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Abstract

To address the challenges of dynamically arriving tasks, high real-time requirements, resource con-
straints, and energy sensitivity in industrial edge computing environments, this paper proposes a
low-power cooperative scheduling method for heterogeneous computing units based on DVFS char-
acteristic curves, named CS-HCU-DVFS. The method integrates task scheduling with hardware
power management to achieve optimization of scheduling decisions and energy-efficiency control.
The framework consists of three components: task feature analysis, energy-aware scheduling en-
gine, and DVFS cooperative control module. The task feature analysis module extracts task type,
data volume, and deadline constraints. The scheduling engine leverages a power-performance char-
acteristic table (PPCT) of heterogeneous units to determine the optimal computing unit and operating
frequency by table lookup, aiming to maximize energy efficiency. The DVFS module dynamically con-
figures voltage and clock frequency accordingly, while suppressing frequent transitions to enhance
system stability. Upon task completion, computing units feedback status information to the schedul-
ing engine, forming a closed-loop control mechanism. Experimental results show that the proposed
method effectively reduces system energy consumption and improves overall energy efficiency while
meeting real-time constraints. With low scheduling overhead, CS-HCU-DVFS is suitable for resource-
constrained industrial edge computing scenarios.
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Figure 1. Architecture of the CS-HCU-DVFS collaborative scheduling framework
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Table 2. Key connection specifications of the experimental testbed
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Table 3. Software deployment locations on the experimental testbed
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Figure 2. Overall architecture of the experimental testbed
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Table 4. Evaluation metrics
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NEHIE CS-HCU-DVFS FiEEAN R S sk ™ 11 BE R I, A SCHE DU AR L Y 37 5 (8 AR 3 B
HEK C. KK DYfE TS HEFT. DVFS-Util FIRGIIFE. AT% IR LR (A1 2 2 K AR V)3T
Ne LIEERME 5~9 PR,

B 5 AT I, CS-HCU-DVFS fEfTE W5t FUMRIFBRIRR G IIFE . R E=t, iFER 256 W,
T HEFT Hl DVFS-Util. fEH#EMEH 50T, DIFE 8 41.8 W H1 62.5 W, % HEFT [Z1IK 8.3%71
7.1%, B DVFS-Util FEK 6.9%H 6.3%. JRETTREMEEEA P, (BB T PPCT FRIKS) 1) R /4E
D/ FC L A1) 1 3 ok B A4 P 7 T 90 2850

Table 5. Comparison of system average power consumption (Unit: W)

F" 5. RGTHNFEILL(BAL: W)

W% Yot A (BH) Yt B (H#E) Yise C(FE#) W5 D (RK)
HEFT [10] 28.4 45.6 67.3 70.1
DVFS-Util [11] 26.8 44.9 66.7 69.5
CS-HCU-DVFS 25.6 41.8 62.5 64.9
B 9.9% (vs HEFT) 8.3% (vs HEFT) 7.1% (vs HEFT) 7.4% (vs HEFT)
DIFEREACIR

4.5% (vs DVFS-Util)  6.9% (vs DVFS-Util)  6.3% (vs DVFS-Util)  6.6% (vs DVFS-Util)

# 6 f~, CS-HCU-DVFS [ PN $EIR A 3.5 ms, fitT DVFS-Util ] 5.8 ms (F1K 39.7%), B&AL
T HEFT (1) 3.8 ms (F%1IX 7.9%). DVFS-Util IR 50 S BUE 5 PHZE, (iR R F G, FEAE I A 2
I, CS-HCU-DVFS i£%| 97.2%, &1 HEFT [ 94.7%A1 DVFS-Util ] 93.5%, &8 FEE
(Cooperative scheduling, CSWLHIARULEAME T & ak NSRS, A 7RSS e k.

Table 6. Comparison of task average response delay and deadline satisfaction rate

= 6. {E55 TN R HEIR S8 1E B8] B R X bE

W% P35 B ZE 3R (ms) AL T A2 2R(%)

HEFT [10] 3.8 94.7
DVFS-Util [11] 5.8 93.5
CS-HCU-DVFS 35 97.2

W2 7 fizn, CS-HCU-DVFS [PPSR # R EON 16 IR/45r%F, EimT HEFT, {HEZEKT DVFS-
Util 1) 38 /4381, 3R IAHIE T Gk T 5 A AL 5 3% SR mE AT A 2L 17 A0 ZE R L R sh o 18 R v
HIFEN 1.0 ms, W& & T HEFT, (EAREZRZNEEN, 2 T AT 55 1 seif PEE3R

Table 7. Comparison of frequency switching behavior and scheduling overhead

= 7. MERYRITASEEFFHIIEL

W% SRR I IR B (IR 43 ) W B P3S4 74 (ms)

HEFT [10] 8 0.5
DVFS-Util [11] 38 1.2
CS-HCU-DVFS 16 1.0
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RYE S AR TR, PR AL . Wik 8 iR, fEHEIAR=B) T, ZEH PPCT ¥ (w/o PPCT) T3
INFE LTl 7.4%, Ut WIHRRME ih 28 3K 3N I e UL AL AT L SERRAN B s 255 A iR [R) 3 FE (CS)HL il (w/o CS)JE T
FeLTH 10.5%, RUMESFEE DVFS 6 1 FOL L B e 0 2 5o .

Table 8. Comparison of ablation study results (Under Scenario B)
7= 8. HMLWERIL(ESHR BHERAT)

IR RETFE(W) L85 5 R 3 SREEHLH LA
CS-HCU-DVFS (5 #) 41.8 — ¥ PPCT &% + ) [F1H B (CS)HLH
w/o PPCT 44.9 +7.4% Z5HI PPCT &, KM %€ DVFS
w/o CS 46.2 +10.5% ZEHI CS ML, #BASSRC

% FHTiR, CS-HCU-DVFS fE &4t 046 F 8 HEFT F&{K 7%~10%, %% DVFS-Util [&{% 4.5%~7%; “F
Y N ZEIR A 3.5 ms, LTRGBS TR R R IA R 97.2% .. REFPEREFR AR R ERARE LA BT B,
{EATSAE T e vd:, HVHEhsZIGI6E 7 PPCT £ 5 CS HLHI A & t(3 04 9).

Table 9. Summary of performance comparison (CS-HCU-DVES vs. classical methods)
9. MEREXTEL B LE(CS-HCU-DVFS vs K75 3%)

izt vs HEFT vs DVFS-Util
T Thie FE&A% 7%~10% FEAI% 4.5%~7%
LJDETSIA BEAEK 7.9% B 39.7%
AR AL I A2 2 P 2.5% T 3.7%
SIEIE/E W 1 (+8 1K) BEW (22 1K)
T EETT W 55(+0.5 ms) F#fi 0.2 ms

6. &t

B MV Zvt S A AR 55 T 5 8 2 HU R AR IR 5 (DVES )k = Wip 7] 3 LA B S I 11 5 e X5 1) 7
ASCHEH T — P IE TR i 2R B3 1 W3 5] 3R FE 79 CS-HCU-DVFS. %5 i5i@id 2 CPU. GPU #1 NPU
R R ITH DIFE - MERRRFMER(PPCT), Mt fF (Y BE SR ME RN FE T A2, S8l TR il S
LR R E A . TEARSS B IFIRS, RGAE AR 1 BRHE A B SRS, EBAE &3 i2
ATAES, DN CE 9 2 SR BRI AT 52 T PR B A

SR EREW], CS-HCU-DVFS 72 i 85 N AR RIFIZEa R . BT RS 58
PSS [A) (R A SR BE i, 1O VETEAN B 2 3 A iR B IG OL FAA AW] 7 Rauh#e: S5MSLIZ1TH) DVFS
MU B, R R IR, SR D) B B b, $eFt TisqTieseEth. [RInF, 4TS5 b ]
W B ARFFER K, R = BRI R BRI SR P RE /). T RbSEge i — B,
R R AR i R R FE AL AR B B A B, —E NS B T T RR M RERER .

CS-HCU-DVFS L & AR fEidrh, P EETFa U, ARG HIRE & g 1. AR TTAE
PIRRHAEZ W SAGER TN RN, AR ENRISIERE R LE], DU s i AR £ 28k 5 i
PR 1 38 B R
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