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Abstract: With the advent of the era of human-cyber-physical ternary integration, ubiquitous operating systems
(UOS) impose stringent requirements for elasticity and adaptability on memory management within resource-constrained
edge nodes handling variable workloads. However, most existing memory management strategies rely on predefined static
rules and struggle to perceive dynamic workload characteristics at runtime. Consequently, when facing bursty and multi-
modal tasks, systems often suffer from severe memory fragmentation and degraded real-time response performance, which
has become a critical bottleneck restricting the practical deployment of ubiquitous computing capabilities. To address these
challenges, this paper proposes AIMO, a memory layout optimization framework based on deep reinforcement learning.
This framework aims to achieve intelligent and dynamic management of memory resources through a closed-loop mecha-
nism of “perception-decision-execution”. First, a multi-dimensional state perception module captures hardware-level met-
rics (e.g., cache miss rate, media wear), object-level behaviors (e.g., access frequency, coldness/hotness), and system-level

context (e.g., memory fragmentation rate, application scenario types) in real-time via the processor’s performance monitor-
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ing unit (PMU) and kernel instrumentation, encoding them into high-dimensional state vectors. Second, a reinforcement
learning intelligent decision module models the memory layout problem as a markov decision process (MDP) and utilizes
the proximal policy optimization (PPO) algorithm to generate optimal decisions online. To accommodate the resource con-
straints of embedded environments, this module adopts a strategy of “offline pre-training and lightweight online fine-tun-
ing”, which significantly reduces computational overhead while ensuring decision determinism. Finally, a policy execution
module implements mechanisms such as allocation interception, object relocation, policy-driven object placement, and pro-
active defragmentation by establishing lightweight hook functions in the kernel space, thereby completing the closed-loop
adaptive control of the memory layout. We implemented the AIMO framework in the OpenHarmony kernel and conducted
an empirical evaluation based on the Raspberry Pi Zero 2W platform. Experimental results demonstrate that, compared to
the real-time performance benchmark TLSF, AIMO significantly reduces the large-block memory allocation failure rate
from 3.4% to 0.9% and increases the maximum available contiguous free block from 318 KB to 476 KB, while maintaining
an equivalent worst-case allocation time. Furthermore, it reduces the preloading latency of upper-layer applications by
15.8%. In addition, the framework exhibits a highly lightweight nature; the average CPU utilization of its decision module
is only 1.9%, and the metadata storage overhead accounts for less than 0.001% of the 512 MB total system memory. This
study verifies the effectiveness of reinforcement learning in operating system kernel memory management, providing a nov-

el approach for constructing efficient and adaptive UOS kernels.
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I\ object_id, access_event (read/write)
¥t Updated object_metadata

1. Procedure AdaptiveUpdate(object_id, access_event)

2. object_metadata «<— GetObjectMetadata(object_id)

3. IF object_metadata == NULL THEN

4. object_metadata < CreateNewMetadata(object_id)

5. ENDIF

6. object_metadata.access_count <— object_metadata.access_count + 1
7. IF access_event == read THEN

8. object_metadata.read_count <— object_metadata.read_count + 1
9. ELSE

10. object_metadata.write_count «— object_metadata.write_count + 1
11. ENDIF

12. object_metadata.last_access_time «— CurrentTime()

13. UpdateSamplingFrequency(object_metadata)

14. UpdateObjectMetadata(object_id, object_metadata)

15. END Procedure
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Figure 2 Multi-dimensional perceptual information fusion process
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¥\ : Current high-dimensional memory state of the system (hardware/
object/system)

it : Execution result of the memory-layout action and its feedback re-
cord

1. WHILE system_is_running DO:

2. state_raw = SenseMemoryState() 11222k AR S SRR By A
3. state = NormalizeState(state_raw) //F&T PPO SR Esh 1k
FAREH

4. action_probs = ActorNetworkForward(state) /i ' Actor % 4% 4 i
e

5. action_sample = SampleAction(action_probs) //MsI{E 534 Hp R
eSS B 1

6. action = ValidateAndCorrect(action_sample) /Z{EG MG A
7.  value_est = CriticNetworkForward(state) // Critic 25480802
WL T 5 2 sl 25

8. SWITCH action.type: //INAEA o) S mE AT

9. CASE ALLOCATE: //7Bi42 8%

10. request = GetPendingAllocRequest() /428 8 4b FL Y
Sy Hcif R

11. params = MapActionToAllocParams(action) //RL sl {f
W5 Sy 4 B 28 T U 2L

12. result = AllocExecutor(request, params) /¥ F 52 7R 43 Bie
AT S 1953 BeAT

13. RecordDecisionFeedback(state, action, result)

14. CASE RELOCATE: /%t T 5E 7

15. obj_id = action.target_object // HFRAF2 1D

16. dest = action.target_location

17. IF EstimateMigrationBenefit(obj_id, dest) > 0 THEN
IFIEON GAE RN a6 2 5 K A

18. result = RelocateObject(obj_id, dest) /HATiEF%

19. ELSE

20. result = SkipAction(“migration not beneficial )

21. ENDIF

22. RecordDecisionFeedback(state, action, result)

23. CASE PLACE_OBJECT: //3KW& YRS 1) %) 42k

24. request = GetPendingAllocRequest() 1FRECY Rl
BN

25. target = action.placement_hint //RL % 4R34 B /R
26. result = PlaceObjectWithHint(request, target) //#%4E/R
PATHR RETCE

27. RecordDecisionFeedback(state, action, result)

28. CASE DEFRAGMENT: /3= S f 3 B

29. IF action.level == LIGHT THEN /AR ¥l shE sk %
WA PRI T

30. result = LightDefragment() 1155 O o A I
7 Ik

31. ELSEIF action.level == HEAVY THEN

32. result = HeavyDefragment() /5 i 45 B 5 X 42 4T
B R R AL

33. ENDIF

34, RecordDecisionFeedback(state, action, result)

35. DEFAULT:

36. SkipAction(“invalid or null action”)

37. END SWITCH

38.  StoreTransition(state, action, result) //JZ [W A% #&(FH T 1E £k %04
AN Z)

39. END WHILE
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Figure 3 Lightweight and heavyweight defragmentation
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Table 3 Experimental hardware platform configuration
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ks Raspberry Pi Zero 2W
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Figure 4  Performance comparison of ablation studies
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Table 5 Performance comparison between AIMO enabled (on) and disabled (off) modes

i WCET/ps TR HESENAFHYKB | WAEDECRNCR /% | AR /ms | 2 E SRS TN 2R AE R /ms
AIMO(On) 423 482 0.8 91 67
AIMO(Off) 68.7 204 8.7 163 183

TER HZE 5T T EREE R 3 AT 55 , AIMO 3 52 )
P % U5 5 K e 7 A 3R FAARG T 44.29% (M 163~91 ms )
X P B SR Bl AT 55, H 3 3 R 55 1 gl i i 4E
RFEMR T 63.4% (M 183~67 ms) . £ b Tk, AIMO HE
AAE BN Gt S soh AU T IR)ZE A
B S R0E v R T T )2 N e R P RE L IR
ST A R R G RE I AR ZE A A .

3.4.2 BRMEXTLE

AT B TR AIMO 5 3 3 A 7 45 BHOR m 3JE A7 ik
Y, LS TR BE 75 6 A DR N A 7 i — Rk
4 [ I, PR AR S I 23 RC A9 A0 . FLAOR L, S
AIMO 5 TLSF (Two-Level Segregated Fit) | First-Fit with
Merging & RT-Thread #E 48 B £ 7 #H [7] ) OpenHarmony
PAZIREE HHEA T XT L, 45 R N3 6 PR



%4 M U IRRAE BET R AL - > HNZ TR B R G NAF AT R A HE SR 1625
R6 AENFEERMENEEERR THIMEREXTLL
Table 6 Performance comparison of different memory management strategies in environmental alert scenarios
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Table 7 Performance comparison of different memory management strategies under intent-driven preloading scenarios
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