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Overview of Research 

Â Heterogeneous systems, accelerating bottlenecks 
 

Â Memory (and storage) systems 

Ç Scalability, energy, latency, parallelism, performance 

Ç Compute in/near memory 

 

Â Predictable performance, QoS 
 

Â Efficient interconnects 
 

Â Bioinformatics algorithms and architectures 
 

Â Acceleration of important applications, software/hardware 
co-design 
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Three Key Problems in Future Systems 

Â Memory system 

Ç Many important existing and future applications are 
increasingly data intensive Ą require bandwidth and capacity 

Ç Data storage and movement limits performance & efficiency 

 

Â Efficiency (performance and energy) Ą scalability 

Ç Enables scalable systems Ą new applications 

Ç Enables better user experience Ą new usage models 

 

Â Predictability and robustness 

Ç Resource sharing and unreliable hardware causes QoS issues 

Ç Predictable performance and QoS are first class constraints  
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Readings and Videos 

 

 

 

 



Mini Course: Multi-Core Architectures 

Â Lecture 1.1: Multi -Core System Design 

Ç http ://users.ece.cmu.edu/~omutlu/pub/onur -Bogazici-June-6-
2013-lecture1-1-multicore-and-asymmetry-afterlecture.pptx  

 

Â Lecture 1.2: Cache Design and Management 

Ç http ://users.ece.cmu.edu/~omutlu/pub/onur -Bogazici-June-7-
2013-lecture1-2-cache-management-afterlecture.pptx  

 

Â Lecture 1.3: Interconnect Design and Management 

Ç http ://users.ece.cmu.edu/~omutlu/pub/onur -Bogazici-June-
10-2013-lecture1-3-interconnects-afterlecture.pptx  
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Mini Course: Memory Systems 

Â Lecture 2.1: DRAM Basics and DRAM Scaling 

Ç http://users.ece.cmu.edu/~omutlu/pub/onur -Bogazici-June-
13-2013-lecture2-1-dram-basics-and-scaling-afterlecture.pptx  

 

Â Lecture 2.2: Emerging Technologies and Hybrid Memories 

Ç http://users.ece.cmu.edu/~omutlu/pub/onur -Bogazici-June-
14-2013-lecture2-2-emerging-memory-afterlecture.pptx  

 

Â Lecture 2.3: Memory QoS and Predictable Performance  

Ç http://users.ece.cmu.edu/~omutlu/pub/onur -Bogazici-June-
17-2013-lecture2-3-memory-qos-afterlecture.pptx  
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Readings for Today 
Â Required ï Symmetric and Asymmetric Multi-Core Systems 

Ç Suleman et al., Accelerating Critical Section Execution with Asymmetric 
Multi-Core Architectures,  ASPLOS 2009, IEEE Micro 2010.  

Ç Suleman et al., Data Marshaling for Multi-Core Architectures,  ISCA 2010, 
IEEE Micro 2011. 

Ç Joao et al., ñBottleneck Identification and Scheduling for Multithreaded 
Applications,ò ASPLOS 2012. 

Ç Joao et al., ñUtility-Based Acceleration of Multithreaded Applications on 
Asymmetric CMPs,ò ISCA 2013. 

 

Â Recommended 

Ç Amdahl, Validity of the single processor approach to achieving large scale 
computing capabilities,  AFIPS 1967.  

Ç Olukotun et al., The Case for a Single-Chip Multiprocessor,  ASPLOS 1996. 

Ç Mutlu et al., Runahead Execution: An Alternative to Very Large Instruction 
Windows for Out-of-order Processors,  HPCA 2003, IEEE Micro 2003. 

Ç Mutlu et al., ñTechniques for Efficient Processing in Runahead Execution 
Engines,ò ISCA 2005, IEEE Micro 2006. 
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Videos for Today 

Â Multiprocessors 
Ç Basics:http ://www.youtube.com/watch?v=7ozCK_Mgxfk&list=PL5PHm2jkkX

midJOd59REog9jDnPDTG6IJ&index=31 

Ç Correctness and Coherence: http://www.youtube.com/watch?v=U -
VZKMgItDM&list=PL5PHm2jkkXmidJOd59REog9jDnPDTG6IJ&index=32 

Ç Heterogeneous Multi-Core: 
http://www.youtube.com/watch?v=r6r2NJxj3kI&list=PL5PHm2jkkXmidJOd5
9REog9jDnPDTG6IJ&index=34  

 

Â Runahead Execution 
Ç http://www.youtube.com/watch?v=z8YpjqXQJIA&list=PL5PHm2jkkXmidJOd

59REog9jDnPDTG6IJ&index=28 
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http://www.youtube.com/watch?v=U-VZKMgItDM&list=PL5PHm2jkkXmidJOd59REog9jDnPDTG6IJ&index=32
http://www.youtube.com/watch?v=r6r2NJxj3kI&list=PL5PHm2jkkXmidJOd59REog9jDnPDTG6IJ&index=34
http://www.youtube.com/watch?v=r6r2NJxj3kI&list=PL5PHm2jkkXmidJOd59REog9jDnPDTG6IJ&index=34
http://www.youtube.com/watch?v=z8YpjqXQJIA&list=PL5PHm2jkkXmidJOd59REog9jDnPDTG6IJ&index=28
http://www.youtube.com/watch?v=z8YpjqXQJIA&list=PL5PHm2jkkXmidJOd59REog9jDnPDTG6IJ&index=28


Online Lectures and More Information 

Â Online Computer Architecture Lectures 

Ç http://www.youtube.com/playlist?list=PL5PHm2jkkXmidJOd59R
Eog9jDnPDTG6IJ  

 

Â Online Computer Architecture Courses 

Ç Intro:  http://www.ece.cmu.edu/~ece447/s13/doku.php  

Ç Advanced: http://www.ece.cmu.edu/~ece740/f11/doku.php   

Ç Advanced: http://www.ece.cmu.edu/~ece742/doku.php   

 

Â Recent Research Papers 

Ç http://users.ece.cmu.edu/~omutlu/projects.htm  

Ç http://scholar.google.com/citations?user=7XyGUGkAAAAJ&hl=e
n 

 

 

9 

http://www.youtube.com/playlist?list=PL5PHm2jkkXmidJOd59REog9jDnPDTG6IJ
http://www.youtube.com/playlist?list=PL5PHm2jkkXmidJOd59REog9jDnPDTG6IJ
http://www.ece.cmu.edu/~ece447/s13/doku.php
http://www.ece.cmu.edu/~ece740/f11/doku.php
http://www.ece.cmu.edu/~ece742/doku.php
http://users.ece.cmu.edu/~omutlu/projects.htm
http://scholar.google.com/citations?user=7XyGUGkAAAAJ&hl=en
http://scholar.google.com/citations?user=7XyGUGkAAAAJ&hl=en


Architecting and Exploiting 

Asymmetry in Multi-Core Architectures  

 

 

 

 



Warning 

Â This is an asymmetric talk 

Â But, we do not need to cover all of ité 

 

Â Component 1: A case for asymmetry everywhere 

 

Â Component 2: A deep dive into mechanisms to exploit 
asymmetry in processing cores 

 

Â Component 3: Asymmetry in memory controllers 

 

Â Asymmetry = heterogeneity  

Ç A way to enable specialization/customization 
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The Setting 

Â Hardware resources are shared among many threads/apps 
in a many-core system 

Ç Cores, caches, interconnects, memory, disks, power, lifetime, 
é 

 

Â Management of these resources is a very difficult task 

Ç When optimizing parallel/multiprogrammed workloads 

Ç Threads interact unpredictably/unfairly in shared resources 

 

Â Power/energy consumption is arguably the most valuable 
shared resource 

Ç Main limiter to efficiency and performance 
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Shield the Programmer from Shared Resources 

Â Writing even sequential software is hard enough 

Ç Optimizing code for a complex shared-resource parallel system 
will be a nightmare for most programmers  

 

Â Programmer should not worry about                   
(hardware) resource management 

Ç What should be executed where with what resources 

 

Â Future computer architectures should be designed to 

Ç Minimize programmer effort to optimize (parallel) programs  

Ç Maximize runtime systemôs effectiveness in automatic     
shared resource management 
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Shared Resource Management: Goals 

Â Future many-core systems should manage power and 
performance automatically across threads/applications 

 

Â Minimize energy/power consumption 

Â While satisfying performance/SLA requirements 

Ç Provide predictability and Quality of Service 

Â Minimize programmer effort 

Ç In creating optimized parallel programs 

 

Â Asymmetry and configurability in system resources essential 
to achieve these goals  
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Asymmetry Enables Customization 

 

 

 

 

 

 

 

Â Symmetric: One size fits all 

Ç Energy and performance suboptimal for different phase behaviors 

Â Asymmetric: Enables tradeoffs and customization 

Ç Processing requirements vary across applications and phases 

Ç Execute code on best-fit resources (minimal energy, adequate perf.) 
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Thought Experiment: Asymmetry Everywhere 

Â Design each hardware resource with asymmetric, (re-
)configurable, partitionable components 

Ç Different power/performance/reliability characteristics  

Ç To fit different computation/access/communication patterns  
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Thought Experiment: Asymmetry Everywhere 
 

Â Design the runtime system (HW & SW) to automatically choose 
the best-fit components for each phase 

Ç Satisfy performance/SLA with minimal energy 

Ç Dynamically stitch together the best-fit  chip for each phase  
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Phase 1  

Phase 2  

Phase 3  



Thought Experiment: Asymmetry Everywhere 
 

Â Morph software components to match asymmetric HW 
components  

Ç Multiple versions for different resource characteristics 
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Version 1  

Version 2  

Version 3 



Many Research and Design Questions 

Â How to design asymmetric components? 

Ç Fixed, partitionable, reconfigurable components? 

Ç What types of asymmetry? Access patterns, technologies? 

 

Â What monitoring to perform cooperatively in HW/SW? 

Ç Automatically discover phase/task requirements 

 

Â How to design feedback/control loop between components and 
runtime system software? 

 

Â How to design the runtime to automatically manage resources? 

Ç Track task behavior, pick best-fit  components for the entire workload  
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Talk Outline 

Â Problem and Motivation 

Â How Do We Get There: Examples 

Â Accelerated Critical Sections (ACS) 

Â Bottleneck Identification and Scheduling (BIS) 

Â Staged Execution and Data Marshaling 

Â Thread Cluster Memory Scheduling (if time permits) 

Â Ongoing/Future Work 

Â Conclusions 
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Exploiting Asymmetry: Simple Examples 

21 

 

Â Execute critical/serial sections on high-power, high-performance 
cores/resources [Suleman+ ASPLOSô09, ISCAô10, Top Picksô10ô11, Joao+ ASPLOSô12] 

Â Programmer can write less optimized, but more likely correct programs  

Serial  Parallel  



Exploiting Asymmetry: Simple Examples 
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Â Execute streaming ñmemory phasesò on streaming-optimized 
cores and memory hierarchies 

Â More efficient and higher performance than general purpose hierarchy 

Streaming  R
a
n
d
o
m
 
a
c
c
e
s
s 



Exploiting Asymmetry: Simple Examples 

23 

 

Â Partition memory controller and on -chip network bandwidth 
asymmetrically among threads [Kim+ HPCA 2010, MICRO 2010, Top Picks 

2011] [ Nychis+ HotNets 2010] [Das+ MICRO 2009, ISCA 2010, Top Picks 2011] 

Â Higher performance and energy-efficiency than symmetric/free -for-all 

Latency sensitive  
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Exploiting Asymmetry: Simple Examples 
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Â Have multiple different memory scheduling policies apply them 
to different sets of threads based on thread behavior [Kim+ MICRO 

2010, Top Picks 2011] [ Ausavarungnirun, ISCA 2012] 

Â Higher performance and fairness than a homogeneous policy 

Memory intensive  Compute intensive  



Exploiting Asymmetry: Simple Examples 
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Â Build main memory with different technologies with different 
characteristics (energy, latency, wear, bandwidth) [Meza+ IEEE 

CALô12] 

Â Map pages/applications to the best-fit memory resource 

Â Higher performance and energy-efficiency than single-level memory 

CPU 
DRA
MCtrl 

Fast, durable 
Small,  

leaky, volatile,  
high-cost 

Large, non-volatile, low-cost 
Slow, wears out, high active energy 

PCM 
Ctrl DRAM Phase Change Memory (or Tech. X) 

DRAM Phase Change Memory  



Talk Outline 

Â Problem and Motivation 

Â How Do We Get There: Examples 

Â Accelerated Critical Sections (ACS) 

Â Bottleneck Identification and Scheduling (BIS) 

Â Staged Execution and Data Marshaling 

Â Thread Cluster Memory Scheduling (if time permits) 

Â Ongoing/Future Work 

Â Conclusions 
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Serialized Code Sections in Parallel Applications 

Â Multithreaded applications: 

Ç Programs split into threads 

 

Â Threads execute concurrently on multiple cores 

 

Â Many parallel programs cannot be parallelized completely 

 

Â Serialized code sections: 

Ç Reduce performance 

Ç Limit scalability 

Ç Waste energy 
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Causes of Serialized Code Sections 

Â Sequential portions (Amdahlôs ñserial partò) 

Â Critical sections 

Â Barriers 

Â Limiter stages in pipelined programs 
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Bottlenecks in Multithreaded Applications 

Definition: any code segment for which threads contend (i.e. wait)  
 

Examples: 
 

Â Amdahlôs serial portions 
Ç Only one thread exists Ą on the critical path  

 

Â Critical sections 
Ç Ensure mutual exclusion Ą likely to be on the critical path if contended  

 

Â Barriers 
Ç Ensure all threads reach a point before continuing Ą the latest thread arriving 

is on the critical path  
 

Â Pipeline stages 

Ç Different stages of a loop iteration may execute on different threads,  
slowest stage makes other stages wait Ą on the critical path  
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Critical Sections 

Â Threads are not allowed to update shared data concurrently 

Ç For correctness (mutual exclusion principle) 

 

Â Accesses to shared data are encapsulated inside  
critical sections  

 

Â Only one thread can execute a critical section at  
a given time 
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Example from MySQL 

 

31 
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Contention for Critical Sections 
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Contention for Critical Sections 
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Accelerating critical sections  
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Critical  

Section 
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Impact of Critical Sections on Scalability 

Â Contention for critical sections leads to serial execution 
(serialization) of threads in the parallel program portion  

Â Contention for critical sections increases with the number of 
threads and limits scalability 
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A Case for Asymmetry 

Â Execution time of sequential kernels, critical sections, and 
limiter stages must be short  
 

Â It is difficult for the programmer to shorten these 
serialized sections 

Ç Insufficient domain -specific knowledge 

Ç Variation in hardware platforms  

Ç Limited resources 
 

Â Goal: A mechanism to shorten serial bottlenecks without 
requiring programmer effort  
 

Â Idea: Accelerate serialized code sections by shipping them 
to powerful cores in an asymmetric multi -core (ACMP) 
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ACMP 

 

 

 

 

 

 

 
 

Â Provide one large core and many small cores 

Â Execute parallel part on small cores for high throughput  

Â Accelerate serialized sections using the large core 

Ç Baseline: Amdahlôs serial part accelerated [Morad+ CAL 2006, 

Suleman+, UT-TR 2007] 
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Conventional ACMP 
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PriorityQ.insert(é) 

LeaveCS() 

On-chip 
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1. P2 encounters a Critical Section 

2. Sends a request for the lock 

3. Acquires the lock 
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Accelerated Critical Sections (ACS) 

 

 

 

 

 

 

 
 

Â Accelerate Amdahlôs serial part and critical sections using 
the large core 

Ç Suleman et al., ñAccelerating Critical Section Execution with 
Asymmetric Multi-Core Architectures,ò ASPLOS 2009, IEEE 
Micro Top Picks 2010.  
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Accelerated Critical Sections (ACS) 
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ACS Architecture Overview 

Â ISA extensions 
Ç CSCALL  LOCK_ADDR, TARGET_PC 
Ç CSRET   LOCK_ADDR 

 

Â Compiler/Library inserts CSCALL/CSRET 
 

Â On a CSCALL, the small core: 
Ç Sends a CSCALL request to the large core 

Â Arguments: Lock address, Target PC, Stack Pointer, Core ID 

Ç Stalls and waits for CSDONE 

 
Â Large Core 

Ç Critical Section Request Buffer (CSRB) 
Ç Executes the critical section and sends CSDONE to the requesting 

core 
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Accelerated Critical Sections (ACS) 
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LOCK X 

      result = CS(A) 

UNLOCK X 
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False Serialization 

Â ACS can serialize independent critical sections 
 

Â Selective Acceleration of Critical Sections (SEL) 

Ç Saturating counters to track false serialization 
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ACS Performance Tradeoffs 

Â Pluses 

+ Faster critical section execution 

+ Shared locks stay in one place: better lock locality  

+ Shared data stays in large coreôs (large) caches: better shared 
data locality, less ping-ponging 

 

Â Minuses 

- Large core dedicated for critical sections: reduced parallel 
throughput  

- CSCALL and CSDONE control transfer overhead 

- Thread-private data needs to be transferred to large core: worse 
private data locality 
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ACS Performance Tradeoffs 

Â Fewer parallel threads vs. accelerated critical sections  
Ç Accelerating critical sections offsets loss in throughput 

Ç As the number of cores (threads) on chip increase: 

Â Fractional loss in parallel performance decreases 

Â Increased contention for critical sections  
makes acceleration more beneficial 

 

Â Overhead of CSCALL/CSDONE vs. better lock locality  
Ç ACS avoids ping-ponging  of locks among caches by keeping them at 

the large core 

 

Â More cache misses for private data vs. fewer misses 
for shared data  
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Cache Misses for Private Data 
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Private Data: 

NewSubProblems 

Shared Data:   

The priority heap 

 
PriorityHeap.insert(NewSubProblems)  
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ACS Performance Tradeoffs 

Â Fewer parallel threads vs. accelerated critical sections  
Ç Accelerating critical sections offsets loss in throughput 

Ç As the number of cores (threads) on chip increase: 

Â Fractional loss in parallel performance decreases 

Â Increased contention for critical sections  
makes acceleration more beneficial 

 

Â Overhead of CSCALL/CSDONE vs. better lock locality  
Ç ACS avoids ping-ponging  of locks among caches by keeping them at 

the large core 

 

Â More cache misses for private data vs. fewer misses 
for shared data  
Ç Cache misses reduce if shared data > private data 
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ACS Comparison Points 

Â Conventional 
locking 
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Accelerated Critical Sections: Methodology 

Â Workloads: 12 critical section intensive applications 

Ç Data mining kernels, sorting, database, web, networking  
 

Â Multi-core x86 simulator 

Ç 1 large and 28 small cores  

Ç Aggressive stream prefetcher employed at each core 
 

Â Details: 

Ç Large core: 2GHz, out-of-order, 128-entry ROB, 4-wide, 12-stage 

Ç Small core: 2GHz, in-order, 2-wide, 5-stage 

Ç Private 32 KB L1, private 256KB L2, 8MB shared L3 

Ç On-chip interconnect: Bi-directional ring, 5-cycle hop latency 
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ACS Performance 
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Equal-Area Comparisons 
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ACS Summary 

Â Critical sections reduce performance and limit scalability 

 

Â Accelerate critical sections by executing them on a powerful 
core 

 

Â ACS reduces average execution time by: 

Ç 34% compared to an equal-area SCMP 

Ç 23% compared to an equal-area ACMP 

 

Â ACS improves scalability of 7 of the 12 workloads 

 

Â Generalizing the idea: Accelerate all bottlenecks (ñcritical 
pathsò) by executing them on a powerful core  
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Talk Outline 

Â Problem and Motivation 

Â How Do We Get There: Examples 

Â Accelerated Critical Sections (ACS) 

Â Bottleneck Identification and Scheduling (BIS) 

Â Staged Execution and Data Marshaling 

Â Thread Cluster Memory Scheduling (if time permits) 

Â Ongoing/Future Work 

Â Conclusions 
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BIS Summary 
Â Problem: Performance and scalability of multithreaded applications  

are limited by serializing bottlenecks 

Ç different types: critical sections, barriers, slow pipeline stages 

Ç importance (criticality) of a bottleneck can change over time  
 

Â Our Goal: Dynamically identify the most important bottlenecks and  
accelerate them 

Ç How to identify the most critical bottlenecks  

Ç How to efficiently accelerate them 
 

Â Solution: Bottleneck Identification and Scheduling (BIS) 

Ç Software: annotate bottlenecks (BottleneckCall, BottleneckReturn) and 
implement waiting for bottlenecks with a special instruction (BottleneckWait)  

Ç Hardware: identify bottlenecks that cause the most thread waiting and 
accelerate those bottlenecks on large cores of an asymmetric multi-core system 
 

Â Improves multithreaded application performance and scalability, 
outperforms previous work, and performance improves with more cores  
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Bottlenecks in Multithreaded Applications 

Definition: any code segment for which threads contend (i.e. wait)  
 

Examples: 
 

Â Amdahlôs serial portions 
Ç Only one thread exists Ą on the critical path  

 

Â Critical sections 
Ç Ensure mutual exclusion Ą likely to be on the critical path if contended  

 

Â Barriers 
Ç Ensure all threads reach a point before continuing Ą the latest thread arriving 

is on the critical path  
 

Â Pipeline stages 

Ç Different stages of a loop iteration may execute on different threads,  
slowest stage makes other stages wait Ą on the critical path  
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Observation: Limiting Bottlenecks Change Over Time 

A=full linked list; B=empty linked list  

repeat 

 Lock A 

  Traverse list A 

  Remove X from A 

 Unlock A 

 Compute on X 

 Lock B 

  Traverse list B 

  Insert X into B 

 Unlock B 

until A is empty 
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Lock A is limiter 
Lock B is limiter 

32 threads 



Limiting Bottlenecks Do Change on Real Applications 
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MySQL running Sysbench queries, 16 threads 


