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ɄŮɟɑɚɖɣɖ 
 

ɆŰŬ ůɡůŰɐɛŬŰŬ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ, ɧˊɤɠ ɞɘ ɡˊɖɟŮůɑŮɠ ɜɏűɞɡɠ əŬɘ ŰŬ data centers, ɖ 

ŮɝŬůűɎɚɘůɖ ɘəŬɜɞˊɞɘɖŰɘəɐɠ ɄɞɘɧŰɖŰŬɠ ɈˊɖɟŮůɑŬɠ (Quality of Service, QoS), ŬˊɞŰŮɚŮɑ Űɞ 

əɡɟɘɧŰŮɟɞ ɕɐŰɖɛŬ. ȿɧɔɤ Űɞɡ ɛŮɔɎɚɞɡ Ŭɟɘɗɛɞɨ ŮűŬɟɛɞɔɩɜ ˊɞɡ ůɡɜŮəŰŮɚɞɨɜŰŬɘ ůŮ ŬɡŰɏɠ Űɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ, ɖ ŮɝŬůűɎɚɘůɖ Űɞɡ QoS Űɞɡ ůɡůŰɐɛŬŰɞɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ˊɎɜŰɞŰŮ ŮűɘəŰɐ. 

ɄɟɤŰŬɟɢɘəɧ ɛɏɚɖɛŬ ɚɞɘˊɧɜ ůŮ ŬɡŰɏɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ əŬɗɑůŰŬŰŬɘ ɖ  ŭɘŬŰɐɟɖůɖ Űɞɡ Service 

Level Objective (SLO) ůŮ ŮűŬɟɛɞɔɏɠ ɛŮ ɡɣɖɚɐ ˊɟɞŰŮɟŬɘɧŰɖŰŬ.  

ȼ ˊŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ ˊɞɚɚɩɜ ŮűŬɟɛɞɔɩɜ, ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɚɧɔɤ Űɤɜ ůɨɔɢɟɞɜɤɜ 

ˊɞɚɡˊɨɟɖɜɤɜ ŮˊŮɝŮɟɔŬůŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ, ůɡɢɜɎ ɞŭɖɔŮɑ ůŮ ɛŮɑɤůɖ Űɞɡ QoS ŮɝŬɘŰɑŬɠ Űɞɡ 

ŬɜŰŬɔɤɜɘůɛɞɨ ɔɘŬ Űɞɡɠ ŭɘŬɛɞɘɟŬɕɧɛŮɜɞɡɠ ˊɧɟɞɡɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. Ƀ ŬɜŰŬɔɤɜɘůɛɧɠ ɛˊɞɟŮɑ 

ɜŬ ŬɜŰɘɛŮŰɤˊɘůŰŮɑ ɛŮ ˊɞɘəɑɚɞɡɠ Űɟɧˊɞɡɠ. ȽŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞɜ  

ŭɘŬɛŮɟɘůɛɧ Űɤɜ əɞɘɜɧɢɟɖůŰɤɜ ˊɧɟɤɜ ɛŮŰŬɝɨ Űɤɜ ůɡɜŮəŰŮɚɞɨɛŮɜɤɜ ŮűŬɟɛɞɔɩɜ əŬɘ ˊɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ ůŰɞɜ ŭɘŬɛŮɟɘůɛɧ Űɖɠ əɟɡűɐɠ ɛɜɐɛɖɠ ŰŮɚŮɡŰŬɑɞɡ Ůˊɘˊɏŭɞɡ (Last Level Cache, 

LLC).  Ɇəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ ŬɜɎˊŰɡɝɖ Ůɜɧɠ ŭɡɜŬɛɘəɞɨ 

ɛɖɢŬɜɘůɛɞɨ ɔɘŬ  Űɞɜ ŭɘŬɛɞɘɟŬůɛɧ Űɖɠ LLC ɛŮŰŬɝɨ Űɤɜ ŮűŬɟɛɞɔɩɜ, ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ŬɜɎɔəŮɠ 

Űɖɠ ŮűŬɟɛɞɔɐɠ ɛŮ ɡɣɖɚɐ ˊɟɞŰŮɟŬɘɧŰɖŰŬ, ŮɝŬůűŬɚɑɕɞɜŰŬɠ ɏŰůɘ Űɞ QoS  əŬɘ Űɞ SLO. 

Ƀ ɛɖɢŬɜɘůɛɧɠ ɡɚɞˊɞɘɐɗɖəŮ ůŮ ŮˊŮɝŮɟɔŬůŰɐ IntelÈ XeonÈ E5-2630 v4 ɛŮ 20 ˊɡɟɐɜŮɠ əŬɘ 

25MB LLC (20-way associative) əŬɘ ŮűŬɟɛɧůɗɖəŮ ůŮ benchmarks Ŭˊɧ Űɖ ůɞɡɑŰŬ SPEC CPU 

2006. ũɘŬ Űɖɜ ŮˊɑɓɚŮɣɖ Űɖɠ Ůˊɑŭɞůɖɠ Űɤɜ ŮűŬɟɛɞɔɩɜ əŬɘ Űɞɜ ŭɘŬɛŮɟɘůɛɧ Űɖɠ LLC 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɞɘ ŰŮɢɜɞɚɞɔɑŮɠ Űɞɡ ŮɟɔŬɚŮɑɞɡ PQoS/IntelÈ RDT, Cache Monitoring 

Technology (CMT) əŬɘ Cache Allocation Technology (CAT) ŬɜŰɑůŰɞɘɢŬ. Ƀɘ ŮűŬɟɛɞɔɏɠ 

ŮəŰŮɚɞɨɜŰŬɜ ůŮ Ůɘəɞɜɘəɏɠ ɛɖɢŬɜɏɠ ɞɘ ɞˊɞɑŮɠ əŬŰŬɜɏɛɞɜŰŬɜ ůŰɞɡɠ ˊɡɟɐɜŮɠ ɛɏůɤ Űɞɡ 

ŭɘŬɢŮɘɟɘůŰɐ ˊɧɟɤɜ əŬɘ ŬɜɘɢɜŮɡŰɐ ŬɜŰŬɔɤɜɘůɛɞɨ ɔɘŬ ɡˊɖɟŮůɑŮɠ ɜɏűɞɡɠ, ACTiManager.    
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Abstract  
 

In large-scale systems, such as cloud providers and data centers, ensuring satisfactory Quality 

of Service (QoS) remains the main matter. Due to the vast number of co-executed workloads 

in such systems, ensuring QoS is not always feasible. Thus, the primary concern in large-scale 

systems is to maintain the Service Level Objective (SLO) of high priority applications. 

Workload co-execution is achieved by the modern multi-core processing systems and can 

usually lead to QoS degradation due to the competition for the systemôs shared resources. 

This phenomenon can be resolved in various ways. There is a particular interest in allocating 

the shared resources within the co-executed workloads, and more precisely in allocating the 

last level cache (LLC) amongst workloads. The scope of this thesis is to develop a dynamic 

mechanism that allocates the LLC amongst co-executed workloads, depending on the needs 

of the high priority workload, while ensuring the QoS and the SLO.   

The mechanism was implemented on an IntelÈ XeonÈ E5-2630 v4 processor which includes 

20 cores and a 25MB LLC (20-way associative) and was tested on workloads from the 

benchmark suite SPEC CPU 2006. Performance monitoring and LLC allocation were 

achieved with the use of two technologies of PQoS/IntelÈ RDT tool, Cache Monitoring 

Technology (CMT) and Cache Allocation Technology (CAT) respectively. Workloads were 

executed on virtual machines and the virtual machines were allocated within the systemôs 

cores with the use of ACTiManager, an end-to-end interference-aware manager for cloud 

resources. 
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ȺɡɢŬɟɘůŰɑŮɠ 
 

ȷɟɢɘəɎ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ŮˊɘɓɚɏˊɞɜŰŬ əŬɗɖɔɖŰɐ ɛɞɡ ȹɟŬ ũəɞɨɛŬ ũŮɩɟɔɘɞ ɞ 

ɞˊɞɑɞɠ ɛɞɡ ɏŭɤůŮ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ Ŭůɢɞɚɖɗɩ ɛŮ ŬɡŰɧ Űɞ ɗɏɛŬ. ȺɘŭɘəɧŰŮɟŬ ɗŬ ɐɗŮɚŬ ɜŬ 

ŮəűɟɎůɤ Űɘɠ ŮɡɢŬɟɘůŰɑŮɠ ɛɞɡ ůŰɞ ɛŮŰŬŭɘŭŬəŰɞɟɘəɧ ŮɟŮɡɜɖŰɐ ȹɟŬ ȾɤɜůŰŬɜŰɑɜɞ ɁɑəŬ əŬɗɩɠ 

əŬɘ Űɞɡɠ ɡˊɞɣɐűɘɞɡɠ ŭɘŭɎəŰɞɟŮɠ ə. ȽɤɎɜɜɖ ɄŬˊŬŭɎəɖ əŬɘ ə. ȹɖɛɐŰɟɘɞ ɆɘŬəŬɓɎɟŬ ɔɘŬ Űɖ 

ŭɘŬɟəɐ əŬɗɞŭɐɔɖůɐ Űɞɡɠ, Űɘɠ ɢɟɐůɘɛŮɠ ˊɟɞŰɎůŮɘɠ əŬɘ ůɡɛɓɞɡɚɏɠ Űɞɡɠ əŬɗɩɠ əŬɘ Űɖɜ ůɡɜŮɢɐ 

ɡˊɞůŰɐɟɘɝɐ Űɞɡɠ. 

ɇɏɚɞɠ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ ɔɞɜŮɑɠ ɛɞɡ, ŰŬ ŬŭɏɚűɘŬ ɛɞɡ əŬɘ Űɞɡɠ űɑɚɞɡɠ ɛɞɡ, ɞɘ 

ɞˊɞɑɞɘ ɓɟɑůəɞɜŰŬɜ ŭɑˊɚŬ ɛɞɡ əŬɘ ɛŮ ůŰɐɟɘɕŬɜ ɧɚɞ ŬɡŰɧ Űɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ. 
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1   

ȺɘůŬɔɤɔɐ   

1.1 ɄɞɚɡˊɨɟɖɜŮɠ ȷɟɢɘŰŮəŰɞɜɘəɏɠ 

ũɘŬ ɢɟɧɜɘŬ ɞɘ ŮˊŮɝŮɟɔŬůŰɏɠ ŬˊɞŰŮɚɞɨɜŰŬɜ Ŭˊɧ ɏɜŬ əŬɘ ɛɧɜɞ ˊɡɟɐɜŬ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŬɡɝɖɗŮɑ ɖ Ůˊɑŭɞůɖ Űɤɜ ɛɞɜɞˊɨɟɖɜɤɜ ŮˊŮɝŮɟɔŬůŰɩɜ, ŰŬ chips ɛŮɘɩɜɞɜŰŬɜ ůɡɜŮɢɩɠ ůŮ 

ɛɏɔŮɗɞɠ Ůɜɩ ŬɡɝŬɜɧŰŬɜ ɞ Ŭɟɘɗɛɧɠ Űɤɜ transistors ˊɞɡ ˊŮɟɘɚɎɛɓŬɜŬɜ. Ƀɘ ˊɟɞůˊɎɗŮɘŮɠ 

Űɤɜ əŬŰŬůəŮɡŬůŰɩɜ ɔɘŬ ůɡɟɟɑəɜɤůɖ Űɤɜ transistors, ɩůŰŮ ŰŬ chips ɜŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ 

ɧůɞ Űɞ ŭɡɜŬŰɧ ˊŮɟɘůůɧŰŮɟŬ, ɞŭɐɔɖůŬɜ ůŮ ŰɟɑŬ ˊɞɚɨ ůɖɛŬɜŰɘəɎ ˊɟɞɓɚɐɛŬŰŬ ŰŬ ɞˊɞɑŬ 

ŮˊɘŭɟɞɨůŬɜ ŬɟɜɖŰɘəɎ ůŰɖɜ ɄɞɘɧŰɖŰŬ ɈˊɖɟŮůɑŬɠ (Quality of Service, QoS) ˊɞɡ 

ˊŬɟŮɑɢŬɜ ɞɘ ŮˊŮɝŮɟɔŬůŰɏɠ. ɇŬ ˊɟɞɓɚɐɛŬŰŬ ŬɡŰɎ ɐŰŬɜ ɖ ɡˊŮɟɓɞɚɘəɐ əŬŰŬɜɎɚɤůɖ 

ŮɜɏɟɔŮɘŬɠ əŬɘ ˊŬɟŬɔɤɔɐ ɗŮɟɛɧŰɖŰŬɠ əŬɗɩɠ əŬɘ ɖ ŭɘŬűɞɟɎ Űɖɠ ŰŬɢɨŰɖŰŬɠ ɛŮŰŬɝɨ Űɞɨ 

ŮˊŮɝŮɟɔŬůŰɐ əŬɘ Űɖɠ ɛɜɐɛɖɠ.  ɀŮ ůəɞˊɧ Űɖɜ Ŭˊɞűɡɔɐ Űɞɡɠ ɞŭɖɔɖɗɐəŬɛŮ ůŰɖɜ 

əŬŰŬůəŮɡɐ Űɤɜ ˊɞɚɡˊɨɟɖɜɤɜ ŮˊŮɝŮɟɔŬůŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ [1]. 

ɆɐɛŮɟŬ ɚɞɘˊɧɜ, ŬɜŬűŮɟɧɛŬůŰŮ ůŮ ˊɞɚɡˊɨɟɖɜŮɠ ŬɟɢɘŰŮəŰɞɜɘəɏɠ ɞɘ ɞˊɞɑŮɠ ůɡɜŬɜŰɩɜŰŬɘ 

ˊŬɜŰɞɨ, Ŭˊɧ Űɞɡɠ ˊɟɞůɤˊɘəɞɨɠ ɡˊɞɚɞɔɘůŰɏɠ ɛɏɢɟɘ əŬɘ ůŮ ɡˊŮɟɡˊɞɚɞɔɘůŰɏɠ, data 

centers əŬɘ ɡˊɖɟŮůɑŮɠ ɜɏűɞɡɠ (cloud services). Ʉɚɏɞɜ, ůŮ ɛɘŬ ˊɚŬəɏŰŬ (chip) 

ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ˊŮɟɘůůɧŰŮɟɞɘ Ŭˊɧ ɏɜŬɠ ˊɡɟɐɜŮɠ (Chip Multiprocessors, CMPs). ɆŰɖɜ 

ŮɘəɧɜŬ 1-1 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ˊɘɞ ůɡɜɖɗɘůɛɏɜɖ, Ŭɜ əŬɘ ɧɢɘ ɛɞɜŬŭɘəɐ, ˊŮɟɑˊŰɤůɖ 

ɘŮɟŬɟɢɑŬɠ Űɖɠ əɟɡűɐɠ ɛɜɐɛɖɠ ˊɞɡ ůɡɜŬɜŰɎɛŮ ůŮ ɏɜŬɜ ŮˊŮɝŮɟɔŬůŰɐ. ȾɎɗŮ ˊɡɟɐɜŬɠ 
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ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 2 ɘŭɘɤŰɘəɏɠ əɟɡűɏɠ ɛɜɐɛŮɠ, Ůˊɘˊɏŭɞɡ 1 (Level 1 Cache, L1) əŬɘ 

Ůˊɘˊɏŭɞɡ 2 (Level 2 Cache, L2), Ůɜɩ ɞɘ ɡˊɧɚɞɘˊɞɘ ˊɧɟɞɘ Űɖɠ ˊɚŬəɏŰŬɠ ɧˊɤɠ ɖ əɟɡűɐ 

ɛɜɐɛɖ ŰŮɚŮɡŰŬɑɞɡ Ůˊɘˊɏŭɞɡ (Last Level Cache, LLC), ɞ ŭɑŬɡɚɞɠ Űɖɠ ɛɜɐɛɖɠ, ɞɘ 

memory controllers əŬɘ ɎɚɚŬ ůŰɞɘɢŮɑŬ, ŮɑɜŬɘ əɞɘɜɞɑ əŬɘ ˊɟɞůɓɎůɘɛɞɘ Ŭˊɧ ɧɚɞɡɠ Űɞɡɠ 

ˊɡɟɐɜŮɠ.  

 

 

ȺɘəɧɜŬ 1-1: ȽŮɟŬɟɢɑŬ əɟɡűɐɠ ɛɜɐɛɖɠ ůŰŬ ˊɞɚɡˊɨɟɖɜŬ ŮˊŮɝŮɟɔŬůŰɘəɎ ůɡůŰɐɛŬŰŬ 

 

ɆŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ ɛɞɜɞˊɨɟɖɜŬ ŮˊŮɝŮɟɔŬůŰɘəɎ ůɡůŰɐɛŬŰŬ, ɞɘ ˊɞɚɡˊɨɟɖɜɞɘ 

ŮˊŮɝŮɟɔŬůŰɏɠ ɏɢɞɡɜ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ ɛɞɘɟɎɕɞɡɜ Űɞ űɧɟŰɞ ŮɟɔŬůɑŬɠ ůŮ ˊɞɚɚɏɠ ɛɞɜɎŭŮɠ 

əŬɘ ɏŰůɘ ŮˊɘŰɡɔɢɎɜɞɡɜ Űɖɜ ˊŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ ŮűŬɟɛɞɔɩɜ. ȳɛɤɠ, ˊŬɟɎ Űɘɠ 

ɓŮɚŰɘɩůŮɘɠ ˊɞɡ ɏɢɞɡɜ ŮˊɘűɏɟŮɘ ɞɘ ˊɞɚɡˊɨɟɖɜŮɠ ŬɟɢɘŰŮəŰɞɜɘəɏɠ, ɔɑɜɞɜŰŬɘ ŬɜŬűɞɟɏɠ ɔɘŬ 

ɏɜŬ  űŬɘɜɧɛŮɜɞ ˊɞɡ ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ Ůˊɑŭɞůɖ Űɤɜ ˊɟɞɔɟŬɛɛɎŰɤɜ ˊɞɡ 

ŮəŰŮɚɞɨɜŰŬɘ ˊŬɟɎɚɚɖɚŬ. O ŬɜŰŬɔɤɜɘůɛɧɠ ŬɜɎɛŮůŬ ůŰɘɠ ůɡɜŮəŰŮɚɞɨɛŮɜŮɠ ŭɘŮɟɔŬůɑŮɠ 

ɔɘŬ Űɞɡɠ ŭɘŬɛɞɘɟŬɕɧɛŮɜɞɡɠ ́ ɧɟɞɡɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ˊɤɠ ɛˊɞɟŮɑ ɜŬ ɛŮɘɩůŮɘ Űɖɜ Ůˊɑŭɞůɐ 

Űɞɡɠ əŬɘ Ůɜ Űɏɚɖ Űɞ QoS ɧɚɞɡ Űɞɡ ůɡůŰɐɛŬŰɞɠ [2].  

1.2 ȷɜŰŬɔɤɜɘůɛɧɠ ɆɡɜŮəŰŮɚɞɨɛŮɜɤɜ ȺűŬɟɛɞɔɩɜ  

ȾŬɜŮɑɠ ɗŬ ˊŮɟɑɛŮɜŮ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ˊɡɟɐɜɤɜ ůŮ ɏɜŬ ˊɞɚɡˊɨɟɖɜɞ ŮˊŮɝŮɟɔŬůŰɘəɧ 

ůɨůŰɖɛŬ ɜŬ ŮɑɜŬɘ ŮɜŰŮɚɩɠ ŬɜŮɝɎɟŰɖŰɖ. Ʉɞɚɚɞɑ ŮɟŮɡɜɖŰɏɠ ŮɝɏűɟŬůŬɜ Űɖɜ Ɏˊɞɣɖ əŬɘ 

ŬˊɏŭŮɘɝŬɜ ˊɤɠ ɞ ŬɜŰŬɔɤɜɘůɛɧɠ ɔɘŬ Űɞɡɠ ŭɘŬɛɞɘɟŬɕɧɛŮɜɞɡɠ ˊɧɟɞɡɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ɛˊɞɟŮɑ ɜŬ ŭɟɎůŮɘ ŬɟɜɖŰɘəɎ ůŰɖɜ Ůˊɑŭɞůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ  ˊɞɡ Űɟɏɢɞɡɜ ˊŬɟɎɚɚɖɚŬ 

Ŭəɧɛɖ əŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɞɨɠ ˊɡɟɐɜŮɠ, ɡˊɞɓŬɗɛɑɕɞɜŰŬɠ ɏŰůɘ Űɞ QoS ɞɚɧəɚɖɟɞɡ Űɞɡ 
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ůɡůŰɐɛŬŰɞɠ [3], [4], [5] . Ƀɘ ŮűŬɟɛɞɔɏɠ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɖɗɞɨɜ Ŭəɧɛɖ əŬɘ ůŮ ɚɘɛɞəŰɞɜɑŬ 

(starvation) ɚɧɔɤ Űɖɠ ɎˊɚɖůŰɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ŬˊŬɘŰɖŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ, ɞɘ ɞˊɞɑŮɠ 

Ŭɝɘɞˊɞɘɞɨɜ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɤɜ ŭɘŬɛɞɘɟŬɕɧɛŮɜɤɜ ˊɧɟɤɜ [6]. ȰŰůɘ ɛŮɘɩɜŮŰŬɘ ɖ 

ɢɟɖůɘɛɞˊɞɑɖůɖ (utilization) Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ Űɞ ɚŮɘŰɞɡɟɔɘəɧ əɧůŰɞɠ ŬɡɝɎɜŮŰŬɘ.  

ȼ Ůˊɑŭɞůɖ ɛɘŬɠ ŭɘŮɟɔŬůɑŬɠ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ Ŭˊɧ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ŮɜŰɞɚɩɜ ˊɞɡ 

ŮəŰŮɚŮɑ ůŮ ɏɜŬ əɨəɚɞ (Instructions per cycle, IPC). ɆŰɞ ˊɘɞ əɎŰɤ ɔɟɎűɖɛŬ 

ŬˊŮɘəɞɜɑɕŮŰŬɘ Űɞ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɞ IPC (Normalized IPC) ŭɘɎűɞɟɤɜ ŮűŬɟɛɞɔɩɜ ɧŰŬɜ 

ɖ əɎɗŮ ŮűŬɟɛɞɔɐ ŮəŰŮɚŮɑŰŬɘ ŰŬɡŰɧɢɟɞɜŬ ɛŮ ɎɚɚŮɠ ŮɜɜɏŬ ŰɡɢŬɑŬ ŮˊɘɚŮɔɛɏɜŮɠ 

ŭɘŮɟɔŬůɑŮɠ, ůŮ ŭɘŬűɞɟŮŰɘəɧ ˊɡɟɐɜŬ ɖ əɎɗŮ ɛɘŬ. ɇɞ Normalized IPC ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ :  

 

.έὶάὥὰὭᾀὩὨ Ὅὖὅ  , 

ɧˊɞɡ: 

¶ IPCco-execution : ɇɞ IPC Űɖɠ ŮűŬɟɛɞɔɐɠ ɧŰŬɜ ŮəŰŮɚŮɑŰŬɘ ˊŬɟɎɚɚɖɚŬ ɛŮ ɎɚɚŮɠ 

ŮűŬɟɛɞɔɏɠ 

¶ IPCisolation : ɇɞ IPC Űɖɠ ŮűŬɟɛɞɔɐɠ ůŮ Ŭˊɞɛɞɜɤɛɏɜɖ ŮəŰɏɚŮůɖ 

 

ũɟɎűɖɛŬ 1-1: ɄŬɟɎŭŮɘɔɛŬ Normalized IPC 
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ɆŮ ɧɚŮɠ ůɢŮŭɧɜ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ Űɞ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɞ IPC ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞ Űɖɠ ɛɞɜɎŭŬɠ. 

ȯɟŬ Űɞ IPCco-execution ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞ Ŭˊɧ Űɞ IPCisolation. ūŬɑɜŮŰŬɘ ŭɖɚŬŭɐ ˊɤɠ ɧŰŬɜ 

ŮűŬɟɛɞɔɏɠ Űɟɏɢɞɡɜ ˊŬɟɎɚɚɖɚŬ ůŮ ɏɜŬ ŮˊŮɝŮɟɔŬůŰɘəɧ ůɨůŰɖɛŬ, ɏůŰɤ əŬɘ ůŮ 

ŭɘŬűɞɟŮŰɘəɞɨɠ ˊɡɟɐɜŮɠ, ŰŮɑɜɞɡɜ ɜŬ ŮɛűŬɜɑɕɞɡɜ ɛŮɘɤɛɏɜɞ IPC. ȷɟəŮŰɏɠ ŭɘŮɟɔŬůɑŮɠ 

ŮˊɖɟŮɎɕɞɜŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ůɜɩ ɎɚɚŮɠ ŭŮɜ űŬɑɜŮŰŬɘ ɜŬ ŮɜɞɢɚɞɨɜŰŬɘ ɘŭɘŬɑŰŮɟŬ Ŭˊɧ 

Űɖɜ ŰŬɡŰɧɢɟɞɜɖ ŮəŰɏɚŮůɖ. 

1.2.1 Ⱦɟɡűɐ ɀɜɐɛɖ ɇŮɚŮɡŰŬɑɞɡ Ⱥˊɘˊɏŭɞɡ 

Ʉɞɚɚɏɠ ɏɟŮɡɜŮɠ ɏŭŮɘɝŬɜ ˊɤɠ ɖ əɟɡűɐ ɛɜɐɛɖ ŬˊɞŰŮɚŮɑ ɛɘŬ Ŭˊɧ Űɘɠ ůɖɛŬɜŰɘəɧŰŮɟŮɠ 

ŬɘŰɑŮɠ ŬɜŰŬɔɤɜɘůɛɞɨ ɛŮŰŬɝɨ Űɤɜ ŮűŬɟɛɞɔɩɜ ˊɞɡ ŮəŰŮɚɞɨɜŰŬɘ ˊŬɟɎɚɚɖɚŬ ůŰɞɡɠ 

ˊɡɟɐɜŮɠ, ɚɧɔɤ Űɤɜ ŬˊɞŰɡɢɖɛɏɜɤɜ ˊɟɞůˊŮɚɎůŮɤɜ Űɞɡɠ ůŰɖ cache, ˊɟɞŰŮɑɜɞɜŰŬɠ 

ˊŬɟɎɚɚɖɚŬ ŭɘɎűɞɟɞɡɠ Űɟɧˊɞɡɠ ɚɨůɖɠ Űɞɡ űŬɘɜɞɛɏɜɞɡ ŬɡŰɞɨ [6] - [8], [18]ï[20] .  

ɀɘŬ ŭɘŮɟɔŬůɑŬ ɧŰŬɜ ŰɟɏɢŮɘ ůŮ ɏɜŬ ˊɡɟɐɜŬ, ŬˊɞɗɖəŮɨŮɘ ŰŬ ŭŮŭɞɛɏɜŬ Űɖɠ ůŮ ɛˊɚɞə Űɖɠ 

əɟɡűɐɠ ɛɜɐɛɖɠ ɔɘŬ ɜŬ ɏɢŮɘ ɔɟɐɔɞɟɖ ˊɟɧůɓŬůɖ ůŮ ŬɡŰɎ ɧŰŬɜ ɗŬ ŰŬ ɢɟŮɘŬůŰŮɑ ɝŬɜɎ ůŰɞ 

ɛɏɚɚɞɜ. ȼ əɟɡűɐ ɛɜɐɛɖ ŭŮɜ ŮˊŬɟəŮɑ ɔɘŬ ɜŬ űɏɟɞɡɜ ɧɚŮɠ ɞɘ ŮűŬɟɛɞɔɏɠ ŰŬ ŭŮŭɞɛɏɜŬ 

Űɞɡɠ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɧŰŬɜ ɛɘŬ ŭɘŮɟɔŬůɑŬ ŭŮɜ ɓɟɑůəŮɘ ŮɚŮɨɗŮɟŬ ɛˊɚɞə ɔɘŬ ɜŬ 

ŬˊɞɗɖəŮɨůŮɘ ŰŬ ŭɘəɎ Űɖɠ ŭŮŭɞɛɏɜŬ, ŮəŰɞˊɑɕŮɘ ŬɡŰɎ Ɏɚɚɤɜ ŭɘŮɟɔŬůɘɩɜ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ 

ˊɞɚɘŰɘəɐ ŬɜŰɘəŬŰɎůŰŬůɖɠ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ. ȰŰůɘ, ɧŰŬɜ ɛɘŬ ŭɘŮɟɔŬůɑŬ Űɖɠ ɞˊɞɑŬɠ ŰŬ 

ŭŮŭɞɛɏɜŬ ɏɢɞɡɜ ŮəŰɞˊɘůŰŮɑ ɗŬ əŬŰŬɚɐɝŮɘ ůŮ ŬˊɞŰɡɢɖɛɏɜɖ ˊɟɞůˊɏɚŬůɖ (miss).  ɇɧŰŮ 

ŬɜŬɔəɎɕŮŰŬɘ ɜŬ űɏɟŮɘ ɝŬɜɎ ŰŬ ŭŮŭɞɛɏɜŬ Űɖɠ əŬɘ ɜŬ ɣɎɝŮɘ ɔɘŬ ŮɚŮɨɗŮɟŬ ɛˊɚɞə ůŰɖ 

əɟɡűɐ ɛɜɐɛɖ. ȺɎɜ ůŰɖ əɟɡűɐ ɛɜɐɛɖ ŭŮɜ ɡˊɎɟɢɞɡɜ ɎŭŮɘŬ ɛˊɚɞə, ɛŮ Űɖ ůŮɘɟɎ Űɖɠ ɖ 

ŮűŬɟɛɞɔɐ ŮəŰɞˊɑɕŮɘ ŰŬ ŭŮŭɞɛɏɜŬ Ɏɚɚɤɜ ŭɘŮɟɔŬůɘɩɜ.  

ȺɑɜŬɘ ˊɟɞűŬɜɏɠ ˊɤɠ ɛɘŬ ŮűŬɟɛɞɔɐ ůŮ ɏɜŬ ˊɞɚɡˊɨɟɖɜɞ ŮˊŮɝŮɟɔŬůŰɘəɧ ůɨůŰɖɛŬ, ɗŬ 

ŮˊŬɜŬɚŬɛɓɎɜŮɘ ůɡɢɜɎ Űɖɜ ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ. ȾɎɗŮ ŬˊɞŰɡɢɖɛɏɜɖ ˊɟɞůˊɏɚŬůɖ 

ɛɜɐɛɖɠ əŬɗɡůŰŮɟŮɑ Űɖɜ ŮəŰɏɚŮůɖ Űɖɠ ŮɜŰɞɚɐɠ ˊɞɡ ɢɟŮɘɎɕŮŰŬɘ ŰŬ ŮəɎůŰɞŰŮ ŭŮŭɞɛɏɜŬ 

əŬɘ Ůɜ Űɏɚɖ ŬɡɝɎɜŮŰŬɘ ɞ ůɡɜɞɚɘəɧɠ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ Űɤɜ ŭɘŮɟɔŬůɘɩɜ Ŭűɞɨ 

ŮəŰŮɚɞɨɜŰŬɘ ɚɘɔɧŰŮɟŮɠ ŮɜŰɞɚɏɠ ŬɜɎ əɨəɚɞ, ŭɘəŬɘɞɚɞɔɩɜŰŬɠ ɏŰůɘ əŬɘ Űɞ ɛŮɘɤɛɏɜɞ IPC 

ůŰɖ ˊŮɟɑˊŰɤůɖ Űɖɠ ůɡɜŮəŰɏɚŮůɖɠ.  

ɆŰɞ ˊɘɞ əɎŰɤ ɔɟɎűɖɛŬ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ ŬůŰɞɢɑŮɠ ůŰɖ əɟɡűɐ ɛɜɐɛɖ ŰŮɚŮɡŰŬɑɞɡ 

Ůˊɘˊɏŭɞɡ (LLC misses) ˊɞɡ ŬɜŰɘɛŮŰɤˊɑɕɞɡɜ ɞɘ ŮűŬɟɛɞɔɏɠ Űɖɠ ˊŮɟɑˊŰɤůɖɠ Űɖɠ ŮɜɧŰɖŰŬɠ 

1.2.  ūŬɑɜŮŰŬɘ ˊɤɠ əŬŰɎ Űɖɜ ůɡɜŮəŰɏɚŮůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ, ůŰɘɠ ˊɚŮɑůŰŮɠ ˊŮɟɘˊŰɩůŮɘɠ, 

ŰŬ LLC Misses əŬŰɎ Űɖɜ ůɡɜŮəŰɏɚŮůɖ (Co-execution) ŮɑɜŬɘ ˊɞɚɨ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ 

ŬɡŰɎ əŬŰɎ Űɖɜ Ŭˊɞɛɞɜɤɛɏɜɖ ŮəŰɏɚŮůɖ (Isolation).  
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ũɟɎűɖɛŬ 1-2: ɄŬɟɎŭŮɘɔɛŬ LLC Misses 

 

1.3 ȷɜŰɘɛŮŰɩˊɘůɖ Űɞɡ ȷɜŰŬɔɤɜɘůɛɞɨ  

ȿɧɔɤ Űɤɜ ůɞɓŬɟɩɜ ŮˊɘˊŰɩůŮɤɜ ˊɞɡ ˊɟɞəŬɚŮɑ ɞ ŬɜŰŬɔɤɜɘůɛɧɠ ɔɘŬ Űɞɡɠ 

əɞɘɜɧɢɟɖůŰɞɡɠ ˊɧɟɞɡɠ Űɧůɞ ůŰɘɠ ŭɘŮɟɔŬůɑŮɠ, ɧůɞ əŬɘ ůŮ ɞɚɧəɚɖɟɞ Űɞ ůɨůŰɖɛŬ, ɖ 

ŮˊɘůŰɖɛɞɜɘəɐ əɞɘɜɧŰɖŰŬ ɏɢŮɘ ˊɟɞŰŮɑɜŮɘ ɏɜŬ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɟɧˊɞɡɠ 

ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ ŬɡŰɞɨ [11], [12], [16]-[19].  

ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ  Ŭəɞɚɞɡɗɞɨɜ ɛɘŬ ˊŬɟɧɛɞɘŬ 

ŬɚɚɖɚɞɡɢɑŬ Ŭˊɧ ɓɐɛŬŰŬ ɔɘŬ əɎɗŮ əŬɘɜɞɨɟɔɘŬ ŮűŬɟɛɞɔɐ ˊɞɡ ŮɘůɏɟɢŮŰŬɘ ůŰɞ ůɨůŰɖɛŬ. 

ɇŬ ɓɐɛŬŰŬ ˊɞɡ ŮəŰŮɚɞɨɜŰŬɘ ŮɑɜŬɘ ŰŬ Ůɝɐɠ: 

1. ȹɖɛɘɞɡɟɔɑŬ ˊɟɞűɑɚ ŮəŰɧɠ ůɨɜŭŮůɖɠ (offline profiling), ůŰɖ ˊŮɟɑˊŰɤůɖ ˊɞɡ 

ŬűɑɢɗɖəŮ ɛɘŬ əŬɘɜɞɨɟɘŬ ŮűŬɟɛɞɔɐ ɔɘŬ Űɖɜ ɞˊɞɑŬ ŭŮɜ ɡˊɎɟɢɞɡɜ ɐŭɖ 

ˊɚɖɟɞűɞɟɑŮɠ. 

2. ɉɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ əŬɘ ɏɜŬɟɝɖ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ŮűŬɟɛɞɔɐɠ: 
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a. ȺɎɜ ɏɢŮɘ ɔɑɜŮɘ offline profiling ɖ ŮűŬɟɛɞɔɐ ɢɟɞɜɞŭɟɞɛɞɚɞɔŮɑŰŬɘ ůŰɞɜ 

ŮˊŮɝŮɟɔŬůŰɐ əŬɘ ɏˊŮɘŰŬ ůŰɞɜ ˊɡɟɐɜŬ ˊɞɡ ŬˊɞűŬɑɜŮŰŬɘ ˊŮɟɘůůɧŰŮɟɞ 

ɤűɏɚɘɛɞɠ Űɧůɞ ɔɘŬ Űɖɜ ɑŭɘŬ ɧůɞ əŬɘ ɔɘŬ Űɘɠ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ɗŬ 

ůɡɜŮəŰŮɚɞɨɜŰŬɘ ɛŬɕɑ Űɖɠ, ɛŮ ˊɘɗŬɜɐ əŬŰŬɜɞɛɐ Űɤɜ ˊɧɟɤɜ.  

b. ȺɎɜ ŭŮɜ ɏɢŮɘ ɔɑɜŮɘ offline profiling ɖ ŮűŬɟɛɞɔɐ ŰɞˊɞɗŮŰŮɑŰŬɘ ŰɡɢŬɑŬ ůŮ 

əɎˊɞɘɞ ŮˊŮɝŮɟɔŬůŰɐ əŬɘ ˊɡɟɐɜŬ. 

3. ȹɖɛɘɞɡɟɔɑŬ ˊɟɞűɑɚ ŮɜŰɧɠ ůɨɜŭŮůɖɠ (online profiling): 

a. ȷɜɎɚɞɔŬ ɛŮ Űɘɠ ˊɚɖɟɞűɞɟɑŮɠ ˊɞɡ ůɡɚɚɏɔɞɜŰŬɘ Ŭˊɧ Űɞ online profiling, 

ɔɑɜɞɜŰŬɘ ɞɘ əŬŰɎɚɚɖɚŮɠ əŬŰŬɜɞɛɏɠ Űɤɜ ˊɧɟɤɜ ɐ əŬɘ ɖ Ůə ɜɏɞɡ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ Űɖɠ ŮűŬɟɛɞɔɐɠ, ůŰɖ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɗŮɤɟŮɑŰŬɘ 

ŬɜŬɔəŬɑɞ. 

4. ɆɡɜŮɢɐɠ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɖɠ Ůˊɑŭɞůɖɠ ŮűŬɟɛɞɔɐɠ əŬŰɎ Űɖɜ ŮəŰɏɚŮůɐ Űɖɠ 

(online monitoring): 

a. ȺɎɜ ˊŬɟŬŰɖɟɖɗŮɑ ɛŮɑɤůɖ ůŰɖɜ Ůˊɑŭɞůɖ Űɖɠ ŮűŬɟɛɞɔɐɠ ŰɧŰŮ ɔɑɜŮŰŬɘ 

ɝŬɜɎ ŮɑŰŮ əŬŰŬɜɞɛɐ Űɤɜ ˊɧɟɤɜ, ŮɑŰŮ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ Űɖɠ ŮűŬɟɛɞɔɐɠ 

ůŮ Ɏɚɚɞ ŮˊŮɝŮɟɔŬůŰɐ ɐ ˊɡɟɐɜŬ. 

ɇŬ ɓɐɛŬŰŬ 1,3,4 ŮɑɜŬɘ ˊɟɞŬɘɟŮŰɘəɎ əŬɘ ŭŮɜ ůɡɜŬɜŰɩɜŰŬɘ ůŮ ɧɚɞɡɠ Űɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ. 

Ɇɡɜɐɗɤɠ ŮəŰŮɚŮɑŰŬɘ ɏɜŬ Ŭˊɧ ŰŬ ŰɟɑŬ ɓɐɛŬŰŬ.  

1.3.1 Profiling 

ɇɞ profiling ŮɑɜŬɘ ɖ ɛɏɗɞŭɞɠ əŬŰɎ Űɖɜ ɞˊɞɑŬ ŬɜŬɚɨɞɡɛŮ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ ɛɘŬɠ 

ŮűŬɟɛɞɔɐɠ ɧůɞ ŬɡŰɐ ŮəŰŮɚŮɑŰŬɘ, ŮɑŰŮ ŬˊɞɛɞɜɤɛɏɜŬ, ŮɑŰŮ ɛŬɕɑ ɛŮ ɎɚɚŮɠ ŮűŬɟɛɞɔɏɠ ɐ 

micro-benchmarks. ɀɏůɤ Űɞɡ profiling ˊŮɟɘɔɟɎűŮŰŬɘ Űɞ ˊɤɠ ŮəɛŮŰŬɚɚŮɨŮŰŬɘ ɖ əɎɗŮ 

ŭɘŮɟɔŬůɑŬ Űɞɡɠ əɞɘɜɧɢɟɖůŰɞɡɠ ˊɧɟɞɡɠ (ɢɟɐůɖ CPU, cache, ůɡůəŮɡɏɠ Ƚ/Ƀ ə.Ŭ.) Űɞɡ 

ůɡůŰɐɛŬŰɞɠ Űɧůɞ əŬŰɎ Űɖɜ Ŭˊɞɛɞɜɤɛɏɜɖ ɧůɞ əŬɘ əŬŰɎ Űɖɜ ˊŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ. 

Ⱥˊɑůɖɠ ɔɑɜŮŰŬɘ ɏɚŮɔɢɞɠ ɤɠ ˊɟɞɠ Űɞ ɩ́ɠ ŮˊɖɟŮɎɕŮŰŬɘ ɖ əɎɗŮ ŭɘŮɟɔŬůɑŬ Ŭˊɧ Űɞɜ 

ŬɜŰŬɔɤɜɘůɛɧ ɔɘŬ Űɞɡɠ ŭɘŬɛɞɘɟŬɕɧɛŮɜɞɡɠ ˊɧɟɞɡɠ, ɧŰŬɜ ůɡɜŮəŰŮɚŮɑŰŬɘ ɛŮ ɎɚɚŮɠ 

ŮűŬɟɛɞɔɏɠ, ŬɚɚɎ əŬɘ ɤɠ ˊɟɞɠ Űɞ ˊɩɠ ɛˊɞɟŮɑ ɖ ɑŭɘŬ ɖ ŮűŬɟɛɞɔɐ ɜŬ ŮˊɖɟŮɎůŮɘ Űɖɜ 

Ůˊɑŭɞůɖ Ɏɚɚɤɜ ŭɘŮɟɔŬůɘɩɜ ůŰŬ ůŮɜɎɟɘŬ ˊŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ [8]ï[15]. ȰɢɞɜŰŬɠ 

ŬˊɞɗɖəŮɨůŮɘ ɏɜŬ ˊɟɞűɑɚ ůŰɞ ůɨůŰɖɛŬ ɔɘŬ əɎɗŮ Ůɑŭɞɠ ŮűŬɟɛɞɔɐɠ, ɔɑɜŮŰŬɘ ˊɘɞ Ůɨəɞɚɖ ɖ 

ˊɟɧɓɚŮɣɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ əɎɗŮ ɜɏŬɠ ŭɘŮɟɔŬůɑŬɠ ˊɞɡ ɝŮəɘɜɎ Űɖɜ ŮəŰɏɚŮůɐ Űɖɠ. ȰŰůɘ 

ɞ ɛɖɢŬɜɘůɛɧɠ ŭɘŬɢŮɑɟɘůɖɠ ˊɧɟɤɜ ɛˊɞɟŮɑ ɜŬ ŬˊɞűŬɜɗŮɑ ŮɝŬɟɢɐɠ ɤɠ ˊɟɞɠ Űɖɜ əŬŰŬɜɞɛɐ 

Űɤɜ ˊɧɟɤɜ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ŮűŬɟɛɞůɗŮɑ əŬɘ ɤɠ ˊɟɞɠ Űɞɜ ˊɘɞ ɤűɏɚɘɛɞ 
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ŮˊŮɝŮɟɔŬůŰɐ/ˊɡɟɐɜŬ, ůŰɞɜ ɞˊɞɑɞ ɗŬ ˊɟɏˊŮɘ ɜŬ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖɗŮɑ ɖ ŮəɎůŰɞŰŮ 

ŭɘŮɟɔŬůɑŬ, Űɧůɞ ɔɘŬ Űɖɜ ɑŭɘŬ ɧůɞ əŬɘ ɔɘŬ Űɘɠ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ɗŬ ůɡɜŮəŰŮɚɞɨɜŰŬɘ ɛŬɕɑ 

Űɖɠ. 

ɆŰŬ ůɡůŰɐɛŬŰŬ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ Űɞ profiling űŬɑɜŮŰŬɘ ɜŬ ɓŮɚŰɘɩɜŮɘ ůɖɛŬɜŰɘəɎ Űɞ 

QoS ́ ɞɡ ˊŬɟɏɢɞɡɜ. ȰŰůɘ ŮˊɤűŮɚŮɑŰŬɘ Űɧůɞ ɞ ́ Ɏɟɞɢɞɠ ɧůɞ əŬɘ ɞ ˊŮɚɎŰɖɠ. ȳůɞ ˊɘɞ ˊɞɚɨ 

ɘəŬɜɞˊɞɘŮɑŰŬɘ Űɞ SLO Űɖɠ əɎɗŮ ŮűŬɟɛɞɔɐɠ Űɧůɞ ŬɡɝɎɜŮŰŬɘ əŬɘ Űɞ ɢɟɖɛŬŰɘəɧ əɏɟŭɞɠ 

ˊɞɡ ɗŬ ŮˊɘűɏɟŮɘ ůŰɞ ůɨůŰɖɛŬ. ɄŬɟɧɚŬ ŬɡŰɎ, Űɞ profiling ŬˊŬɘŰŮɑ Ůˊɘˊɚɏɞɜ ɡɚɘəɧ (ɔɘŬ 

ˊŬɟɎŭŮɘɔɛŬ ɏɜŬɜ Ŭˊɞɛɞɜɤɛɏɜɞ server) ɔɘŬ ɜŬ ŮűŬɟɛɞůɗŮɑ. ȷɡŰɧ ɏɢŮɘ ŬɟɜɖŰɘəɧ 

ŬɜŰɑəŰɡˊɞ ůŰɖɜ ɡˊɞɚɞɔɘůŰɘəɐ ŭɨɜŬɛɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ Ŭűɞɨ Ůɜ ŰɏɚŮɘ ɛŮɘɩɜɞɜŰŬɘ ɞɘ 

ŭɘŬɗɏůɘɛɞɘ ˊɧɟɞɘ. ȷəɧɛɖ, ůŮ ůɡůŰɐɛŬŰŬ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ, ɧˊɞɡ Űɟɏɢɞɡɜ ˊŬɟɎɚɚɖɚŬ 

ˊɞɚɚɏɠ ŭɘŮɟɔŬůɑŮɠ, ɖ ŮɨɟŮůɖ Űɖɠ ŮűŬɟɛɞɔɐɠ ˊɞɡ ˊɟɞəŬɚŮɑ Űɞɜ ɛŮɔŬɚɨŰŮɟɞ 

ŬɜŰŬɔɤɜɘůɛɧ, ŭɖɚŬŭɐ Űɖɠ ŮűŬɟɛɞɔɐɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ ˊŮɟɘůůɧŰŮɟɞ Űɖɜ Ůˊɑŭɞůɖ Űɤɜ 

ɡˊɞɚɞɑˊɤɜ, ŬˊɞŰŮɚŮɑ ɛɘŬ ˊɞɚɨ ŭɨůəɞɚɖ əŬɘ ɢɟɞɜɞɓɧɟŬ ŭɘŬŭɘəŬůɑŬ.  

ȼ ůɡɔəŮəɟɘɛɏɜɖ ɛɏɗɞŭɧɠ ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůɗŮɑ online, ŭɖɚŬŭɐ ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ 

ŮəŰɏɚŮůɖɠ, ŬɚɚɎ əŬɘ offline.ɆŰɖ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ŮűŬɟɛɧůɗɖəŮ Űɞ offline profiling 

ŭɘɧŰɘ ɔɘŬ Űɖɜ ŮəŰɏɚŮůɖ Űɞɡ ŰŮɚɘəɞɨ ɛɖɢŬɜɘůɛɞɨ ɢɟŮɘɎůŰɖəŬɜ offline ˊɚɖɟɞűɞɟɑŮɠ 

ůɢŮŰɘəɎ ɛŮ Űɖɜ ŮɡŬɘůɗɖůɑŬ Űɖɠ əɎɗŮ ŮűŬɟɛɞɔɐɠ ɤɠ ˊɟɞɠ Űɖɜ LLC.  

1.3.2 Online Monitoring 

To online monitoring ŬˊɞůəɞˊŮɑ ůŰɖɜ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɖɠ Ůˊɑŭɞůɖɠ Űɤɜ ŭɘŮɟɔŬůɘɩɜ 

əŬŰɎ Űɖɜ ˊɟŬɔɛŬŰɘəɐ ŮəŰɏɚŮůɖ Űɞɡɠ. ũɘŬ ɜŬ ŮűŬɟɛɞůɗŮɑ ŭŮɜ ŬˊŬɘŰɞɨɜŰŬɘ əŬŰô ŬɜɎɔəɖ 

Ůə Űɤɜ ˊɟɞŰɏɟɤɜ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɘɠ ŮűŬɟɛɞɔɏɠ [20], [21]. ȷɡŰɧ ɧɛɤɠ ŭŮɜ ůɖɛŬɑɜŮɘ 

ˊɤɠ ŬˊɞəɚŮɑŮŰŬɘ ɖ ɢɟɐůɖ əɎˊɞɘɞɡ ɛɖɢŬɜɘůɛɞɨ profiling ́ ɟɘɜ ɐ əŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ 

online monitoring [14].  

ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ profiling, ɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜ Űɞ online monitoring 

ŭŮɜ Ŭˊɞůəɞˊɞɨɜ ůŰɞ ɜŬ ˊɟɞɚɎɓɞɡɜ əŬɘ ɜŬ ˊɟɞɓɚɏɣɞɡɜ Űɞɜ ŬɜŰŬɔɤɜɘůɛɧ ˊɟɘɜ Űɖɜ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ Űɤɜ ŮűŬɟɛɞɔɩɜ. Ɇəɞˊɧɠ Űɞɡɠ ŮɑɜŬɘ ɜŬ ŬɜɘɢɜŮɨɞɡɜ Űɖ ɛŮɑɤůɖ ůŰɖɜ 

Ůˊɑŭɞůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ əŬŰɎ Űɖɜ ˊɟŬɔɛŬŰɘəɐ Űɞɡɠ ŮəŰɏɚŮůɖ. ɆŰɖ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɞ 

ɛɖɢŬɜɘůɛɧɠ ŭɘŬəɟɑɜŮɘ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ ůŰɖɜ Ůˊɑŭɞůɖ ɛɘŬɠ ŭɘŮɟɔŬůɑŬɠ ŰɧŰŮ 

ŬˊɞűŬɑɜŮŰŬɘ ɔɘŬ Űɡɢɧɜ ŬɚɚŬɔɏɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɔɑɜɞɡɜ ɤɠ ˊɟɞɠ Űɖɜ ŬɜŬəŬŰŬɜɞɛɐ Űɤɜ 

ˊɧɟɤɜ ɐ əŬɘ Űɖɜ Ůə ɜɏɞɡ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ Űɤɜ ŮűŬɟɛɞɔɩɜ.  
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1.4 ȷɜŰɘəŮɑɛŮɜɞ ȹɘˊɚɤɛŬŰɘəɐɠ 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ˊɟɞɖɔɞɡɛɏɜɤɠ, ɞɘ ŬůŰɞɢɑŮɠ ˊɞɡ ŬɜŰɘɛŮŰɤˊɑɕŮɘ ɛɘŬ ŭɘŮɟɔŬůɑŬ ůŰɖɜ 

LLC ɛˊɞɟɞɨɜ ɜŬ Ŭˊɞɓɞɨɜ əŬŰŬůŰɟɞűɘəɏɠ ɔɘŬ Űɖɜ Ůˊɑŭɞůɐ Űɖɠ əŬɘ Űɞ QoS Űɞɡ 

ůɡůŰɐɛŬŰɞɠ. ɀŮ ɛɘŬ ˊɘɞ ˊɟɞůŮəŰɘəɐ ŭɘŬɢŮɑɟɘůɖ Űɖɠ cache, ŬɡŰɧ Űɞ űŬɘɜɧɛŮɜɞ ɛˊɞɟŮɑ 

ɜŬ ŬˊɞűŮɡɢɗŮɑ.   

ɆŰŬ ůɨůŰɖɛŬ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ, ˊɟɤŰŬɟɢɘəɧ ɛɏɚɖɛŬ Űɤɜ ˊŬɟɧɢɤɜ ŮɑɜŬɘ ɖ ŮɝŬůűɎɚɘůɖ 

Űɞɡ SLɃ Űɤɜ ŮűŬɟɛɞɔɩɜ ɛŮ Űɖɜ ɛŮɔŬɚɨŰŮɟɖ ˊɟɞŰŮɟŬɘɧŰɖŰŬ. ȳˊɤɠ ŮɑɜŬɘ ɚɞɔɘəɧ, 

ŰɏŰɞɘŮɠ ŮűŬɟɛɞɔɏɠ Ůˊɘűɏɟɞɡɜ əŬɘ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɢɟɖɛŬŰɘəɧ əɏɟŭɞɠ ůŰŬ ůɡůŰɐɛŬŰŬ. 

ȰŰůɘ, ɖ ŭɘˊɚɤɛŬŰɘəɐ ɏɢŮɘ ůəɞˊɧ Űɖɜ ɡɚɞˊɞɑɖůɖ Ůɜɧɠ ŭɡɜŬɛɘəɞɨ Ŭɚɔɞɟɑɗɛɞɡ ˊɞɡ ɗŬ 

ŮˊɘŰɖɟŮɑ Űɖɜ Ůˊɑŭɞůɖ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ əŬɘ ɗŬ əŬŰŬɜɏɛŮɘ Űɖɜ cache ɛŮ 

ŰɏŰɞɘɞ Űɟɧˊɞ, ɩůŰŮ ɜŬ ŮɝŬůűŬɚɑɕŮɘ Űɞ SLɃ ˊɞɡ ɏɢŮɘ ůɡɛűɤɜɖɗŮɑ ɔɘŬ ŬɡŰɏɠ Űɘɠ 

ŭɘŮɟɔŬůɑŮɠ, ŬɡɝɎɜɞɜŰŬɠ Ůɜ Űɏɚɖ Űɞ ůɡɜɞɚɘəɧ əɏɟŭɞɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ũɘŬ Űɞɡɠ ůəɞˊɞɨɠ 

Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɨɞ ŰŮɢɜɞɚɞɔɑŮɠ Űɞɡ ŮɟɔŬɚŮɑɞɡ PQoS/IntelÈ Intel 

Resource Director Technology (RDT), Cache Allocation Technology (CAT) əŬɘ Cache 

Monitoring Technology (CMT), ɔɘŬ Űɞɜ əŬŰŬɛŮɟɘůɛɧ Űɖɠ cache əŬɘ Űɖ ˊŬɟŬəɞɚɞɨɗɖůɖ 

Űɖɠ Ůˊɑŭɞůɖɠ Űɤɜ ŮűŬɟɛɞɔɩɜ ŬɜŰɑůŰɞɘɢŬ [22]. Ⱥˊɑůɖɠ ɔɘŬ Űɖɜ əŬŰŬɜɞɛɐ Űɤɜ Ůɘəɞɜɘəɩɜ 

ɛɖɢŬɜɩɜ ůŰɞɡɠ ˊɡɟɐɜŮɠ, ɏɔɘɜŮ ɢɟɐůɖ Űɞɡ ŭɘŬɢŮɘɟɘůŰɐ ˊɧɟɤɜ əŬɘ ŬɜɘɢɜŮɡŰɐ 

ŬɜŰŬɔɤɜɘůɛɞɨ ɔɘŬ cloud ɡˊɖɟŮůɑŮɠ - ACTiManager [23].  

ũɘŬ Űɖɜ ɡɚɞˊɞɑɖůɖ Űɞɡ ŭɡɜŬɛɘəɞɨ ɛɖɢŬɜɘůɛɞɨ ɢɟŮɘɎůŰɖəŬɜ, ɔɘŬ Űɖɜ əɎɗŮ ŮűŬɟɛɞɔɐ, 

offline ˊɚɖɟɞűɞɟɑŮɠ ůŮ Ŭˊɞɛɞɜɤɛɏɜɖ əŬɘ ˊŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ. ȼ ůɡɚɚɞɔɐ Űɤɜ 

ˊɚɖɟɞűɞɟɘɩɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ əŬŰɎ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ ɛŮɚɏŰɖɠ Űɤɜ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɖɠ əɎɗŮ ŮűŬɟɛɞɔɐɠ. ȾŬŰɎ Űɖɜ ́ ŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ Űɤɜ ŮűŬɟɛɞɔɩɜ 

ŮɝŮŰɎůŰɖəŬɜ ˊɞɘəɑɚŬ ůŮɜɎɟɘŬ ɤɠ ˊɟɞɠ Űɘɠ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ůɡɜŮəŰŮɚɞɨɜŰŬɜ ɛŬɕɑ ɛŮ Űɖɜ 

ŮűŬɟɛɞɔɐ ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ əŬɘ ɤɠ ˊɟɞɠ Űɖ əŬŰŬɜɞɛɐ Űɖɠ LLC.  

1.4.1 ɆɡɜŮɘůűɞɟɎ 

ȼ ůɡɜŮɘůűɞɟɎ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ůɡɜɞɣɑɕŮŰŬɘ ɤɠ Ůɝɐɠ: 

1. ɀŮɚɏŰɖ Ůˊɑŭɞůɖɠ Űɤɜ ŮűŬɟɛɞɔɩɜ ůŮ Ŭˊɞɛɞɜɤɛɏɜɖ ŮəŰɏɚŮůɖ. 

2. ɀŮɚɏŰɖ Ůˊɑŭɞůɖɠ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ əŬɘ Űɞɡ ůɡɜɞɚɘəɞɨ əɏɟŭɞɡɠ 

ůŰɞ ůɨůŰɖɛŬ ůŮ  ůŮɜɎɟɘŬ ˊŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ, ɢɤɟɑɠ əŬŰŬɛŮɟɘůɛɧ Űɖɠ LLC. 
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3. ɀŮɚɏŰɖ Ůˊɑŭɞůɖɠ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ əŬɘ Űɞɡ ůɡɜɞɚɘəɞɨ əɏɟŭɞɡɠ 

ůŰɞ ůɨůŰɖɛŬ ůŮ ůŮɜɎɟɘŬ ˊŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ 

əŬŰŬɛŮɟɘůɛɞɨ Űɖɠ LLC. 

4. ȺɝŬɔɤɔɐ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ɔɘŬ əɎɗŮ ŮűŬɟɛɞɔɐ.  

5. ȷɜɎˊŰɡɝɖ Ŭɚɔɞɟɑɗɛɞɡ ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɖɠ Ůˊɑŭɞůɖɠ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛŮ 

ˊɟɞŰŮɟŬɘɧŰɖŰŬ əŬɘ əŬŰŬɛŮɟɘůɛɞɨ Űɖɠ LLC ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ŬɜɎɔəŮɠ Űɖɠ ɛŮ 

ůəɞˊɧ Űɖɜ Űɐɟɖůɖ Űɞɡ SLO əŬɘ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ůɡɜɞɚɘəɞɨ əɏɟŭɞɡɠ ůŰɞ 

ůɨůŰɖɛŬ 

6. ɀŮɚɏŰɖ Ůˊɑŭɞůɖɠ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ əŬɘ Űɞɡ ůɡɜɞɚɘəɞɨ əɏɟŭɞɡɠ 

ůŰɞ ůɨůŰɖɛŬ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ. 

7. ɇŮɚɘəɎ ɆɡɛˊŮɟɎůɛŬŰŬ əŬɘ ɛŮɚɚɞɜŰɘəɏɠ ŮˊŮəŰɎůŮɘɠ. 

1.5 ɃɟɔɎɜɤůɖ ȾŮɘɛɏɜɞɡ 

ɆŰɞ ŭŮɨŰŮɟɞ əŮűɎɚŬɘɞ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɏɟŮɡɜŮɠ ůŰɘɠ ɞˊɞɑŮɠ ŬɜŬˊŰɨɢɗɖəŬɜ ɛɖɢŬɜɘůɛɞɑ 

əŬŰŬɛŮɟɘůɛɞɨ Űɖɠ cache, ˊɎɜɤ ůŰɘɠ ɞˊɞɑŮɠ ɓŬůɑůŰɖəŮ ɖ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ 

ŮɟɔŬůɑŬ.  

Ƀ Űɟɧˊɞɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɤɜ ŰŮɢɜɞɚɞɔɘɩɜ IntelÈ CMT əŬɘ CAT ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ůŰɞɜ ŰŮɚɘəɧ ɛɖɢŬɜɘůɛɧ, ŬɜŬˊŰɨůůŮŰŬɘ ˊɚɐɟɤɠ ůŰɞ ŭŮɨŰŮɟɞ əŮűɎɚŬɘɞ. 

ɆŰɖ ůɡɜɏɢŮɘŬ ůŰɞ ŰɏŰŬɟŰɞ əŮűɎɚŬɘɞ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɚŮˊŰɞɛŮɟɩɠ ŰŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ 

ŭɘŮɝɐɢɗɖůŬɜ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɖɠ əɎɗŮ ŮűŬɟɛɞɔɐɠ. ɆŰɞ 

ůɡɔəŮəɟɘɛɏɜɞ əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŮ ɛɞɟűɐ ŭɘŬɔɟŬɛɛɎŰɤɜ əŬɘ ŬɜŬɚɨɞɜŰŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ́ ɞɡ ŮɝŬɔɎɔŬɛŮ, Ůɜɩ ŭɑɜɞɜŰŬɘ əŬɘ ůŮ ˊɑɜŬəŬ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ əɎɗŮ 

ŭɘŮɟɔŬůɑŬɠ. 

Ƀ ŰŮɚɘəɧɠ ɛɖɢŬɜɘůɛɧɠ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ŬɜŬɚɨŮŰŬɘ əŬɘ ŮɝŮŰɎɕŮŰŬɘ ůŰɞ ˊɏɛˊŰɞ 

əŮűɎɚŬɘɞ.  

ɇɏɚɞɠ, ůŰɞ ɏəŰɞ əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŰŮɚɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ ůŰŬ ɞˊɞɑŬ 

əŬŰŬɚɐɝŬɛŮ, ɛŮ ɓɎůɖ ŰŬ ŬɟɢɘəɎ ˊŮɘɟɎɛŬŰŬ əŬɘ Űɞɜ ŰŮɚɘəɧ ɛɖɢŬɜɘůɛɧ, əŬɗɩɠ əŬɘ ɘŭɏŮɠ 

ɔɘŬ ɛŮɚɚɞɜŰɘəɏɠ ŮˊŮəŰɎůŮɘɠ.     

ɆŰɞ ˊŬɟɎɟŰɖɛŬ ŭɑɜɞɜŰŬɘ ůŮ ɛɞɟűɐ ˊɑɜŬəŬ ɞɘ ˊɚɖɟɞűɞɟɑŮɠ ůɢŮŰɘəɎ ɛŮ Űɖɜ Ůˊɑŭɞůɖ əŬɘ Űɞ 

əɏɟŭɞɠ ůŰɞ ůɨůŰɖɛŬ ˊɞɡ Ůˊɘűɏɟɞɡɜ ɞɘ ŮűŬɟɛɞɔɏɠ əŬŰɎ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ɛŮɚɏŰɖ Űɤɜ 

ŮűŬɟɛɞɔɩɜ (əŮűɎɚŬɘɞ 4) əŬɘ əŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ ŰŮɚɘəɞɨ ɛɖɢŬɜɘůɛɞɨ (əŮűɎɚŬɘɞ 5) 
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2  

ɀɖɢŬɜɘůɛɞɑ ȹɘŬɢŮɑɟɘůɖɠ Ⱦɟɡűɐɠ ɀɜɐɛɖɠ 

ɇŬ ˊɟɞɓɚɐɛŬŰŬ ˊɞɡ ůɡɕɖŰɐɗɖəŬɜ ůŰɖɜ ŮɜɧŰɖŰŬ 1.2.1 ůɢŮŰɘəɎ ɛŮ Űɞɜ ŬɜŰŬɔɤɜɘůɛɧ ɔɘŬ 

Űɖɜ LLC ˊɞɡ ŮɛűŬɜɑɕɞɡɜ ɞɘ ůɡɜŮəŰŮɚɞɨɛŮɜŮɠ ŮűŬɟɛɞɔɏɠ, ɞŭɐɔɖůŬɜ Űɖɜ ŮˊɘůŰɖɛɞɜɘəɐ 

əɞɘɜɧŰɖŰŬ ůŰɞ ɜŬ ŬɜŬˊŰɨɝŮɘ əŬɘ ɜŬ ɡɚɞˊɞɘɐůŮɘ ɛɖɢŬɜɘůɛɞɨɠ ŭɘŬɢŮɑɟɘůɖɠ Űɖɠ əɟɡűɐɠ 

ɛɜɐɛɖɠ. Ƀɘ ɛɖɢŬɜɘůɛɞɑ ŬɡŰɞɑ ˊɞɘəɑɚɞɡɜ ɤɠ ˊɟɞɠ Űɞɜ Űɟɧˊɞ ɡɚɞˊɞɑɖůɖɠ. ȷɟəŮŰɏɠ 

ɡɚɞˊɞɘɐůŮɘɠ ɓŬůɑɕɞɜŰŬɘ ɛɧɜɞ ůŮ ɛɖɢŬɜɘůɛɞɨɠ profiling ɐ online monitoring (ŮɜɧŰɖŰŬ 

1.3). Ƀɘ ˊɘɞ ˊɟɧůűŬŰɞɘ ɛɖɢŬɜɘůɛɞɑ ɧɛɤɠ, ŮəɛŮŰŬɚɚŮɡɧɛŮɜɞɘ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɞɡ 

profiling əŬɘ Űɞɡ online monitoring əŬɗɩɠ əŬɘ Űɘɠ ŭɡɜŬŰɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ (hardware), 

ŬɜɏˊŰɡɝŬɜ ɛɖɢŬɜɘůɛɞɨɠ ɞɘ ɞˊɞɑɞɘ ŭɘŬɢŮɘɟɑɕɞɜŰŬɘ əŬɘ əŬŰŬɜɏɛɞɡɜ Űɖɜ əɟɡűɐ ɛɜɐɛɖ 

ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ŬɜɎɔəŮɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɞɘ ŮűŬɟɛɞɔɏɠ ɔɘŬ Űɖɜ LLC. ɆŰɞ ˊŬɟɧɜ 

əŮűɎɚŬɘɞ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŭɘɎűɞɟɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ ɛŮ ůəɞˊɧ ɜŬ 

ŬɜŰɘɛŮŰɤˊɘůŰŮɑ Űɞ űŬɘɜɧɛŮɜɞ Űɞɡ ŬɜŰŬɔɤɜɘůɛɞɨ ɔɘŬ Űɖɜ cache ɓŬůɘɕɧɛŮɜɞɘ ŮɑŰŮ ɛɧɜɞ 

ůŰɞ profiling ɐ online monitoring ŮɑŰŮ ůŰɞ ůɡɜŭɡŬůɛɧ Ůɜɧɠ Ŭˊɧ Űɞɡɠ ŭɨɞ ɛɖɢŬɜɘůɛɞɨɠ 

ɛŮ ŰŮɢɜɘəɏɠ əŬŰŬɜɞɛɐɠ Űɖɠ cache.   

2.1 ɈɚɞˊɞɘɐůŮɘɠ ȸŬůɘůɛɏɜŮɠ ůŮ Profiling/Online Monitoring 

Ƀɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ əŬŰŬŰɎůůɞɜŰŬɘ ůŮ ŬɡŰɐ Űɖ əŬŰɖɔɞɟɑŬ, ŭŮɜ Ŭˊɞůəɞˊɞɨɜ ůŰɞɜ 

əŬŰŬɛŮɟɘůɛɧ Űɖɠ cache. ȷɜŰɘɗɏŰɤɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ profiling, Ůˊɘŭɘɩəɞɡɜ ůŰɞ ɜŬ  

ɞɛŬŭɞˊɞɘɐůɞɡɜ Űɖɠ ŮűŬɟɛɞɔɏɠ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɏŰůɘ ɩůŰŮ ɖ ŮəŰɏɚŮůɖ Űɖɠ əɎɗŮ ɞɛɎŭŬɠ 

ɜŬ ˊŬɟɞɡůɘɎɕŮɘ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ɚɘɔɧŰŮɟɞ ŬɜŰŬɔɤɜɘůɛɧ. Ƀɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ Ůˊɘɚɏɔɞɡɜ 

Űɞ online monitoring ůŰɞɢŮɨɞɡɜ ůŰɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɞɡ ŬɜŰŬɔɤɜɘůɛɞɨ əŬŰɎ Űɞɜ 

ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ. ȰŰůɘ, əŬɘ ůŰɘɠ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ ŭŮɜ ɔɑɜŮŰŬɘ ɢɟɐůɖ Űɞɡ 

ɡɚɘəɞɨ ŬɚɚɎ Űɞɡ ɚɞɔɘůɛɘəɞɨ. ɇɞ ɚɞɔɘůɛɘəɧ Ŭɜ əŬɘ ŭŮɜ ɏɢŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ 



 

11 

 

ŭɘŬɢŮɘɟɑɕŮŰŬɘ Űɖɜ LLC ɐ Ɏɚɚɞɡɠ ˊɧɟɞɡɠ ɛˊɞɟŮɑ ɜŬ ŬɝɘɞˊɞɘɐůŮɘ Űɞɜ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐ 

ɔɘŬ Űɖɜ əŬŰɎɚɚɖɚɖ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ Űɤɜ ŮűŬɟɛɞɔɩɜ.  

Ƀɘ J. Mars, L. Tang, R. Hundt, K. Skadron, əŬɘ M. Lou Soffa ˊɟɧŰŮɘɜŬɜ Űɞ Bubble-Up 

[19], ɛɘŬ ɛɏɗɞŭɞ əŬŰɎ Űɖɜ ɞˊɞɑŬ ŮəŰŮɚŮɑŰŬɘ ɏɜŬɠ ɛɖɢŬɜɘůɛɧɠ profiling ɔɘŬ ɜŬ 

ůɡɚɚŮɢɗɞɨɜ ˊɚɖɟɞűɞɟɑŮɠ ůɢŮŰɘəɎ ɛŮ Űɖɜ ŮɡŬɘůɗɖůɑŬ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ɖ əɎɗŮ 

ŮűŬɟɛɞɔɐ, ɧůɞ ŬűɞɟɎ Űɖɜ LLC. ɇɞ profiling ŮűŬɟɛɧɕŮŰŬɘ ɛŮ ůəɞˊɧ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ 

ˊɧůɞ ŮˊɖɟŮɎɕŮŰŬɘ ɖ əɎɗŮ ŭɘŮɟɔŬůɑŬ Ŭˊɧ Űɖ ůɡɜŮəŰɏɚŮůɖ ŬɚɚɎ əŬɘ ˊɩɠ ŮˊɖɟŮɎɕŮɘ ɖ ɑŭɘŬ 

Űɘɠ ůɡɜŮəŰŮɚɞɨɛŮɜŮɠ ŮűŬɟɛɞɔɏɠ. ɀŮ ŬɡŰɏɠ Űɘɠ ˊɚɖɟɞűɞɟɑŮɠ Űɞ ůɨůŰɖɛŬ ɛˊɞɟŮɑ ɜŬ 

ŬˊɞűŬɜɗŮɑ ɤɠ ˊɟɞɠ ŰŬ ŬˊɞŭɞŰɘəɧŰŮɟŬ ůŮɜɎɟɘŬ ɞɛŬŭɞˊɞɑɖůɖɠ Űɤɜ ŮűŬɟɛɞɔɩɜ ɔɘŬ 

ůɡɜŮəŰɏɚŮůɖ, əŬŰɎ ŰŬ ɞˊɞɑŬ ɗŬ ŮɛűŬɜɑɕŮŰŬɘ ɚɘɔɧŰŮɟɞɠ ŬɜŰŬɔɤɜɘůɛɧɠ ɔɘŬ Űɖɜ LLC, 

ŭɘŬŰɖɟɩɜŰŬɠ ɏŰůɘ Űɞ QoS. ȼ ˊŮɘɟŬɛŬŰɘəɐ ɛŮɚɏŰɖ Űɞɡ Bubble-Up ůŮ datacenters Űɖɠ 

Google, ɧˊɞɡ ɏŰɟŮɢŬɜ ˊɟŬɔɛŬŰɘəɏɠ ŮűŬɟɛɞɔɏɠ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ, ŬˊɏŭŮɘɝŮ ˊɤɠ ɞ 

ɛɖɢŬɜɘůɛɧɠ ŬɡŰɧɠ ɛˊɞɟŮɑ ɜŬ ŬɡɝɐůŮɘ Űɖɜ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɤɜ ŮˊŮɝŮɟɔŬůŰɩɜ Ŭˊɧ 50% 

ɛɏɢɟɘ əŬɘ 90%.  

ɇɞ Pythia [16] ŬˊɞŰŮɚŮɑ ɏɜŬ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐ ŮűŬɟɛɞɔɩɜ ůŮ datacenters. Ƀ 

ɛɖɢŬɜɘůɛɧɠ ɓŬůɑɕŮŰŬɘ ůŮ ˊɚɖɟɞűɞɟɑŮɠ ˊɞɡ ůɡɚɚɏɔɞɜŰŬɘ ɛɏůɤ Űɞɡ profiling əŬɘ Ůɜɧɠ 

ɛŬɗɖɛŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɟɧɓɚŮɣɖɠ ŬɜŰŬɔɤɜɘůɛɞɨ ɛŮŰŬɝɨ Űɤɜ ŮűŬɟɛɞɔɩɜ. ȷɟɢɘəɎ ɔɘŬ 

əɎɗŮ ɜɏŬ ˊŬɟŰɑŭŬ ŮűŬɟɛɞɔɩɜ (batch workloads) ˊɞɡ əŬŰŬűɗɎɜŮɘ ůŰɞ ůɨůŰɖɛŬ 

ŮəŰŮɚŮɑŰŬɘ ɏɜŬ Ůɑŭɞɠ profiling ɔɘŬ ɜŬ əŬŰŬɔɟŬűŮɑ ɖ ŬɜŰŬɔɤɜɘůŰɘəɧŰɖŰŬ ˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɡɜ ŬˊɏɜŬɜŰɘ ůŮ ɛɘŬ ŮűŬɟɛɞɔɐ ɛŮ ɡɣɖɚɏɠ ŬˊŬɘŰɐůŮɘɠ ɔɘŬ ŮɚŬɢɘůŰɞˊɞɑɖůɖ 

Űɖɠ əŬɗɡůŰɏɟɖůɖɠ (Latency Critical, LC). ȰˊŮɘŰŬ, ɔɘŬ Űɞɡɠ Ůɚɏɔɢɞɡɠ ˊɞɡ ɗŬ  

Ŭəɞɚɞɡɗɐůɞɡɜ, ŮɝŬɑɟŮɘ Űɘɠ batch ŮűŬɟɛɞɔɏɠ ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ Űɧůɞ ŬɜŰŬɔɤɜɘůŰɘəɏɠ ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ əŬɗɑůŰŬŰŬɘ ŭɡɜŬŰɧ ɜŬ ůɡɜŮəŰŮɚŮůŰɞɨɜ ɞɨŰŮ əŬɘ ɛŮ ɎɚɚŮɠ batch 

ŮűŬɟɛɞɔɏɠ. ȷˊɧ Űɘɠ ŮűŬɟɛɞɔɏɠ ˊɞɡ ɏɢɞɡɜ ɛŮɑɜŮɘ ɔɑɜɞɜŰŬɘ ɛŮɟɘəɞɑ ůɡɜŭɡŬůɛɞɑ 

ˊŬɟɎɚɚɖɚɤɜ ŮəŰŮɚɏůŮɤɜ ˊɞɚɚŬˊɚɩɜ batch ŮűŬɟɛɞɔɩɜ ɛŮ ɛɘŬ LC ŮűŬɟɛɞɔɐ. 

ɄŬɟɎɚɚɖɚŬ ůɡɚɚɏɔɞɜŰŬɘ ˊɚɖɟɞűɞɟɑŮɠ ůɢŮŰɘəɎ ɛŮ Űɞ IPC Űɖɠ LC ŭɘŮɟɔŬůɑŬɠ ɔɘŬ ɜŬ 

ŮɚŮɔɢɗɞɨɜ ŰŬ ŮˊɑˊŮŭŬ Űɞɡ ŬɜŰŬɔɤɜɘůɛɞɨ ůŰŬ ůŮɜɎɟɘŬ ŬɡŰɎ. ɇɏɚɞɠ əɎɜɞɜŰŬɠ ɢɟɐůɖ Űɤɜ 

ˊɚɖɟɞűɞɟɘɩɜ ˊɞɡ ůɡɚɚɏɢɗɖəŬɜ Ŭˊɧ Űɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ profiling əŬɘ Űɞɡ ɛŬɗɖɛŬŰɘəɞɨ 

ɛɞɜŰɏɚɞɡ ˊɟɧɓɚŮɣɖɠ Űɞɡ ŬɜŰŬɔɤɜɘůɛɞɨ ˊɞɡ ɏɢɞɡɜ ŬɜŬˊŰɨɝŮɘ ɞɘ R. Xu ə.Ɏ., 

ŮˊɘɚɏɔɞɜŰŬɘ ɞɘ əŬŰŬɚɚɖɚɧŰŮɟɞɘ ŮɝɡˊɖɟŮŰɖŰɏɠ ůŰɞɡɠ ɞˊɞɑɞɡɠ ɛˊɞɟŮɑ ɜŬ 

ɢɟɞɜɞŭɟɞɛɞɚɞɔɖɗŮɑ ɖ ŮűŬɟɛɞɔɐ.      

ũɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɞɡ ŬɜŰŬɔɤɜɘůɛɞɨ ɔɘŬ Űɖɜ LLC, ɛɘŬ Ŭəɧɛɖ ɚɨůɖ 

ˊɟɞŰɎɗɖəŮ ŬɡŰɐ Űɖ űɞɟɎ Ŭˊɧ Űɞɡɠ A. Fedorova, M. Seltzer əŬɘ M. D. Smith. Ʉɘɞ 



 

12 

 

ůɡɔəŮəɟɘɛɏɜŬ ŬɜŬŰɑɗŮŰŬɘ ɏɜŬ ˊɟɞəŬɗɞɟɘůɛɏɜɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ɔɘŬ Űɞ ɞˊɞɑɞ ɛˊɞɟŮɑ 

ɜŬ ŮəŰŮɚŮɑŰŬɘ ɛɘŬ ŮűŬɟɛɞɔɐ ůŮ ɏɜŬ ˊɡɟɐɜŬ ɢɤɟɑɠ ŬɡŰɐ ɜŬ ŮəŰɞˊɑɕŮŰŬɘ Ŭˊɧ ɜɏŮɠ 

ŭɘŮɟɔŬůɑŮɠ. ȳůɞ ɞɘ ŮűŬɟɛɞɔɏɠ ŮəŰŮɚɞɨɜŰŬɘ ɡˊɞɚɞɔɑɕŮŰŬɘ Űɞ IPC ˊɞɡ ŮɛűŬɜɑɕɞɡɜ əŬɘ 

ŬɜɎɚɞɔŬ ɛŮ Űɞ ŮɎɜ ɝŮˊŮɟɜɎ ɏɜŬ ɧɟɘɞ ɐ ŮɑɜŬɘ ˊɞɚɨ ˊɘɞ ɢŬɛɖɚɧ Ŭˊɧ ɏɜŬ Ɏɚɚɞ ŮˊɘɗɡɛɖŰɧ 

ɧɟɘɞ, Űɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ŮəŰɏɚŮůɖɠ Űɖɠ ŮəɎůŰɞŰŮ ŮűŬɟɛɞɔɐɠ ɛŮɘɩɜŮŰŬɘ ɐ ŬɡɝɎɜŮŰŬɘ 

ŬɜŰɘůŰɞɑɢɤɠ [24]. ȼ Ŭɨɝɖůɖ Űɞɡ ɢɟɞɜɘəɞɨ ŭɘŬůŰɐɛŬŰɞɠ ŮəŰɏɚŮůɖɠ ɔɑɜŮŰŬɘ ɛŮ ůŰɧɢɞ ɜŬ 

ɛɖɜ ŮəŰɞˊɑɕŮŰŬɘ ɛɘŬ ŮűŬɟɛɞɔɐ ɛŮ ɛŮɘɤɛɏɜɖ Ůˊɑŭɞůɖ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɜŰɘɛŮŰɤˊɑůŮɘ 

ɧůɞ Űɞ ŭɡɜŬŰɧɜ ɚɘɔɧŰŮɟŬ LLC misses. 

2.2 ɈɚɞˊɞɘɐůŮɘɠ ɆɡɜŭɡŬůɛɞɨ Profiling/Online Monitoring 

əŬɘ ȾŬŰŬɜɞɛɐɠ Űɖɠ Cache 

Ƀɘ ɡɚɞˊɞɘɐůŮɘɠ Űɤɜ ŭɨɞ ˊɟɞɖɔɞɨɛŮɜɤɜ ŮɜɞŰɐŰɤɜ Ŭɜ əŬɘ ɓŮɚŰɘɩɜɞɡɜ ůɖɛŬɜŰɘəɎ Űɞ QoS 

Űɞɡ ůɡůŰɐɛŬŰɞɠ, ɛˊɞɟŮɑ ɜŬ əŬŰŬɚɐɝɞɡɜ ůŮ ɛŮɘɤɛɏɜɖ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɖ cache. ȰŰůɘ, 

ŬɜŬˊŰɨɢɗɖəŬɜ ɛɖɢŬɜɘůɛɞɑ ɞɘ ɞˊɞɑɞɘ ŮəɛŮŰŬɚɚŮɨɞɜŰŬɘ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ Űɖɠ cache ɜŬ 

çůˊɎŮɘè ůŮ ŰɛɐɛŬŰŬ. Ƀɘ ɡɚɞˊɞɘɐůŮɘɠ Űɤɜ ɛɖɢŬɜɘůɛɩɜ ůɡɜŭɡɎɕɞɡɜ Űɘɠ ŰŮɢɜɘəɏɠ Űɞɡ 

profiling ɐ Űɞɡ online monitoring ɛŮ ɛɖɢŬɜɘůɛɞɨɠ Űɞɡ ɡɚɘəɞɨ ɞɘ ɞˊɞɑɞɘ ɏɢɞɡɜ Űɖɜ 

ɘəŬɜɧŰɖŰŬ ɜŬ əŬŰŬɜɏɛɞɡɜ Űɖɜ cache ɛŮŰŬɝɨ Űɤɜ ůɡɜŮəŰŮɚɞɨɛŮɜɤɜ ŮűŬɟɛɞɔɩɜ.   

ȰɜŬ ˊɟɩŰɞ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ Űo PARTIES, ɏɜŬɠ ŮɚŮɔəŰɐɠ əŬɘ əŬŰŬɜŮɛɖŰɐɠ ˊɧɟɤɜ 

ɔɘŬ ɡˊɖɟŮůɑŮɠ ɜɏűɞɡɠ ɞ ɞˊɞɑɞɠ ŮˊɘŰɟɏˊŮɘ ůŮ ˊɞɚɚŬˊɚɏɠ LC ɡˊɖɟŮůɑŮɠ ɜŬ 

ɘəŬɜɞˊɞɘɐůɞɡɜ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ ɔɘŬ Űɞ QoS Űɞɡɠ. ȾŬŰɎ Űɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ɔɑɜŮŰŬɘ 

ɢɟɐůɖ ɛɖɢŬɜɘůɛɩɜ Ŭˊɞɛɧɜɤůɖɠ ˊɧɟɤɜ ůŮ ŮˊɑˊŮŭɞ ɡɚɘəɞɨ əŬɘ ɚɞɔɘůɛɘəɞɨ Ůɜɩ ɔɘŬ Űɘɠ 

ŭɘŮɟɔŬůɑŮɠ ˊɞɡ əŬŰŬűŰɎɜɞɡɜ ůŰɞ ůɨůŰɖɛŬ ŭŮɜ ŬˊŬɘŰŮɑŰŬɘ əŬɛɑŬ Ůə Űɤɜ ˊɟɞŰɏɟɤɜ 

ɔɜɩůɖ. ɇɞ ˊɟɩŰɞ ůŰɞɘɢŮɑɞ ˊɞɡ ŬˊŬɟŰɑɕŮɘ Űɞ PARTIES ŮɑɜŬɘ ɏɜŬɠ ɛɖɢŬɜɘůɛɧɠ 

ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɖɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ Űɖɠ ɛɜɐɛɖɠ, Űɖɠ ɢɟɐůɖɠ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ Űɞɡ 

ŭɘəŰɨɞɡ əŬɘ Űɖɠ əŬɗɡůŰɏɟɖůɖ Űɖɠ ɞɡɟɎɠ ɔɘŬ əɎɗŮ ŮűŬɟɛɞɔɐ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞ 

ůɨůŰɖɛŬ. ɇɞ ŭŮɨŰŮɟɞ ůŰɞɘɢŮɑɞ ŮɑɜŬɘ ɏɜŬɠ əŬŰŬɜŮɛɖŰɐɠ ˊɧɟɤɜ ɞ ɞˊɞɑɞɠ, ŬɜɎɚɞɔŬ ɛŮ Űɘɠ 

ɛŮŰɟɐůŮɘɠ ˊɞɡ ɏɢŮɘ ɚɎɓŮɘ ɞ ˊɟɞŬɜŬűŮɟɗŮɑɠ ɛɖɢŬɜɘůɛɧɠ ˊŬɟŬəɞɚɞɨɗɖůɖɠ, əŬŰŬɜɏɛŮɘ 

ŬɜŬɚɧɔɤɠ Űɞɡɠ ˊɧɟɞɡɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ (ˊɡɟɐɜŮɠ, ɢɩɟɞɠ əɟɡűɐɠ ɛɜɐɛɖɠ, ůɡɢɜɧŰɖŰŬ, 

ɢɤɟɖŰɘəɧŰɖŰŬ ɛɜɐɛɖɠ, Ůɨɟɞɠ ɕɩɜɖɠ ŭɑůəɞɡ) ɛŮ Űɖɜ ɢɟɐůɖ Űɤɜ ɛɖɢŬɜɘůɛɩɜ 

Ŭˊɞɛɧɜɤůɖɠ. ȳŰŬɜ ˊŬɟŬŰɖɟɖɗŮɑ ɛɘŬ ɛɘəɟɐ ɛŮɑɤůɖ ůŰɖɜ Ůˊɑŭɞůɖ Űɤɜ ŮűŬɟɛɞɔɩɜ 

ŬɜŬŰɑɗŮŰŬɘ əɎɗŮ űɞɟɎ, ŰɡɢŬɑŬ, ɏɜŬɠ ˊɧɟɞɠ ůŰɖɜ LC ŮűŬɟɛɞɔɐ ɛŮ Űɖɜ ɛɘəɟɧŰŮɟɖ 

ɢŬɚɎɟɤůɖ ůŰɖɜ Ůˊɑŭɞůɐ Űɖɠ. ȾɎɗŮ ɏɜŬ ˊɟɞəŬɗɞɟɘůɛɏɜɞ əɓɎɜŰɞ ɢɟɧɜɞɡ ɞɘ ŬɚɚŬɔɏɠ ˊɞɡ 
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ɏɔɘɜŬɜ, ůɢŮŰɘəɎ ɛŮ Űɖɜ əŬŰŬɜɞɛɐ Űɤɜ ˊɧɟɤɜ, ŮɝŮŰɎɕɞɜŰŬɘ Ŭˊɧ Űɞɜ ɛɖɢŬɜɘůɛɧ 

ˊŬɟŬəɞɚɞɨɗɖůɖɠ əŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ɛŮŰɟɐůŮɘɠ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ŬˊɞűŬůɑɕŮŰŬɘ ŮɎɜ 

ˊɟɏˊŮɘ ɜŬ ŬˊɞŭŮůɛŮɡŰŮɑ əɎˊɞɘɞɠ ˊɧɟɞɠ Ŭˊɧ ɛɘŬ LC ŮűŬɟɛɞɔɐ, ɚɧɔɞ ˊɞɚɨ Ŭɡɝɖɛɏɜɖɠ 

Ůˊɑŭɞůɖɠ, ɐ Ŭɜ ˊɟɏˊŮɘ ɜŬ əŬŰŬɜŮɛɖɗŮɑ Ůə ɜɏɞɡ əɎˊɞɘɞɠ Ɏɚɚɞɠ ˊɧɟɞɠ ůŮ ɛɘŬ ŮűŬɟɛɞɔɐ, 

ɚɧɔɞ ɛŮɘɤɛɏɜɖɠ Ůˊɑŭɞůɖɠ. ɆŰɖɜ ŬəɟŬɑŬ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɛɘŬ LC ŭɘŮɟɔŬůɑŬ ŭŮɜ 

əŬŰŬűɏɟŮɘ ɛŮŰɎ Ŭˊɧ ŬɟəŮŰɧ ɢɟɧɜɞ ɜŬ ŰɖɟɐůŮɘ Űɞ SLO Űɖɠ, ŮˊɘɚɏɔŮŰŬɘ ɖ  ŮűŬɟɛɞɔɐ ˊɞɡ 

ɗŬ ˊɟɞəŬɚɏůŮɘ Űɞ ɚɘɔɧŰŮɟɞ əɧůŰɞɠ əŬŰɎ Űɖɜ ɛŮŰŬəɑɜɖůɐ Űɖɠ əŬɘ ɢɟɞɜɞŭɟɞɛɞɚɞɔŮɑŰŬɘ 

ůŮ Ɏɚɚɞ ɛɖɢɎɜɖɛŬ.  

ɀŮ Űɖɜ ɢɟɐůɖ online ŬɚɚɎ əŬɘ offline profiling ůŰɞ KPart [12] ɞɟɑɕŮŰŬɘ ɖ ŮɡŬɘůɗɖůɑŬ 

Űɤɜ ŮűŬɟɛɞɔɩɜ ɤɠ ˊɟɞɠ Űɖɜ cache ˊɞɡ Űɞɡɠ ˊŬɟŬɢɤɟŮɑŰŬɘ ɛŮŰɟɩɜŰŬɠ ŰŬ LLC misses, 

Űɞ IPC əŬɘ Űɞ bandwidth Űɖɠ ɛɜɐɛɖɠ. ȰŰůɘ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ůɡɛɓŬŰɧŰɖŰŬ ˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɞɘ ŮűŬɟɛɞɔɏɠ ɤɠ ˊɟɞɠ Űɖɜ əɞɘɜɐ ɢɟɐůɖ Űɖɠ cache ɢɤɟɑɕɞɜŰŬɘ ůŮ ɞɛɎŭŮɠ. 

ɀŮ ůəɞˊɧ ɜŬ əŬŰŬɜŮɛɖɗŮɑ ɖ cache ɛŮŰŬɝɨ Űɤɜ ɞɛɎŭɤɜ ˊɞɡ ɏɢɞɡɜ ŭɖɛɘɞɡɟɔɖɗŮɑ, 

ŮəŰŮɚŮɑŰŬɘ Ŭəɧɛɖ ɏɜŬ profiling. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ŮɝŮŰɎɕŮŰŬɘ əŬɘ ˊɎɚɘ ɖ ŮɡŬɘůɗɖůɑŬ 

ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ůɡɜɞɚɘəɎ ɖ əɎɗŮ ɞɛɎŭŬ ɤɠ ˊɟɞɠ Űɖɜ əŬŰŬɜɞɛɐ Űɖɠ cache. ȰŰůɘ ɞ 

ɛɖɢŬɜɘůɛɧɠ ŬˊɞűŬɑɜŮŰŬɘ ɤɠ ˊɟɞɠ Űɞ ɛɏɔŮɗɞɠ Űɖɠ cache ˊɞɡ ɗŬ ˊŬɟŬɢɤɟɖɗŮɑ ůŮ əɎɗŮ 

ɞɛɎŭŬ. ȼ Ŭɝɘɞɚɧɔɖůɖ Űɞɡ KPart ůŮ ɏɜŬ ˊɟŬɔɛŬŰɘəɧ ůɨůŰɖɛŬ ɏŭŮɘɝŮ ɧŰɘ ɛˊɞɟŮɑ ɜŬ 

ɓŮɚŰɘɩůŮɘ Űɖɜ Ŭˊɧŭɞůɖ əŬŰɎ 24% əŬŰɎ ɛɏůɞ ɧɟɞ. 

ɇɞ Ubik ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞɡɠ H. Kasture əŬɘ D. Sanchez ɞɘ ɞˊɞɑɞɘ ɡɚɞˊɞɑɖůŬɜ ɏɜŬ 

ŭɡɜŬɛɘəɧ ɛɖɢŬɜɘůɛɧ əŬŰŬɛŮɟɘůɛɞɨ Űɖɠ cache ɞ ɞˊɞɑɞɠ ˊɟɞɓɚɏˊŮɘ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ 

Űɤɜ LC ŮűŬɟɛɞɔɩɜ ɛŮɔɘůŰɞˊɞɘɩɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ Űɞɜ ŭɘŬɗɏůɘɛɞ ɢɩɟɞ Űɖɠ cache ɔɘŬ Űɘɠ 

ɡˊɧɚɞɘˊŮɠ ŮűŬɟɛɞɔɏɠ. Ƀɘ H. Kasture əŬɘ D. Sanchez ɡɚɞˊɞɑɖůŬɜ Űɞ Ubik ɛŮ ŭɨɞ 

Űɟɧˊɞɡɠ. Ƀ ˊɟɩŰɞɠ ɞɜɞɛɎɕŮŰŬɘ Strict Ubik əŬɘ ˊŬɟɏɢŮɘ ŬɡůŰɖɟɏɠ ŮɔɔɡɐůŮɘɠ ɔɘŬ Űɖɜ 

Ůˊɑŭɞůɖ Űɤɜ LC ŮűŬɟɛɞɔɩɜ əɎɜɞɜŰŬɠ ůɡɜŰɖɟɖŰɘəɏɠ ˊŬɟŬŭɞɢɏɠ Ůɜɩ ɞ ŭŮɨŰŮɟɞɠ 

ɞɜɞɛɎɕŮŰŬɘ Ubik with slack ůŰɞɜ ɞˊɞɑɞ ɞɘ ˊŬɟŬŭɞɢɏɠ ɔɑɜɞɜŰŬɘ ɛŮ ɛŮɔŬɚɨŰŮɟɖ 

ɢŬɚŬɟɧŰɖŰŬ. ȾŬŰɎ Űɖɜ ˊɟɩŰɖ ɡɚɞˊɞɑɖůɖ (Strict Ubik) ůŰɖɜ LC ŮűŬɟɛɞɔɐ ŭɑɜŮŰŬɘ Űɧůɖ 

cache ɧůɖ ɏɢŮɘ űŬɜŮɑ Ŭˊɧ Űɞ profiling ˊɤɠ ɢɟŮɘɎɕŮŰŬɘ ɔɘŬ ɜŬ ɚŮɘŰɞɡɟɔŮɑ ɛŮ 

ɘəŬɜɞˊɞɘɖŰɘəɐ Ůˊɑŭɞůɖ. ȳŰŬɜ ɖ LC ŮűŬɟɛɞɔɐ ɔɑɜŮɘ ŬŭɟŬɜɐɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ɛŮɔɘůŰɞˊɞɘɖɗŮɑ ɖ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɖɠ cache, Űɖɠ ŬűŬɘɟŮɑŰŬɘ ɏɜŬ ɛɏɟɞɠ Űɖɠ LLC  əŬɘ 

ŭɑɜŮŰŬɘ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ ŮűŬɟɛɞɔɏɠ ˊɞɡ ůɡɜŮəŰŮɚɞɨɜŰŬɘ ɛŬɕɑ Űɖɠ. ȳŰŬɜ ɖ LC ŮűŬɟɛɞɔɐ 

ɔɑɜŮɘ ɝŬɜɎ ŮɜŮɟɔɐ ŰɧŰŮ Űɖɠ ˊŬɟŬɢɤɟŮɑŰŬɘ ɏɜŬ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɖɠ cache Ŭɧ́ ɧŰɘ ŮɑɢŮ 

ŬɟɢɘəɎ, Űɞ ɞˊɞɑɞ ŬűŬɘɟŮɑŰŬɘ Ŭˊɧ Űɘɠ ɡˊɧɚɞɘˊŮɠ ŮűŬɟɛɞɔɏɠ, ɛŮ ůəɞˊɧ ɜŬ ŬɜŬəɎɛɣŮɘ ɖ 

LC ŭɘŮɟɔŬůɑŬ. ɀŮ Űɞ ˊɞɡ ŬɜŬəɎɛˊŰŮɘ ɖ LC ŮűŬɟɛɞɔɐ, Űɐɠ ŬűŬɘɟŮɑŰŬɘ ɝŬɜɎ ɏɜŬ ɛɏɟɞɠ 
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Űɖɠ LLC, Űɞ ɞˊɞɑɞ ˊŬɟŬɢɤɟŮɑŰŬɘ əŬɘ ˊɎɚɘ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ ŮűŬɟɛɞɔɏɠ, ɏŰůɘ ɩůŰŮ ɖ LC 

ŮűŬɟɛɞɔɐ ɜŬ əŬŰɏɢŮɘ Űɞ ɛɏɟɞɠ Űɖɠ cache ˊɞɡ əŬŰŮɑɢŮ ŬɟɢɘəɎ. ȼ ˊŬɟŬɢɩɟɖůɖ Ůɜɧɠ 

ɛŮɔŬɚɨŰŮɟɞɡ ɛɏɟɞɡɠ Űɖɠ cache Ŭˊɧ ɧŰɘ ɏɢɞɡɜ ŬɜɎɔəɖ ɞɘ LC ŮűŬɟɛɞɔɏɠ əŬŰɎ Űɖɜ 

ɛŮŰɎɓŬůɐ Űɞɡɠ Ŭˊɧ Űɖɜ ŬŭɟŬɜɐ ůŰɖɜ ŮɜŮɟɔɐ əŬŰɎůŰŬůɖ, ɏŭŮɘɝŮ ˊɤɠ ůŮ ɛŮɟɘəɏɠ 

ˊŮɟɘˊŰɩůŮɘɠ ŭŮɜ ŮˊɘűɏɟŮɘ əɎˊɞɘŬ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ ůŰɖɜ Ůˊɑŭɞůɖ Űɤɜ ŮűŬɟɛɞɔɩɜ. 

ȰŰůɘ  ůŰɖ ŭŮɨŰŮɟɖ ɡɚɞˊɞɑɖůɖ (Ubik with slack) ɡˊɞɚɞɔɑɕŮŰŬɘ ɏɜŬ ɢŬɚŬɟɧŰŮɟɞ ɧɟɘɞ, 

ŮˊɘŰɟɏˊɞɜŰŬɠ ɛŮɔŬɚɨŰŮɟŮɠ ɡˊɞɓŬɗɛɑůŮɘɠ ůŰɖɜ Ůˊɑŭɞůɖ Űɖɠ LC ŮűŬɟɛɞɔɐɠ. ɀŮ Űɞɜ 

Űɟɧˊɞ ŬɡŰɧ ɛŮɘɩɜŮŰŬɘ əŬɘ ɖ ůɡɢɜɧŰɖŰŬ ɛŮ Űɖɜ ɞˊɞɑŬ ŬɚɚɎɕɞɡɜ ɞɘ əŬŰŬɜɞɛɏɠ Űɖɠ cache 

ɛŮŰŬɝɨ Űɖɠ LC ŭɘŮɟɔŬůɑŬɠ əŬɘ Űɤɜ ɡˊɞɚɞɑˊɤɜ ŮűŬɟɛɞɔɩɜ. ɇŬɡŰɧɢɟɞɜŬ ɓŮɚŰɘɩɜŮŰŬɘ 

əŬɘ ɖ Ůˊɑŭɞůɖ Űɤɜ ŮűŬɟɛɞɔɩɜ ˊɞɡ ůɡɜŮəŰŮɚɞɨɜŰŬɘ ɛŮ Űɖɜ LC ŭɘŮɟɔŬůɑŬ, Ŭűɞɨ Űɞɡɠ 

əŬŰŬɜɏɛŮŰŬɘ ɏɜŬ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɖɠ cache.   
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3  

ɇŮɢɜɞɚɞɔɑŮɠ IntelÈ CMT-CAT 

ȼ Intel ŬɜɏˊŰɡɝŮ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ IntelÈ RDT [22] ɖ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑ ɏɜŬ ɛɖɢŬɜɘůɛɧ 

ŭɘŬɢŮɑɟɘůɖɠ Űɖɠ cache ůŮ ŮˊɑˊŮŭɞ ɡɚɘəɞɨ. ɈˊɞůŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɞɡɠ ŮˊŮɝŮɟɔŬůŰɏɠ ˊɞɡ 

Ŭɜɐəɞɡɜ ůŰɖɜ ɞɘəɞɔɏɜŮɘŬ IntelÈ XeonÈ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ůəɞˊɞɨɠ ŮˊɘŰɐɟɖůɖɠ 

əŬɘ əŬŰŬɜɞɛɐɠ Űɤɜ ŭɘŬɛɞɘɟŬɕɧɛŮɜɤɜ ˊɧɟɤɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɘɠ 

ŰŮɢɜɞɚɞɔɑŮɠ CMT əŬɘ CAT. ɇɞ CMT ŮˊɘŰɟɏˊŮɘ Űɖɜ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɖɠ ɢɟɐůɖɠ Űɖɠ 

LLC Ŭˊɧ Űɘɠ ŮűŬɟɛɞɔɏɠ ˊɞɡ ŮəŰŮɚɞɨɜŰŬɘ ůŰɞ ůɨůŰɖɛŬ əŬɘ Űɞ CAT əŬɗɘůŰɎ ŭɡɜŬŰɐ Űɖɜ 

əŬŰŬɜɞɛɐ Űɖɠ cache ŬɜɎɛŮůŬ ůŰɘɠ ŮűŬɟɛɞɔɏɠ. ɆŰɞɡɠ ŮˊŮɝŮɟɔŬůŰɏɠ Űɖɠ 

ɞɘəɞɔɏɜŮɘŬɠ  IntelÈ XeonÈ E5 v4 Űɞ RDT ɡˊɞůŰɖɟɑɕŮɘ əŬɘ Űɘɠ ŰŮɢɜɞɚɞɔɑŮɠ Code and 

Data Prioritization (CDP) əŬɘ Memory Bandwidth Monitoring (MBM). ȼ ˊɟɩŰɖ 

ŮˊɘŰɟɏˊŮɘ Űɖɜ ɝŮɢɤɟɘůŰɐ ŰɞˊɞɗɏŰɖůɖ Űɞɡ əɩŭɘəŬ əŬɘ Űɤɜ ŭŮŭɞɛɏɜɤɜ ůŰɖɜ LLC Ůɜɩ ɖ 

ŭŮɨŰŮɟɖ ŮˊɘɓɚɏˊŮɘ Űɖ ɢɟɐůɖ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ Űɖɠ ɛɜɐɛɖɠ.  

3.1 CMT 

ȳˊɤɠ ɏɢɞɡɛŮ ŬɜŬűɏɟŮɘ ɖ ŰŮɢɜɞɚɞɔɑŬ CMT ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬəɞɚɞɨɗɖůɖ 

Űɤɜ ŭɘŬɛɞɘɟŬɕɧɛŮɜɤɜ ˊɧɟɤɜ. ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ůɡɔəŮəɟɘɛɏɜɖ ɚŮɘŰɞɡɟɔɑŬ 

ˊɟɞůŰɏɗɖəŮ ɏɜŬ ŮˊɑˊŮŭɞ ŬűŬɑɟŮůɖɠ ɛŮŰŬɝɨ Űɤɜ ŮűŬɟɛɞɔɩɜ ˊɞɡ ŮəŰŮɚɞɨɜŰŬɘ ůŰɞ 

ůɨůŰɖɛŬ əŬɘ Űɤɜ ˊɡɟɐɜɤɜ, ɔɜɤůŰɧ ɤɠ Resource Monitoring IDs (RMIDs).  ȰɜŬ RMID 

ɛˊɞɟŮɑ ɜŬ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɏɜŬ ɛɧɜɞ ˊɡɟɐɜŬ ɐ əŬɘ ůŮ ˊɞɚɚɞɨɠ ɔɘŬ ůəɞˊɞɨɠ ɞɛŬŭɞˊɞɑɖůɖɠ 

Űɞɡɠ (ˊ.ɢ. ůŮ ˊŮɟɘˊŰɩůŮɘɠ ˊɞɚɡɜɖɛŬŰɘəɩɜ ŮűŬɟɛɞɔɩɜ.) ɇŬ RMIDs ɧɛɤɠ ŭŮɜ 

ůɡůɢŮŰɑɕɞɜŰŬɘ ɛɧɜɞ ɛŮ ˊɡɟɐɜŮɠ. ɈˊɎɟɢŮɘ Ůˊɑůɖɠ ɖ ŭɡɜŬŰɧŰɖŰŬ ŬɜŰɘůŰɞɑɢɘůɐɠ Űɞɡɠ ůŮ 

ɜɐɛŬŰŬ (threads), ŮűŬɟɛɞɔɏɠ (applications) ɐ Ůɘəɞɜɘəɏɠ ɛɖɢŬɜɏɠ (virtual machines, 

VMs), ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 3-1. ȾɎɗŮ ˊɡɟɐɜŬɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ Ŭɟɘɗɛɧ 

RMIDs əŬɘ əɎɗŮ ůŰɘɔɛɐ ɛɧɜɞ ɏɜŬ RMID ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŮɜŮɟɔɧ. 
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Ƀ əŬŰŬɢɤɟɖŰɐɠ IA32_PQR_ASSOC (PQR) MSR (Model Specific Register) ˊɞɡ 

ŬɜŬˊŬɟɑůŰŬŰŬɘ  ůŰɖɜ ŮɘəɧɜŬ 3-2, ůɡɜŬɜŰɎŰŬɘ ůŮ əɎɗŮ ˊɡɟɐɜŬ əŬɘ ˊŮɟɘɏɢŮɘ ˊɎɜŰŬ Űɞ 

RMID ˊɞɡ ŮɑɜŬɘ ŮɜŮɟɔɧ əɎɗŮ ŭŮŭɞɛɏɜɖ ůŰɘɔɛɐ. ȳŰŬɜ ɛɘŬ ɜɏŬ ŮűŬɟɛɞɔɐ əŬŰŬűɗɎɜŮɘ 

ɔɘŬ ŮəŰɏɚŮůɖ ůŮ ɏɜŬ ˊɡɟɐɜŬ, ŰɧŰŮ ɞ PQR ŮɜɖɛŮɟɩɜŮŰŬɘ əŬɘ Űɞ ˊŮŭɑɞ Űɞɡ RMID (RMID 

Field) ŬˊɞəŰɎ Űɘɛɐ ɑůɖ ɛŮ Űɞ RMID Űɖɠ ŮəɎůŰɞŰŮ ŮűŬɟɛɞɔɐɠ. ɀŮ Űɞ Űɟɧˊɞ ŬɡŰɧ 

ůɡůɢŮŰɑɕŮŰŬɘ ɛɘŬ ŮűŬɟɛɞɔɐ/ɜɐɛŬ/VM ɛŮ ɏɜŬ RMID əŬɘ ɞɘ ɛɖɢŬɜɘůɛɞɑ 

ˊŬɟŬəɞɚɞɨɗɖůɖɠ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ɔɜɤɟɑɕɞɡɜ ˊɞɘŬ ŮűŬɟɛɞɔɐ ŮˊɘŰɖɟŮɑŰŬɘ. 

 

 

 

 

 

 

 

Ƀɘ ɛɖɢŬɜɘůɛɞɑ ŮˊɘŰɐɟɖůɖɠ ˊɟɏˊŮɘ ɧɛɤɠ ɜŬ ɔɜɤɟɑɕɞɡɜ əŬɘ ɔɘŬ ˊɞɘŬ ŭŮŭɞɛɏɜŬ ŮˊɘɗɡɛŮɑ 

ɞ ɢɟɐůŰɖɠ ɜŬ ɚŬɛɓɎɜŮɘ ˊɚɖɟɞűɞɟɑŮɠ. ȰŰůɘ, ɞ əŬŰŬɢɤɟɖŰɐɠ IA32_QM_EVTSEL MSR 

ˊɞɡ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 3-3 ůɡɜŭɡɎɕŮɘ Űɞ RMID ɛŮ ɏɜŬ EventID. ɇɞ EventID 

ŬɜŰɘəŬŰɞˊŰɟɑɕŮɘ Űɞ Ůɑŭɞɠ Űɤɜ ŭŮŭɞɛɏɜɤɜ ɔɘŬ ŰŬ ɞˊɞɑŬ ɗŬ ɚŬɛɓɎɜɞɜŰŬɘ ˊɚɖɟɞűɞɟɑŮɠ 

Ůɜɩ ɧˊɤɠ əŬɘ ˊɟɞɖɔɞɨɛŮɜɞɠ Űɞ RMID ůɡɛɓɞɚɑɕŮɘ Űɖɜ ŮəɎůŰɞŰŮ ŮűŬɟɛɞɔɐ. ɋɠ 

ŬˊɞŰɏɚŮůɛŬ, ɞ ɛɖɢŬɜɘůɛɧɠ ŮɜɖɛŮɟɩɜŮŰŬɘ əŬɘ ɤɠ ˊɟɞɠ ŰŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ˊɟɏˊŮɘ ɜŬ 

ŮˊɘŰɖɟŮɑ ɔɘŬ Űɖɜ əɎɗŮ ŮűŬɟɛɞɔɐ.    

ȺɘəɧɜŬ 3-1: ȷɜŰɘůŰɞɑɢɘůɖ  Űɤɜ RMIDs 

ȺɘəɧɜŬ 3-2: Ƀ əŬŰŬɢɤɟɖŰɐɠ IA32_PQR_ASSOC (PQR) MSR 
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ɇɏɚɞɠ, ŰŬ ŭŮŭɞɛɏɜŬ əŬŰŬɢɤɟɞɨɜŰŬɘ ůŮ ɏɜŬ Ɏɚɚɞ əŬŰŬɢɤɟɖŰɐ, Űɞɜ IA32_QM_CTR 

MSR, ɞ ɞˊɞɑɞɠ ˊŮɟɘɏɢŮɘ əŬɘ ŭɨɞ bits ɔɘŬ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ŮɔəɡɟɧŰɖŰŬɠ Űɤɜ ŭŮŭɞɛɏɜɤɜ.  

 

3.2 CAT 

ȳˊɤɠ əŬɘ ůŰɞ CMT, ɏŰůɘ əŬɘ ɔɘŬ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ CAT ɏɢŮɘ ˊɟɞůŰŮɗŮɑ ɏɜŬ ŮˊɑˊŮŭɞ 

ŬűŬɑɟŮůɖɠ, ɔɜɤůŰɧ ɤɠ Class of Service (COS ɐ CLOS). ɇŬ COS ɚŮɘŰɞɡɟɔɞɨɜ əŬɘ ŬɡŰɎ 

ɤɠ ŮŰɘəɏŰŮɠ ɔɘŬ Űɖɜ ɞɛŬŭɞˊɞɑɖůɖ Űɤɜ  ŮűŬɟɛɞɔɩɜ, ɜɖɛɎŰɤɜ ɐ Űɤɜ VMs, ɞɟɑɕɞɜŰŬɠ ŰŬ 

cache ways ůŰŬ ɞˊɞɑŬ ɛˊɞɟɞɨɜ ɜŬ ɏɢɞɡɜ ˊɟɧůɓŬůɖ ŰŬ çɛɏɚɖè Űɖɠ əɎɗŮ ɞɛɎŭŬɠ. ɇɞ 

COS ŬˊɞɗɖəŮɨŮŰŬɘ əŬɘ ŬɡŰɧ ůŰɞɜ əŬŰŬɢɤɟɖŰɐ IA32_PQR_ASSOC (PQR) MSR 

(ȺɘəɧɜŬ 3-2) əŬɘ ŮɑɜŬɘ ŮɜŰŮɚɩɠ ŬɜŮɝɎɟŰɖŰɞ Ŭˊɧ Űɞ RMID.  

 

 

 

 

ȺɘəɧɜŬ 3-3: Ƀ əŬŰŬɢɤɟɖŰɐɠ IA32_QM_EVTSEL MSR 

ȺɘəɧɜŬ 3-5: ȷɜŰɘůŰɞɑɢɘůɖ ůŮ COS 

ȺɘəɧɜŬ 3-4: O əŬŰŬɢɤɟɖŰɐɠ IA32_QM_CTR MSR 
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Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɧůɞ ŬűɞɟɎ Űɖɜ LLC (L3 cache), ɔɘŬ əɎɗŮ COS ɛˊɞɟɞɨɛŮ ɜŬ 

əŬɗɞɟɑůɞɡɛŮ ɛɘŬ ɛɎůəŬ. Ƀɘ ɛɎůəŮɠ ɞɟɑɕɞɜŰŬɘ ůŮ ɏɜŬ ɛˊɚɞə Ŭˊɧ MSRs, Űɞ 

IA32_L3_QOS_MASK_n, ɧˊɞɡ Űɞ n ůɡɛɓɞɚɑɕŮɘ Űɞɜ Ŭɟɘɗɛɧ Űɞɡ ŮəɎůŰɞŰŮ COS. 

Ɇəɞˊɧɠ Űɖɠ ɛɎůəŬɠ ŮɑɜŬɘ ɜŬ əŬɗɞɟɑůŮɘ Űɖɜ ˊɞůɧŰɖŰŬ Űɖɠ LLC ˊɞɡ ŮɑɜŬɘ ŭɘŬɗɏůɘɛɖ ɔɘŬ 

əɎɗŮ COS. ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 3-6, əɎɗŮ ɛɎůəŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ɢŬɟŬəŰɐɟŮɠ ç0è (əŮɜɧ əɞɡŰɑ)  əŬɘ ç1è (əɞɡŰɑ ɛŮ ɢŬɟŬəŰɐɟŬ çȷè) əŬɘ Űɞ ɎɗɟɞɘůɛŬ Űɤɜ 

ɢŬɟŬəŰɐɟɤɜ ŮɑɜŬɘ ɑůɞ ɛŮ ŰŬ cache ways ůŰŬ ɞˊɞɑŬ ɢɤɟɑɕŮŰŬɘ ɖ LLC. ɇɞ ç0è 

ŬɜŬˊŬɟɘůŰɎ Űɖɜ ŬˊŬɔɧɟŮɡůɖ Űɖɠ ɢɟɐůɖɠ Űɞɡ ŮəɎůŰɞŰŮ way Ŭˊɧ Űɞ COS Ůɜɩ Űɞ 1 

ůɡɛɓɞɚɑɕŮɘ Űɖɜ ɎŭŮɘŬ ɢɟɐůɖɠ Űɞɡ. ȺɑɜŬɘ ůɖɛŬɜŰɘəɧ ɜŬ ŰɞɜɘůŰŮɑ ˊɤɠ ŮˊɘŰɟɏˊɞɜŰŬɘ ɛɧɜɞ 

ůɡɜŮɢɧɛŮɜɞɘ ůɡɜŭɡŬůɛɞɑ Űɞɡ ç1è. ȹɖɚŬŭɐ ɏɜŬ COS ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ ˊɟɧůɓŬůɖ ɛɧɜɞ ůŮ 

ůɡɜŮɢɧɛŮɜŬ ways Űɖɠ cache. Ⱥˊɑůɖɠ, ůŮ ɏɜŬ ůɨůŰɖɛŬ ŬɟɢɘəɎ ɧɚɞɘ ɞɘ ˊɡɟɐɜŮɠ ŮɑɜŬɘ 

ɞɟɘůɛɏɜɞɘ ůŰɞ COS0, ɛŮ ůəɞˊɧ ɧɚɞɘ ɞɘ ˊɡɟɐɜŮɠ ɜŬ ɏɢɞɡɜ əɞɘɜɐ ˊɟɧůɓŬůɖ ůŮ ɧɚɖ Űɖ 

cache. H ɛɎůəŬ Űɞɡ COS0 ŬɜŬˊŬɟɑůŰŬŰŬɘ ůŰɖ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ (Default Bitmask) Űɖɠ 

ŮɘəɧɜŬɠ 3-6. ȼ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ (Overlapped Bitmask) ŬɜŬˊŬɟɘůŰɎ ůŮɜɎɟɘɞ əŬŰɎ Űɞ 

ɞˊɞɑɞ ŭɘŬűɞɟŮŰɘəɎ COS ɛˊɞɟɞɨɜ ɜŬ ɏɢɞɡɜ ˊɟɧůɓŬůɖ ůŮ əɞɘɜɎ cache ways Ůɜɩ ɖ ŰɟɑŰɖ 

ˊŮɟɑˊŰɤůɖ (Isolated Bitmask) ˊŬɟɞɡůɘɎɕŮɘ ɏɜŬ ůŮɜɎɟɘɞ əŬŰɎ Űɞ ɞˊɞɑɞ ůŮ əɎɗŮ COS 

ŭɑɜŮŰŬɘ Ŭˊɞɛɞɜɤɛɏɜɖ ˊɟɧůɓŬůɖ Ůɜɧɠ ůɖɛŮɑɞɡ Űɖɠ cache. ȰŰůɘ, Ůɜ ŰɏɚŮɘ, ɞɟɑɕɞɜŰŬɠ ɛɘŬ 

ɛɎůəŬ ɔɘŬ əɎɗŮ COS əŬɘ ɏɜŬ COS ůŰɞɜ əɎɗŮ ˊɡɟɐɜŬ ɛˊɞɟɞɨɛŮ ɜŬ ɞɟɑɕɞɡɛŮ Űɞ ɛɏɟɞɠ 

Űɖɠ LLC ůŰɞ ɞˊɞɑɞ ɗŬ ɏɢŮɘ ˊɟɧůɓŬůɖ əɎɗŮ ŮűŬɟɛɞɔɐ. 

ȺɘəɧɜŬ 3-6: ɄŬɟŬŭŮɑɔɛŬŰŬ ɞɟɘůɛɞɨ ɛŬůəɩɜ ůŰŬ COS ůŮ ɛɘŬ 8-way cache 
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4  

ɀŮɚɏŰɖ ȺűŬɟɛɞɔɩɜ  

ɆŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ ŮɝŮŰɎɕŮŰŬɘ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ benchmarks ɤɠ ˊɟɞɠ Űɖɜ 

Ŭˊɞɛɞɜɤɛɏɜɖ əŬɘ ˊŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ. Ⱥˊɑůɖɠ, ůŰŬ ůŮɜɎɟɘŬ ˊŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ 

ɔɑɜŮŰŬɘ ɏɚŮɔɢɞɠ ɤɠ ˊɟɞɠ Űɖɜ Ůˊɘɟɟɞɐ ˊɞɡ ɏɢŮɘ ɖ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC ůŰɖɜ 

Ůˊɑŭɞůɖ Űɤɜ ŮűŬɟɛɞɔɩɜ əŬɘ ůŰɞ əɏɟŭɞɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ.          

 

4.1 ɄɚɖɟɞűɞɟɑŮɠ ɆɡůŰɐɛŬŰɞɠ 

4.1.1 ȺˊŮɝŮɟɔŬůŰɐɠ 

ɇɧůɞ ɖ ɛŮɚɏŰɖ Űɤɜ ŮűŬɟɛɞɔɩɜ ɧůɞ əŬɘ ɞ ŰŮɚɘəɧɠ ɛɖɢŬɜɘůɛɧɠ, ˊɞɡ ɗŬ ŬɜŬɚɡɗŮɑ ůŰɞ 

ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ, ŮəŰŮɚɏůɗɖəŬɜ ůŮ ŮˊŮɝŮɟɔŬůŰɐ IntelÈ XeonÈ E5-2630 v4 Űɞɡ 

ɞˊɞɑɞɡ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŭɑɜɞɜŰŬɘ ŬɜŬɚɡŰɘəɎ ůŰɞɜ ˊɘɞ əɎŰɤ ˊɑɜŬəŬ (ɄɑɜŬəŬɠ 4-1: 

ɉŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ŮˊŮɝŮɟɔŬůŰɐ IntelÈ XeonÈ E5-2630 v4).  

Ƀ ŮˊŮɝŮɟɔŬůŰɐɠ ŭɘŬɗɏŰŮɘ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ IntelÈ RDT ɖ ɞˊɞɑŬ ŭɑɜŮɘ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ 

ŭɘŬɢŮɑɟɘůɖɠ Űɤɜ ŭɘŬɛɞɘɟŬɕɧɛŮɜɤɜ ˊɧɟɤɜ əŬɘ ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɤɜ ɛŮŰɟɘəɩɜ 

Ŭˊɧŭɞůɖɠ. ȼ ůɡɔəŮəɟɘɛɏɜɖ ŰŮɢɜɞɚɞɔɑŬ ŬɜŬɚɨɗɖəŮ ůŰɞ əŮűɎɚŬɘɞ 3. 
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4.1.2 ACTiManager 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůɞɛɞɘɤɗŮɑ ɛɘŬ ɡˊɖɟŮůɑŬ ɜɏűɞɡɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɞ 

ACTiManager, ɏɜŬɠ ŭɘŬɢŮɘɟɘůŰɐɠ ˊɧɟɤɜ ůŮ ɡˊɖɟŮůɑŮɠ ɜɏűɞɡɠ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ 

ŬɜɑɢɜŮɡůɖɠ Űɞɡ ŬɜŰŬɔɤɜɘůɛɞɨ ɔɘŬ Űɞɡɠ ŭɘŬɛɞɘɟŬɕɧɛŮɜɞɡɠ ˊɧɟɞɡɠ (interference-

aware). ȾɎɗŮ benchmark ŮəŰŮɚŮɑŰŬɘ ůŮ ɏɜŬ VM əŬɘ ůŰɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ əɎɗŮ 

VM ŬˊɞŰŮɚŮɑŰɞ Ŭˊɧ ɛɘŬ Ůɘəɞɜɘəɐ əŮɜŰɟɘəɐ ɛɞɜɎŭŬ ŮˊŮɝŮɟɔŬůɑŬɠ (virtual central 

processing unit, vcpu). ɆŰɞɜ ACTiManager ŰŬ VMs əŬŰŬŰɎůůɞɜŰŬɘ ůŮ ŭɨɞ ɞɛɎŭŮɠ, ůŰŬ 

gold əŬɘ ůŰŬ silver. TŬ gold VMs ŬˊɞŰŮɚɞɨɜ ŮűŬɟɛɞɔɏɠ ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ əŬɘ ɔɘŬ Űɞ 

ɚɧɔɞ ŬɡŰɧ ɡˊŬəɞɨɜ ůŮ ˊɘɞ ŬɡůŰɖɟɎ ŮˊɑˊŮŭŬ Ŭˊɧŭɞůɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ Ůˊɘűɏɟɞɡɜ 

əŬɘ ɛŮɔŬɚɨŰŮɟɞ ɢɟɖɛŬŰɘəɧ əɏɟŭɞɠ ůŮ ůɢɏůɖ ɛŮ ŰŬ silver VMs. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ůŰɖ 

ŭɘəɐ ɛŬɠ ˊŮɟɑˊŰɤůɖ ŰɏɗɖəŮ ɤɠ SLO, ɔɘŬ ŰŬ gold VMs, Slowdown ɛɘəɟɧŰŮɟɞ əŬɘ ɑůɞ 

Űɞɡ 1.20 Ůɜɩ ɔɘŬ ŰŬ silver VMs, Slowdown ɛɘəɟɧŰŮɟɞ əŬɘ ɑůɞ Űɞɡ 2.4. ɇɞ Slowdown 

ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ Ůɝɐɠ:  

ὛὰέύὨέύὲ 
ρ

ὔέὶάὥὰὭᾀὩὨ Ὅὖὅ
 

Ὅὖὅ

Ὅὖὅ
 

ũɘŬ ɜŬ ŮˊɘűɏɟŮɘ əɏɟŭɞɠ ɏɜŬ VM ůŰɞ ůɨůŰɖɛŬ, ŮɑŰŮ ŬɡŰɧ ŮɑɜŬɘ gold ŮɑŰŮ silver, ˊɟɏˊŮɘ 

ɜŬ ɡˊŬəɞɨŮɘ ůŰɞ SLO ˊɞɡ ɏɢŮɘ ůɡɛűɤɜɖɗŮɑ ɛŮŰŬɝɨ Űɞɡ ˊŬɟɧɢɞɡ əŬɘ Űɞɡ ˊŮɚɎŰɖ. ɆŰɖ 

ȳɜɞɛŬ ɛɞɜŰɏɚɞɡ  IntelÈ XeonÈ E5-2630 v4 

ȸŬůɘəɐ ůɡɢɜɧŰɖŰŬ Ů́ ŮɝŮɟɔŬůŰɐ 2.20 GHz 

CPUs 20 

ȷɟɘɗɛɧɠ ɜɖɛɎŰɤɜ ŬɜɎ ˊɡɟɐɜŬ  1 

ɄɡɟɐɜŮɠ ŬɜɎ socket 10 

ȷɟɘɗɛɧɠ sockets 2 

NUMA nodes 2 

L1d cache  32KB 

L1i cache 32KB 

L2 cache 256KB 

L3 cache 25600KB, 20-ways 

ɄɑɜŬəŬɠ 4-1: ɉŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ŮˊŮɝŮɟɔŬůŰɐ IntelÈ XeonÈ E5-2630 v4 



 

21 

 

ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ  Űɞ ɛɞɜŰɏɚɞ ɢɟɏɤůɖɠ ɔɘŬ Űɞɡɠ ŭɨɞ Űɨˊɞɡɠ Űɤɜ VM ˊɞɡ ɡˊɞůŰɖɟɑɕŮɘ 

Űɞ ůɨůŰɖɛŬ ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ : 

ὴὶὭὧὩ
 π                                                                         ‎―‌ ὛὰέύὨέύὲρȢςπ

 ρπȢπ
ὶόὲὸὭάὩ

ὛὰέύὨέύὲὩὼὩὧόὸὭέὲί
           ‎―‌ ὛὰέύὨέύὲρȢςπ

   

  

ὴὶὭὧὩ
π                                                                     ‎―‌ ὛὰέύὨέύὲςȢτπ

 ρȢπ
ὶόὲὸὭάὩ

ὛὰέύὨέύὲὩὼὩὧόὸὭέὲί
         ‎―‌ ὛὰέύὨέύὲςȢτπ

 

ɧˊɞɡ: 

¶ runtime: ɞ ůɡɜɞɚɘəɧɠ ɢɟɧɜɞɠ ɕɤɐɠ Űɞɡ VM 

¶ executions: ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŮəŰŮɚɏůŮɤɜ Űɞɡ ɑŭɘɞɡ benchmark ůŰɞ VM  

 

ȷˊɧ Űɞɜ ACTiManager ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɞ ACTiManager.internal ɞ ɞˊɞɑɞɠ ŮəŰŮɚŮɑŰŬɘ 

ɛɏůŬ ůŰɞɡɠ servers əŬɘ ŬɜŬɗɏŰŮɘ ŰŬ vcpus ůŮ ˊɡɟɐɜŮɠ. ȼ ˊɞɚɘŰɘəɐ ˊɞɡ ŮˊɘɚɏɢɗɖəŮ ɜŬ 

ŬəɞɚɞɡɗɖɗŮɑ ŮɑɜŬɘ ɖ GNO (Gold Not Over Subscribed), ɖ ɞˊɞɑŬ ŭŮɜ ŮɑɜŬɘ interference-

aware. Ⱥˊɑůɖɠ, ɏɔɘɜŮ ɛɘŬ ŬɚɚŬɔɐ ůŰɖɜ ˊɞɚɘŰɘəɐ GNO ɩůŰŮ ɜŬ ŬɜŬɗɏŰŮɘ ɏɜŬ ˊɡɟɐɜŬ ůŮ 

əɎɗŮ vcpu ŮɑŰŮ ŬɡŰɐ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ gold VM ŮɑŰŮ Ŭˊɧ silver VM [22]. 

4.2 ɄŮɘɟŬɛŬŰɘəɐ ȹɘŬŭɘəŬůɑŬ  

ɆɡɜɞɚɘəɎ ŮɝŮŰɎůŰɖəŬɜ 28 benchmarks Ŭˊɧ Űɖ ůɞɡɑŰŬ SPEC CPU 2006 [24] əŬɘ ɔɘŬ 

əɎɗŮ benchmark ŮəŰŮɚɏůɗɖəŬɜ 51 ˊŮɘɟɎɛŬŰŬ. ɄɎɜŰŬ ůŰɞ ůɨůŰɖɛŬ ɡˊɐɟɢŮ ɛɧɜɞ ɏɜŬ 

gold VM ůŰɞ ɞˊɞɑɞ ɏŰɟŮɢŮ Űɞ benchmark ˊɞɡ ŮɝŮŰŬɕɧŰŬɜ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɔɘŬ əɎɗŮ 

benchmark ŬəɞɚɞɡɗɐɗɖəŮ ɖ Ůɝɐɠ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ: 

1. ȷˊɞɛɞɜɤɛɏɜɖ ŮəŰɏɚŮůɖ Űɞɡ benchmark. 

2. ɄŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ Űɞɡ gold benchmark ɛŮ ɎɚɚŬ ŮɜɜɏŬ silver benchmarks 

ɢɤɟɑɠ əŬŰŬɜɞɛɐ Űɖɠ LLC ɔɘŬ ɛɘŬ ɩɟŬ.  

3. ɄŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ Űɞɡ gold benchmark ɛŮ ɎɚɚŬ ŮɜɜɏŬ silver benchmarks 

ůŮ ŰɏůůŮɟŬ ŭɘŬűɞɟŮŰɘəɎ ůŮɜɎɟɘŬ əŬŰŬɜɞɛɐɠ Űɖɠ LLC ɔɘŬ ɛɘŬ ɩɟŬ.  

ɆŰɞ ɓɐɛŬ 1 Űɞ əɎɗŮ benchmark ŮəŰŮɚŮɑŰɞ ɛɘŬ űɞɟɎ əŬɘ ɎɟŬ ɖ ŭɘɎɟəŮɘŬ Űɞɡ ɓɐɛŬŰɞɠ  

ŮɝŬɟŰɘɧŰŬɜ Ŭˊɧ Űɞɜ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ Űɞɡ ŮəɎůŰɞŰŮ benchmark. ȷɜŰɘɗɏŰɤɠ, ůŰŬ ɓɐɛŬŰŬ 

2 əŬɘ 3 ɞ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ ɐŰŬɜ ůŰŬɗŮɟɧɠ ůŰɖ ɛɘŬ ɩɟŬ Ůɜɩ ŰŬ benchmarks ɛˊɞɟɞɨůŬɜ 

ɜŬ ŮəŰŮɚŮůŰɞɨɜ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ ɛɘŬ űɞɟɎ ůŮ ɏɜŬ VM. ȺɎɜ əɎˊɞɘɞ VM, ŮɑŰŮ gold ŮɑŰŮ 
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silver, ŰŮɚŮɑɤɜŮ Űɖɜ ŮəŰɏɚŮůɐ Űɞɡ ́ ɟɘɜ Űɖɜ ɛɘŬ ɩɟŬ ŰɧŰŮ Űɞ ŮəɎůŰɞŰŮ VM ŭɘŬɔɟŬűɧŰŬɜ 

əŬɘ ůŰɞ ůɨůŰɖɛŬ ŭɖɛɘɞɡɟɔɞɨŰŬɜ ɜɏɞ VM ůŰɞ ɞˊɞɑɞ ɏŰɟŮɢŮ Űo benchmark ˊɞɡ ɛɧɚɘɠ 

ŮɑɢŮ ŰŮɚŮɘɩůŮɘ. ɇŬ ɓɐɛŬŰŬ 2 əŬɘ 3 ŮˊŬɜŬɚɐűɗɖəŬɜ Ŭˊɧ  ŭɏəŬ űɞɟɏɠ Űɞ əɎɗŮ ɏɜŬ əŬɘ ůŮ 

əɎɗŮ ŮˊŬɜɎɚɖɣɖ ŮəŰŮɚŮɑŰɞ, ˊŬɟɎɚɚɖɚŬ ɛŮ Űɞ gold VM, ŭɘŬűɞɟŮŰɘəɐ ɞɛɎŭŬ Ŭˊɧ ŮɜɜɏŬ 

silver benchmarks. ȹɖɚŬŭɐ Űɞ ɓɐɛŬ 2 ŮəŰŮɚɏůɗɖəŮ ŭɏəŬ űɞɟɏɠ əŬɘ Űɞ ɓɐɛŬ 3 

ŮəŰŮɚɏůɗɖəŮ ůɡɜɞɚɘəɎ ůŬɟɎɜŰŬ űɞɟɏɠ (4 ůŮɜɎɟɘŬ əŬŰŬɜɞɛɐɠ Űɖɠ LLC). Ⱥɜ ŰɏɚŮɘ ɧɚŬ 

ŰŬ benchmarks ɛŮɚŮŰɐɗɖəŬɜ, ɤɠ gold, ůŮ ˊŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ əŬɘ ɛŮ Űɘɠ ŭɏəŬ 

ŮɜɜɘɎŭŮɠ. ɆŮ əɎɗŮ ůŮɜɎɟɘɞ ůɡɜŮəŰɏɚŮůɖɠ əŬɘ əŬŰŬɜɞɛɐɠ Űɖɠ LLC ɢɟŮɘɎůŰɖəŬɜ ɞɘ Ůɝɐɠ 

ɛŮŰɟɐůŮɘɠ ɔɘŬ əɎɗŮ benchmark ˊɞɡ ŮəŰŮɚŮɑŰɞ ůŮ ɏɜŬ VM: 

¶ IPCisolation 

¶ IPCco-execution  

¶ Ɇɡɜɞɚɘəɧɠ ɉɟɧɜɞɠ ȺəŰɏɚŮůɖɠ 

¶ ȷɟɘɗɛɧɠ ȺəŰŮɚɏůŮɤɜ Űɞɡ benchmark 

4.2.1 Ⱥˊɑŭɞůɖ ȺűŬɟɛɞɔɩɜ ůŮ Ŭ́ ɞɛɞɜɤɛɏɜɖ ŮəŰɏɚŮůɖ  

ɀɘŬ ŮűŬɟɛɞɔɐ əŬŰɎ Űɖɜ Ŭˊɞɛɞɜɤɛɏɜɖ ŮəŰɏɚŮůɖ ɏɢŮɘ ůŰɖ ŭɘɎɗŮůɐ Űɖɠ ɧɚɞɡɠ Űɞɡɠ 

ˊɧɟɞɡɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ ŮɑɜŬɘ ŬŭɨɜŬŰɞɜ ɜŬ ŬɜŰɘɛŮŰɤˊɑůŮɘ əɎˊɞɘŬ ɛŮɑɤůɖ ůŰɖɜ 

Ůˊɑŭɞůɐ Űɖɠ ɐ əŬɗɡůŰɏɟɖůɖ ůŰɞ ɢɟɧɜɞ ŮəŰɏɚŮůɐɠ Űɖɠ ɚɧɔɤ ŬɜŰŬɔɤɜɘůɛɞɨ. ȯɟŬ ɞɘ 

ɛŮŰɟɐůŮɘɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ɔɘŬ Űɞ IPC əŬɘ Űɞɜ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ Űɞɡ əɎɗŮ benchmark 

ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ɤɠ ɞɘ ɓɏɚŰɘůŰŮɠ. ɆŰɞɜ ˊɘɞ əɎŰɤ ˊɑɜŬəŬ (ɄɑɜŬəŬɠ 4-2: 

ɉŬɟŬəŰɖɟɘůŰɘəɎ ŮűŬɟɛɞɔɩɜ ůŮ Ŭˊɞɛɞɜɤɛɏɜɖ ŮəŰɏɚŮůɖ) ŭɑɜɞɜŰŬɘ ɞ ɢɟɧɜɞɠ ˊɞɡ 

ɢɟŮɘɎůŰɖəŮ Űɞ əɎɗŮ benchmark ɔɘŬ ɜŬ ɞɚɞəɚɖɟɩůŮɘ ɛɘŬ ŮəŰɏɚŮůɖ əŬɗɩɠ əŬɘ Űɞ IPC 

Űɞɡ.  
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Benchmark ɉɟɧɜɞɠ ȺəŰɏɚŮůɖɠ (sec) IPC isolation  

astar 172 1.01 

bzip2 125 1.49 

bwaves 419 2.38 

gamess 62 2.73 

mcf 277 0.51 

milc 470 1.17 

cactusADM 669 1.87 

leslie3d 330 2.06 

namd 458 2.23 

gobmk 82 1.24 

povray 184 2.36 

calculix 894 3.07 

GemsFDTD 384 1.72 

libquantum 356 2.05 

tonto 625 2.24 

omnetpp 301 0.85 

lbm 411 1.40 

soplex 136 1.12 

gcc 23 1.44 

zeusmp 422 1.88 

perlbench 195 2.46 

gromacs 392 2.41 

dealII 372 2.33 

hmmer 153 2.60 

sjeng 628 1.60 

h264ref 79 2.86 

sphinx3 629 2.26 

xalancbmk 236 1.86 
ɄɑɜŬəŬɠ 4-2: ɉŬɟŬəŰɖɟɘůŰɘəɎ ŮűŬɟɛɞɔɩɜ ůŮ Ŭˊɞɛɞɜɤɛɏɜɖ ŮəŰɏɚŮůɖ 

 

4.2.2 Ⱥˊɑŭɞůɖ ŮűŬɟɛɞɔɩɜ ůŮ ůŮɜɎɟɘŬ ́ŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ ɢɤɟɑɠ 

əŬŰŬɜɞɛɐ Űɖɠ LLC 

ɆŰɞ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ Űɤɜ ɛŮŰɟɐůŮɤɜ ŮɝŮŰɎůɗɖəŮ ɖ Ůˊɘɟɟɞɐ ˊɞɡ ŮɑɢŮ ůŰɖɜ Ůˊɑŭɞůɖ Űɤɜ 

ŮűŬɟɛɞɔɩɜ ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ ɖ ˊŬɟɎɚɚɖɚɖ ŮəŰɏɚŮůɖ. ȰŰůɘ ůŮ ŬɡŰɧ Űɞ ůŰɎŭɘɞ ŭŮɜ 

ŮűŬɟɛɧůɗɖəŮ əŬŰŬɜɞɛɐ Űɖɠ cache əŬɘ ɧɚŬ ŰŬ VMs ŮɑɢŬɜ ŬˊŮɟɘɧɟɘůŰɖ ˊɟɧůɓŬůɖ ůŰɖɜ 

LLC. ȾɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ 28 benchmarks ŮɝŮŰɎůɗɖəŮ ůŮ ŭɏəŬ ůŮɜɎɟɘŬ ˊŬɟɎɚɚɖɚɖɠ 

ŮəŰɏɚŮůɖɠ. ɆŮ əɎɗŮ ůŮɜɎɟɘɞ Űɞ gold VM ůɡɜŮəŰŮɚŮɑŰɞ ɛŮ ɎɚɚŬ ŮɜɜɏŬ silver VMs, 

ɏɢɞɜŰŬɠ Űɞ əɎɗŮ VM ůŮ ɝŮɢɤɟɘůŰɧ ˊɡɟɐɜŬ ůŰɞɜ ɑŭɘɞ NUMA əɧɛɓɞ. ɆŰɞɡɠ ́ ɑɜŬəŮɠ 4-3 
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əŬɘ 4-4 ŭɑɜɞɜŰŬɘ ɞɘ ŭɏəŬ ŭɘŬűɞɟŮŰɘəɏɠ ŮɜɜɘɎŭŮɠ Űɤɜ silver VMs ŬˊɏɜŬɜŰɘ ůŰŬ ɞˊɞɑŬ 

ůɡɜŮəŰŮɚŮɑŰŬɘ əŬɘ ɛŮɚŮŰɎŰŬɘ Űo əɎɗŮ gold VM. ɆŰɖ ůɡɜɏɢŮɘŬ, ůŰɘɠ ˊɘɞ əɎŰɤ ɔɟŬűɘəɏɠ 

ŬɜŬˊŬɟɑůŰŬŰŬɘ, ɔɘŬ ɧɚŬ ŰŬ ˊɘɞ ˊɎɜɤ ůŮɜɎɟɘŬ, Űɞ Normalized IPC Űɞɡ əɎɗŮ benchmark 

ɧŰŬɜ ŬɡŰɧ ɏŰɟŮɢŮ ůŮ gold VM.    

   

 ɆŮɜɎɟɘɞ 1 ɆŮɜɎɟɘɞ 2 ɆŮɜɎɟɘɞ 3 ɆŮɜɎɟɘɞ 4 ɆŮɜɎɟɘɞ 5 

VM1  tonto bwaves mcf cactusADM cactusADM 

VM2 gamess calculix GemsFDTD mcf mcf 

VM3 bwaves omnetpp leslie3d gamess mcf 

VM4 leslie3d gobmk namd astar mcf 

VM5 GemsFDTD gamess omnetpp namd gobmk 

VM6 gamess tonto bzip2 gamess calculix 

VM7 tonto cactusADM bwaves povray GemsFDTD 

VM8 omnetpp leslie3d omnetpp astar namd 

VM9 povray milc tonto milc milc 
ɄɑɜŬəŬɠ 4-3: ɆŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ 1-5 

 

 ɆŮɜɎɟɘɞ 6 ɆŮɜɎɟɘɞ 7 ɆŮɜɎɟɘɞ 8 ɆŮɜɎɟɘɞ 9 ɆŮɜɎɟɘɞ 10 

VM1 bzip2 bwaves bwaves mcf  gobmk 

VM2 mcf mcf mcf mcf mcf 

VM3 namd leslie3d bwaves namd povray 

VM4 astar bwaves astar calculix namd 

VM5 milc cactusADM bzip2 milc milc 

VM6 milc tonto libquantum gamess calculix 

VM7 GemsFDTD namd bzip2 povray leslie3d 

VM8 omnetpp GemsFDTD mcf gobmk bwaves 

VM9 milc milc gobmk bwaves cactusADM 
ɄɑɜŬəŬɠ 4-4: ɆŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ 6-10 
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ũɟɎűɖɛŬ 4-2: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɢɤɟɑɠ əŬŰŬɜɞɛɐ Űɖɠ LLC (ii ) 

ũɟɎűɖɛŬ 4-1: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɢɤɟɑɠ əŬŰŬɜɞɛɐ Űɖɠ LLC (i) 
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ũɟɎűɖɛŬ 4-4: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɢɤɟɑɠ əŬŰŬɜɞɛɐ Űɖɠ LLC (iv) 

ũɟɎűɖɛŬ 4-3: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɢɤɟɑɠ əŬŰŬɜɞɛɐ Űɖɠ LLC (iii ) 
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ȷˊɧ Űɘɠ ˊɘɞ ˊɎɜɤ ɔɟŬűɘəɏɠ ˊŬɟŬůŰɎůŮɘɠ űŬɑɜŮŰŬɘ ˊɤɠ ŬɟəŮŰɎ Ŭˊɧ ŰŬ benchmarks (ˊ.ɢ. 

bzip2, games, namd, calculix, tonto, hmmer ə.Ŭ.)  ŭŮɜ ŮˊɖɟŮɎɕɞɜŰŬɘ ɘŭɘŬɑŰŮɟŬ Ŭˊɧ Űɖɜ 

ůɡɜŮəŰɏɚŮůɐ Űɞɡɠ ɛŮ ɎɚɚŮɠ ŮűŬɟɛɞɔɏɠ Ŭűɞɨ ˊŬɟɞɡůɘɎɕɞɡɜ ůŮ ɧɚŬ ŰŬ ůŮɜɎɟɘŬ 

Normalized IPC ɛŮɔŬɚɨŰŮɟɞ Űɞɡ 0.90. ɈˊɎɟɢɞɡɜ ɧɛɤɠ əŬɘ benchmarks (ˊ.ɢ. mcf, 

libquantum, omnetpp, soplex, xalancbmk ə.Ŭ.) Űɤɜ ɞˊɞɑɤɜ Űɞ Normalized IPC ˊɏűŰŮɘ 

əɎŰɤ Ŭˊɧ Űɞ 0.84, ˊŬɟɞɡůɘɎɕɞɡɜ ŭɖɚŬŭɐ Slowdown ɛŮɔŬɚɨŰŮɟɞ Űɞɡ 1.20, ŮɑŰŮ ůŰŬ 

ˊɚŮɑůŰŬ ŮɑŰŮ əŬɘ ůŮ ɧɚŬ ŰŬ ůŮɜɎɟɘŬ ˊŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ. ȷɡŰɧ 

ůɖɛŬɑɜŮɘ ˊɤɠ ŰŬ ůɡɔəŮəɟɘɛɏɜŬ benchmarks ŭŮɜ əŬŰŬűɏɟɜɞɡɜ ɜŬ ɘəŬɜɞˊɞɘɐůɞɡɜ Űɞ 

SLO ˊɞɡ ůɡɛűɤɜɐɗɖəŮ. ȷˊɧ ŰŬ ɔɟŬűɐɛŬŰŬ ɛˊɞɟŮɑ əŬɜŮɑɠ Ůˊɑůɖɠ ɜŬ ŭɘŬəɟɑɜŮɘ Űɞ 

ɔŮɔɞɜɧɠ ˊɤɠ ɧɚŬ ŰŬ benchmarks ˊŬɟɞɡůɘɎɕɞɡɜ ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ɧůɞ ŬűɞɟɎ Űɞ 

əɎɗŮ ůŮɜɎɟɘɞ ůɡɜŮəŰɏɚŮůɖɠ. ɆŰŬ ůŮɜɎɟɘŬ 4 əŬɘ 10 űŬɑɜŮŰŬɘ ˊɤɠ ɧɚŮɠ ɞɘ ŮűŬɟɛɞɔɏɠ 

Ŭˊɞŭɑŭɞɡɜ əŬɚɨŰŮɟŬ Ŭˊɧ Űɘɠ ɡˊɧɚɞɘˊŮɠ ˊŮɟɘˊŰɩůŮɘɠ, Ůɜɩ ůŰŬ ůŮɜɎɟɘŬ 3, 7 əŬɘ 8 ɖ 

Ůˊɑŭɞůɐ Űɞɡɠ ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔɎɚɖ ˊŰɩůɖ ůŮ ůɢɏůɖ ɛŮ ŰŬ ɡˊɧɚɞɘˊŬ ůŮɜɎɟɘŬ.  

4.2.3 Ⱥˊɑŭɞůɖ ŮűŬɟɛɞɔɩɜ ůŮ ůŮɜɎɟɘŬ  Ŭ́ɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ ɛŮ 

ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC 

ɆŮ ŬɡŰɧ Űɞ ůŰɎŭɘɞ Űɖɠ ɛŮɚɏŰɖɠ Űɤɜ ŮűŬɟɛɞɔɩɜ ɛŬɠ ŮɜŭɘŬűɏɟŮɘ ɜŬ ŮɝŮŰɎůɞɡɛŮ Űɖɜ 

Ůˊɑŭɞůɖ ˊɞɡ ɗŬ ŮɛűŬɜɑůɞɡɜ ŰŬ benchmarks ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ, ůŰŬ ˊɘɞ ˊɎɜɤ ůŮɜɎɟɘŬ 

ˊŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ,  əŬŰŬɜɏɛɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ əŬɘ Űɖɜ LLC. ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞɜ 

ˊɑɜŬəŬ 4-1, ɖ LLC ɛɞɘɟɎɕŮŰŬɘ ůŮ 20 cache ways. ɇɞ CAT ɛŬɠ ŭɑɜŮɘ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ůŮ 

ɏɜŬ əŬɘ ɛɧɜɞ ˊɡɟɐɜŬ ɜŬ əŬŰŬɜɏɛɞɡɛŮ ɛɏɢɟɘ əŬɘ ŰŬ 19 cache ways əŬɘ Űɞ 1 ŮɜŬˊɞɛŮɑɜŬɜ 

cache way ůŰɞɡɠ ɡˊɧɚɞɘˊɞɡɠ ˊɡɟɐɜŮɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŮ ŬɡŰɐ Űɖ űɎůɖ əɎɗŮ ɏɜŬ 

Ŭˊɧ ŰŬ ˊɘɞ ˊɎɜɤ ŭɏəŬ ůŮɜɎɟɘŬ ˊŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ ŮɝŮŰɎɕŮŰŬɘ ůŮ ŰɏůůŮɟɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ əŬŰŬɜɞɛɐɠ Űɖɠ LLC:  

¶ Mask2: ȾŬŰŬɜɞɛɐ Űɤɜ 2 cache ways ůŰɞ ˊɡɟɐɜŬ ɛŮ Űɞ gold VM əŬɘ 

əŬŰŬɜɞɛɐ Űɤɜ ŮɜŬˊɞɛŮɘɜɎɜŰɤɜ 18 cache ways ůŰɞɡɠ ɡˊɧɚɞɘˊɞɡɠ ŮɜɜɏŬ 

ˊɡɟɐɜŮɠ. 

¶ Mask8: ȾŬŰŬɜɞɛɐ Űɤɜ 8 cache ways ůŰɞ ˊɡɟɐɜŬ ɛŮ Űɞ gold VM əŬɘ 

əŬŰŬɜɞɛɐ Űɤɜ ŮɜŬˊɞɛŮɘɜɎɜŰɤɜ 12 cache ways ůŰɞɡɠ ɡˊɧɚɞɘˊɞɡɠ ŮɜɜɏŬ 

ˊɡɟɐɜŮɠ. 

¶ Mask12: ȾŬŰŬɜɞɛɐ Űɤɜ 12 cache ways ůŰɞ ˊɡɟɐɜŬ ɛŮ Űɞ gold VM əŬɘ 

əŬŰŬɜɞɛɐ Űɤɜ ŮɜŬˊɞɛŮɘɜɎɜŰɤɜ 8 cache ways ůŰɞɡɠ ɡˊɧɚɞɘˊɞɡɠ ŮɜɜɏŬ 

ˊɡɟɐɜŮɠ. 
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¶ Mask18: ȾŬŰŬɜɞɛɐ Űɤɜ 18 cache ways ůŰɞ ˊɡɟɐɜŬ ɛŮ Űɞ gold VM əŬɘ 

əŬŰŬɜɞɛɐ Űɤɜ ŮɜŬˊɞɛŮɘɜɎɜŰɤɜ 2 cache ways ůŰɞɡɠ ɡˊɧɚɞɘˊɞɡɠ ŮɜɜɏŬ 

ˊɡɟɐɜŮɠ. 

ɇŬ ˊɘɞ əɎŰɤ ɔɟŬűɐɛŬŰŬ ŬɜŬˊŬɟɘůŰɞɨɜ Űɞ Normalized IPC ́ ɞɡ ɛŮŰɟɐɗɖəŮ ɔɘŬ Űɖɜ əɎɗŮ 

ŮűŬɟɛɞɔɐ ɛŮ ˊɟɞŰŮɟŬɘɧŰɖŰŬ ůŰɘɠ ŰɏůůŮɟɘɠ ˊɘɞ ˊɎɜɤ ˊŮɟɘˊŰɩůŮɘɠ ůŮ əɎɗŮ ůŮɜɎɟɘɞ 

ůɡɜŮəŰɏɚŮůɖɠ. ɆŰŬ ɔɟŬűɐɛŬŰŬ ŭɑɜɞɜŰŬɘ əŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ Űɖɠ ŮɜɧŰɖŰŬɠ 4.2.1 ɛŮ ɚŮɕɎɜŰŬ 

çNo cache allocationè ɔɘŬ ɜŬ ɔɑɜŮɘ ɛɘŬ ůɡɜɞɚɘəɐ ůɨɔəɟɘůɖ ɧɚɤɜ Űɤɜ ˊŮɟɘˊŰɩůŮɤɜ. 

ɄŬɟɞɡůɘɎɕɞɜŰŬɘ ŮɜŭŮɘəŰɘəɎ əɎˊɞɘŬ Ŭˊɧ ŰŬ benchmarks Ůɜɩ ɖ Ůˊɑŭɞůɖ ɧɚɤɜ Űɤɜ 

benchmarks əŬŰŬɔɟɎűŮŰŬɘ ůŮ ɛɞɟűɐ ˊɘɜɎəɤɜ ůŰɖɜ ŮɜɧŰɖŰŬ 8.1 Űɞɡ ˊŬɟŬɟŰɐɛŬŰɞɠ. 
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ũɟɎűɖɛŬ 4-5: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC - astar 
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ũɟɎűɖɛŬ 4-6: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC ï bzip2 

ũɟɎűɖɛŬ 4-7: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC - mcf 
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ũɟɎűɖɛŬ 4-8: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC - milc 

ũɟɎűɖɛŬ 4-9: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC - namd 
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ũɟɎűɖɛŬ 4-10: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC - libqunatum 

ũɟɎűɖɛŬ 4-11: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC - omnetpp 
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ũɟɎűɖɛŬ 4-13: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC - xalancbmk 

ũɟɎűɖɛŬ 4-12: Normalized IPC ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC - soplex 
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ȳˊɤɠ ŮɑɜŬɘ ˊɟɞűŬɜɏɠ, ɧůɞ ˊɘɞ ˊɞɚɚɎ cache ways əŬŰŬɜɏɛɞɜŰŬɘ ůŰɞɜ ˊɡɟɐɜŬ ɧˊɞɡ 

ŰɟɏɢŮɘ Űɞ gold VM, Űɧůɞ ˊɘɞ ˊɞɚɨ ŬɡɝɎɜŮŰŬɘ Űɞ IPC Űɞɡ. ȰŰůɘ əŬɘ ůŰɘɠ ˊɘɞ ˊɎɜɤ 

ɔɟŬűɘəɏɠ ˊŬɟŬůŰɎůŮɘɠ ɧůɞ ŬɡɝɎɜɞɜŰŬɘ ŰŬ cache ways, Űɞ Normalized IPC əɞɜŰŮɨŮɘ 

ɧɚɞ əŬɘ ˊɘɞ ˊɞɚɨ ůŰɖ ɛɞɜɎŭŬ. ɀŮɟɘəɎ benchmarks ɧɛɤɠ űŬɑɜŮŰŬɘ, ůŮ əɎˊɞɘŮɠ 

ˊŮɟɘˊŰɩůŮɘɠ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɚŬűɟɩɠ ɛŮɘɤɛɏɜɞ Normalized ȽPC  ůŰɖ ˊŮɟɑˊŰɤůɖ Űɞɡ 

Mask18. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ˊɤɠ ŬɡɝɎɜŮŰŬɘ ɞ 

ŬɜŰŬɔɤɜɘůɛɧɠ ɔɘŬ Űɖ ɢɟɐůɖ Űɞɡ ŭɘŬɨɚɞɡ ŭŮŭɞɛɏɜɤɜ Ŭˊɧ Űɞ ɏɜŬ ŮˊɑˊŮŭɞ Űɖɠ cache ůŰɞ 

ŮˊɧɛŮɜɞ. ȷɝɘɞůɖɛŮɑɤŰɞ ŮɑɜŬɘ əŬɘ Űɞ ɔŮɔɞɜɧɠ ˊɤɠ ůŰŬ ůŮɜɎɟɘŬ 4 əŬɘ 10 ɧɚŬ ŰŬ 

benchmarks ůɡɜŮɢɑɕɞɡɜ ɜŬ Ŭˊɞŭɑŭɞɡɜ əŬɚɨŰŮɟŬ Ŭˊɧ Űɘɠ ɡˊɧɚɞɘˊŮɠ ˊŮɟɘˊŰɩůŮɘɠ, Ůɜɩ 

ůŰŬ ůŮɜɎɟɘŬ 3, 7 əŬɘ 8 Űɞ Normalized IPC ́ ɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ŰŬ benchmarks ůɡɜŮɢɑɕŮɘ 

ɜŬ ŮɑɜŬɘ ɢŬɛɖɚɧŰŮɟɞ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɎɚɚŮɠ ˊŮɟɘˊŰɩůŮɘɠ. ȷˊɧ ŰŬ ˊɘɞ ˊɎɜɤ 

ůɡɛˊŮɟŬɑɜɞɡɛŮ ˊɤɠ ɏɜŬɠ ůŰŬŰɘəɧɠ Űɟɧˊɞɠ əŬŰŬɜɞɛɐɠ Űɖɠ LLC ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ 

ˊɎɜŰɞŰŮ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ Ŭűɞɨ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ŮűŬɟɛɞɔɩɜ ŬɚɚɎɕŮɘ ŬɜɎɚɞɔŬ ɛŮ 

Űɘɠ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ůɡɜŮəŰŮɚɞɨɜŰŬɘ ɛŬɕɑ Űɞɡɠ ůŰɞ ůɨůŰɖɛŬ. 

4.2.4 Ɇɡɜɞɚɘəɧ əɏɟŭɞɠ ůŰɞ ůɨůŰɖɛŬ ůŮ ůŮɜɎɟɘŬ ˊŬɟɎɚɚɖɚɖɠ ŮəŰɏɚŮůɖɠ 

ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC 

Ⱥɜɩ ɖ Ŭɡɝɖɛɏɜɖ əŬŰŬɜɞɛɐ Űɤɜ cache ways ůŰɞ gold VM ŬɡɝɎɜŮɘ Űɖɜ Ŭˊɧŭɞůɖ Űɞɡ, 

ɔɘŬ ŰŬ silver VMs ůɡɜŮˊɎɔŮŰŬɘ ŬɡŰɧɛŬŰŬ ɛŮɔŬɚɨŰŮɟɞɠ ŬɜŰŬɔɤɜɘůɛɧɠ ɔɘŬ ˊɟɧůɓŬůɖ 

ůŰŬ ɚɘɔɞůŰɎ cache ways ˊɞɡ Űɞɡɠ Ŭˊɞɛɏɜɞɡɜ. Ƀ ŬɜŰŬɔɤɜɘůɛɧɠ ŬɜɎɛŮůŬ ůŰŬ silver 

VMs ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ɛŮɑɤůɖ Űɞɡ əɏɟŭɞɡɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ Ŭűɞɨ ɛˊɞɟŮɑ 

ɜŬ ɛɖɜ Űɖɟɞɨɜ Űɞ SLO ˊɞɡ ůɡɛűɤɜɐɗɖəŮ ɔɘŬ ŬɡŰɎ. ɆŰɘɠ ɔɟŬűɘəɏɠ ˊŬɟŬůŰɎůŮɘɠ ˊɞɡ 

Ŭəɞɚɞɡɗɞɨɜ ŬɜŬˊŬɟɑůŰŬŰŬɘ ɔɘŬ əɎɗŮ ɛɘŬ Ŭˊɧ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ 

ŮɜɧŰɖŰŬɠ Űɞ ůɡɜɞɚɘəɧ əɏɟŭɞɠ ́ ɞɡ Ůˊɘűɏɟɞɡɜ ɧɚŬ ŰŬ VMs, silver əŬɘ gold. ɆŰɖɜ ŮɜɧŰɖŰŬ 

8.2 Űɞɡ ˊŬɟŬɟŰɐɛŬŰɞɠ ɓɟɑůəɞɜŰŬɘ ůŮ ɛɞɟűɐ ˊɑɜŬəŬ ɞɘ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɞ ůɡɜɞɚɘəɧ 

əɏɟŭɞɠ ˊɞɡ ŮɘůˊɟɎŰŰŮŰŬɘ ůŰɞ ůɨůŰɖɛŬ ůŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ ɔɘŬ əɎɗŮ benchmark ɧŰŬɜ 

ŬɡŰɧ ŮəŰŮɚŮɑŰŬɘ ɤɠ gold. Ƀ Űɟɧˊɞɠ ɡˊɞɚɞɔɘůɛɞɨ Űɞɡ əɏɟŭɞɡɠ ˊɞɡ ŮˊɘűɏɟŮɘ ɏɜŬ VM 

ŬɜŬɚɨɗɖəŮ ůŰɖɜ ŮɜɧŰɖŰŬ 4.1.2. 
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ũɟɎűɖɛŬ 4-14: Ɇɡɜɞɚɘəɧ əɏɟŭɞɠ ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC ï astar ɤɠ gold 

ũɟɎűɖɛŬ 4-15: Ɇɡɜɞɚɘəɧ əɏɟŭɞɠ ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC ï bzip2 ɤɠ gold 
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ũɟɎűɖɛŬ 4-16: Ɇɡɜɞɚɘəɧ əɏɟŭɞɠ ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC ï mcf ɤɠ gold 

ũɟɎűɖɛŬ 4-17: Ɇɡɜɞɚɘəɧ əɏɟŭɞɠ ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC ï milc ɤɠ gold 
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ũɟɎűɖɛŬ 4-18: Ɇɡɜɞɚɘəɧ əɏɟŭɞɠ ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC ï namd ɤɠ gold 

ũɟɎűɖɛŬ 4-19: Ɇɡɜɞɚɘəɧ əɏɟŭɞɠ ůŮ ůŮɜɎɟɘŬ ůɡɜŮəŰɏɚŮůɖɠ ɛŮ ůŰŬŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ LLC ï libquantum ɤɠ gold 
















































































