) +=u; (t)
15: end for
16:  U*(t) «= Qi(t), Li ;(1), Tj(¢)
17: end for

18: return U*(t)




Experiments

Experimental environment 28588
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Experiments

Dynamic election analysis

Experiment setup

Table S1 Configuration of election algorithm parameters for the five-node experiment

Algorithm Key parameter Value
Paxos Proposer timeout 200 ms
Election timeout 1500 ms
Raft ]
Heartbeat interval 100 ms
View-change timeout 1500 ms
PBFT ,
Quorum size 37+1 (=1 for 5 nodes)
MP-DMC Heartbeat interval 100 ms
I Paxos
100 - [ Raft
[ PBFT
[__IMP-DMC

80 -

60 -

20

Number of times to become a leader node

Node 1 Node 2 Node 3 Node 4 Node 5

Comparison of election algorithms in
terms of leader election stability

Table 1 Reliability enhancement effects of leader—follower
election algorithms after different running times, from 24 h
to 168 h

Node g Number of service interruptions
number ystem

24 48 72 96 120 144 168

MP-DMC

5 w/o election 0 0 1 2 2 3 3

MP-DMC* 0 0 0 0 0 0 0

MP-DMC
20 w/o election

MP-DMC* 0 0 0 0 0 0 0

MP-DMC
50 w/o election

MP-DMC* 0 0 0 0 0 0 1

MP-DMC
100 w/o election

0 1 1 2 4 5 6

MP-DMC* 0 0 0 0 1 1 1

w/o: without. MP-DMC* denotes the proposed framework with the
election algorithm

Key findings:

MP-DMC maintains node 1 as leader with
97% stability.

Conventional algorithms distribute leadership
probabilistically.

Algorithm scales effectively to 100+ nodes.



Experiments

Elastic expansion performance

Table 2 Load prediction accuracy of models

Experlment setu p Model RMSE (%) MAE (%) MAPE (%)
Historical mean 12.56 9.45 13.23
Table S2 Hyperparameter configurations for baseline prediction models SVM 6.84 5.22 7.41
Model Key parameter Value LSTM 5.21 4.15 5.66
Historical mean Sliding window size 20 timesteps DMA 7.01 6.71 7.92
Kernel RBF DMA-LSTM 3.82+0.16 3.68 £0.11 4.51 4+£0.23
Regularization coefficient 1.0
SVM
y 0.01
Epsilon 0.1 20 5 HPA O heA
Layer 1 LSTM layer with 128 units NI “oDuaeA
Optimizer Adam (Ir=0.001) . jﬁt_w c sf =R .
LSTM Batch size 64 2 °T o
Number of epochs 100 % 56T
Input sequence length 20 timesteps le E
Short-term MA window S time steps 8 & 4
DMA 2
Long-term MA window 20 time steps g
085 . TrUth Value 00 5(;0 10‘00 15‘00 20‘00 DO - 5(']0 10‘00 15‘00 20'00
0.80 LST™M Number of tasks Number of tasks
DMA
75| —v— DMA-LSTM . . . .
ore Comparison of elastic expansion performance under varying
e task workloads: (a) expansion response time; (b) CLB index
O 065
g
0.60 -
8 Key findings:
Z 055
ool DMA-LSTM captures spikes and fluctuations missed by
045 baselines.
00| | | | | « ProSmart HPA and RL excel at small scales (<100 tasks);

° %0 T 200 MP-DMC excels in large-scale, bursty workload scenarios.



Average node load-balancing time (s)

Experiments

Migration scheduling effectiveness

Experiment setup

Table S5 Configuration of baseline scheduling algorithms

Algorithm Key parameter Value
. Fixed time quantum 10 ms
Round-robin
Queue order FIFO queue

Purely random

Probability distribution

Uniform random

Weighted random Weight assignment Proportional to RLP
Migration threshold 85% of RLP
MP-DMC o o
Migration decision 10 ms

Key finding:
Without migration: +84% load-balancing time
(critical component)

0.12 Round-robin fl 012
— -robi M - [__1Purely random ' [ Round-robin _
(| PRE:J;:S rr—::g;m [ %0-10 [] Weighted random _040| [—1Purely random
[_] Weighted random £ 0.08 [ ImpP-DMC j::’ ] Weighted random O
[ IMmP-DMC e E0.08} MP-DMC
L g £ (DR
20.06 %08
o a
.04 @
3% Lo04f
= 23
0.02 ©
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O
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% gt random 3 S 400 MP-DMC g [T Weighted random
! S 2 400 - MP-DMC
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Number of spacecraft close-in

simulation tasks

Number of spacecraft detection
simulation tasks

Number of near-Earth atmosphere

simulation tasks

Performance comparison of task scheduling algorithms

Average node load-balancing time (s)

Task response time (s)

Table 4 Contributions of core MP-DMC components for
different numbers of tasks

Response time (s)

Load-balancing time (s)

Configuration 100 1000 10 100 1000
Full 0.03 0.05 0.08 14.12 69.89 640.47
-E 0.03 0.05 0.11 16.15 84.27 752.13
-S 0.02 0.05 0.09 19.41 105.34 925.21
-M 0.02 0.05 0.11 24.39 132.52 1180.88

All values represent the mean over five independent runs. The stan-

dard deviations for response time and load-balancing time range from
+0.001 s to +0.004 s and +0.5 s to +4.2 s, respectively (increasing
proportionally with the task count)

0.12
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OGgg 10 50 100 1000
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. Each graph compares the task response time and node
load-balancing time of scheduling algorithms under different simulation tasks




Conclusions

The proposed MP-DMC framework tackles cloud-simulation challenges
through priority-based dynamic election that reduces leader-node changes
by 97%, DMA-LSTM elastic scaling that achieves response times below 6 s
for 2000 concurrent tasks, and TSW-prioritized migration that stabilizes load
balancing quickly. Its predictor, which decouples trend and residual learning,
is domain-agnostic and suitable for industrial loT and cloud data centers.
Future work will extend the framework to deep-space mission simulations
and incorporate predictive failure models to enable proactive leader
handover for enhanced robustness under extreme conditions.
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