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 Real-Time Calculus  Artificial Example

Join should be conservative: Join should be conservative: Join should be conservative: Join should be conservative: Join should be conservative: Join should be conservative: Join should be conservative:
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How many memory blocks can be in the must-cache? Join should be conservative: Join should be conservative: Join should be conservative: Join should be conservative: Join should be conservative: 
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Fill

Number of accesses to complete may-and must-information.

I.e. when can an analysis predict each access?

-→ Evict and Fill bound the precision of any static cache analysis.

Can thus serve as a benchmark for analyses. In the worst-case k -1 hits and k misses: 

(k = associativity) -→ Evict(k ) = 2k -1 Another k accesses to obtain complete knowledge: -→ Fill(k ) = 3k -1 Reinhard Wilhelm
Policy P is (k , c)-miss-sensitive if m P (q, s) ≤ k • m P (q , s) + c
for all access sequences s ∈ M * and cache-set states q, q ∈ C P . LRU 1,2 1,3 1,4 1,5 1,6 1,7 1,8 FIFO 2,2 3,3 4,4 5,5 (p, j, d), where p denotes the period, j the jitter, and d the minimum inter-arrival distance of events in the modeled stream distance of events in the modeled stream. 

B s i c s i c-s i c 2 Delay? Buffer? Stream 1 T3 CPU3 T1 CPU1  GPC GPC  1  1  3 Stream 1 T3 T1  GPC GPC  1  2 Stream 2 T2 CPU2 T4  GPC GPC  2  2 54 
44% GPC GPC  1  1  3  GPC GPC  1  2  GPC GPC  2  2  40% 55 

  information where control-flow merges.

  information where control-flow merges.

  information where control-flow merges.

  information where control-flow merges.

  the example: Evict = Fill = 4 In general: Evict(k ) = Fill(k ) = k , where k is the associativity of the

Information processing system that is physically embedded within a larger system ABS gear box entertainment motor control climate control 4 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Target Platforms Target Platforms

  

	6, 6 -MRU 1, 2 3, 4 5, 6 7, 8 MEM MEM MEM 7, 7 8, 8 PLRU 1, 2 -∞ --∞ LRU is optimal. Performance varies in the least possible way. For FIFO, PLRU, and MRU the number of misses may vary strongly. Case study based on simple model of execution time by Hennessy and Patterson (2003): WCET may be 3 times higher than a measured execution time for 4-way FIFO. Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 computer science 40 / 64 saarland university Caches: Summary Cache Analysis for Least-Recently-Used . . . efficiently represents sets of cache states by bounding the age of memory blocks from above and below. computer science saarland university Caches: Summary Cache Analysis for Least-Recently-Used . . . efficiently represents sets of cache states by bounding the age of memory blocks from above and below. . . . requires context-sensitivity for precision. Predictability Metrics . . . quantify the predictability of replacement policies. -→ LRU is the most predictable policy. computer science saarland university Caches: Summary Cache Analysis for Least-Recently-Used . . . efficiently represents sets of cache states by bounding the age of memory blocks from above and below. . . . requires context-sensitivity for precision. Predictability Metrics . . . quantify the predictability of replacement policies. -→ LRU is the most predictable policy. Sensitivity Analysis . . . determines the influence of initial state on cache performance. Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 41 / 64 computer science saarland university Outline Timing analysis and predictability of caches Caches Cache Analysis for Least-Recently-Used Beyond Least-Recently-Used Predictability Metrics Sensitivity -Caches and Measurement-Based Timing Analysis Predictability of architectures Pipeline Analysis Timing anomalies Classification of architectures Extension to multi-core Why multi-core? Predictable multi-core Analysis of current multi-core computer science saarland university Outline Timing analysis and predictability of caches Caches Cache Analysis for Least-Recently-Used Beyond Least-Recently-Used Predictability Metrics Sensitivity -Caches and Measurement-Based Timing Analysis Predictability of architectures Pipeline Analysis Timing anomalies Classification of architectures Extension to multi-core Why multi-core? Predictable multi-core Analysis of current multi-core computer science saarland university Pipeline analysis Cyclewise evolution of processor model Basic Block Instruction Instruction Cycle semantics: Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 44 / 64 computer science saarland university (Concrete) Instruction Execution instruction MUL Fetch I-cache miss? Issue Unit occupied? Execute Multicycle? Retire Pending instructions? 30 1 3 1 3 6 Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 45 / 64 computer science saarland university (Concrete) Instruction Execution instruction MUL Fetch I-cache miss? Issue Unit occupied? Execute Multicycle? Retire Pending instructions? 30 1 3 1 3 6 1 = 4 Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 45 / 64 computer science saarland university (Concrete) Instruction Execution instruction MUL Fetch I-cache miss? Issue Unit occupied? Execute Multicycle? Retire Pending instructions? 30 1 3 1 3 6 1 = 4 30 3 6 = 41 Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 45 / 64 computer science saarland university (Abstract) Instruction Execution instruction MUL Fetch I-cache miss? Issue Unit occupied? Execute Multicycle? Retire Pending instructions? 30 1 3 1 3 6 Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 46 / 64 computer science saarland university (Abstract) Instruction Execution instruction MUL Fetch I-cache miss? Issue Unit occupied? Execute Multicycle? Retire Pending instructions? 30 1 3 1 3 6 30 Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 46 / 64 computer science saarland university (Abstract) Instruction Execution instruction MUL Fetch I-cache miss? Issue Unit occupied? Execute Multicycle? Retire Pending instructions? 30 1 3 1 3 6 30 1 1 3 Reinhard Wilhelm Timing Analysis and Timing Predictability saarland university Timing anomalies When local worst-case does not lead to the global worst-case A A Resource 1 Resource 2 Resource 1 C B D E D E C ready A Cache Hit Branch Condition Evaluated Prefetch B -Miss C computer science saarland university Smart configuration of existing multi-core MPC5668G -An automotive processor e200z0 No Cache e200z6 32KB Cache AMBA crossbar switch (AXBS) Reinhard Wilhelm Timing Analysis and Timing Predictability Tutorial ISCA 2010 61 / 64 computer science saarland university Smart configuration of existing multi-core MPC8641D -An avionics processor e600 32KB L1 Cache 1MB L2 Cache e600 32KB L1 Cache 1MB L2 Cache MPX Bus Embedded Systems Embedded Systems Tutorial ISCA 2010 computer science Resource 2 B C A Cache Miss MPX Coherency C Scheduling anomaly. Speculation anomaly. FLASH 2MB SRAM A 80KB SRAM B 512KB Peripherals e.g. CAN Module DDR SDRAM Controller DDR SDRAM Controller Ethernet Controller Ethernet Controller Peripherals e.g. PCI ACC ABS ESP ASR
	engine g control	powertrain control
	Swiss Federal Institute	5

. . . requires context-sensitivity for precision.

of Technology Computer Engineering and Networks Laboratory A Sample HW Architecture (EU-SHAPES) A Sample HW Architecture (EU SHAPES)

  

						OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP		
						MEM MEM MEM MEM	MEM MEM MEM MEM	MEM MEM	MEM MEM MEM MEM		
	Heterogeneous Tiles Heterogeneous Tiles		Tile Tile	Tile Tile	Tile Tile	Tile Tile	F P P F	ADC ADC	sensor sensor
	Regular Tile-Structure Regular Tile-Structure					G A A G A A	
	On-chip and off-chip On-chip and off-chip		Tile Tile	Tile Tile	Tile Tile	Tile Tile		DAC DAC	actuator actuator
	networks networks				OFF-CHIP MEM OFF-CHIP MEM	OFF-CHIP MEM OFF-CHIP MEM	OFF-CHIP MEM OFF-CHIP MEM	OFF-CHIP MEM OFF-CHIP MEM		
						OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP		
						MEM MEM	MEM MEM	MEM MEM	MEM MEM		
						Tile Tile	Tile Tile	Tile Tile	Tile Tile		ADC ADC	sensor sensor
	3DT Off-chip communication 3DT Off-chip communication	DNP DNP	NoC RISC NoC RISC	DSP DSP	Tile Tile	Tile Tile	Tile Tile	Tile Tile	Tile Tile		DAC DAC	actuator actuator
						OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP	OFF-CHIP OFF-CHIP		
			Multi-Layer BUS Multi-Layer BUS		MEM MEM	MEM MEM	MEM MEM	MEM MEM		
			DXM DXM	POT POT							
				ADC/DAC ADC/DAC						
	Swiss Federal Institute of Technology Swiss Federal Institute				6 7			Computer Engineering and Networks Laboratory

of Technology Computer Engineering and Networks Laboratory IBM Cell Processor IBM Cell Processor 8 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Contents Contents

  

	Drivers		
	Compositional Analysis  Overview Compositional p  Real-Time Calculus  Artificial Example A hi l I i Architectural Interactions Analysis y	
	 Shared Resources in Multicore Systems	
	 Compilation for Multiprocessors Challenges -Overview -	
	Swiss Federal Institute of Technology	10	Computer Engineering and Networks Laboratory

11 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Analysis and Design Analysis and Design

  

	Embedded System =
	Computation + Communication + Resource Interaction
	Analysis:
	I f Infer system properties from t ti f
	subsystem properties.
	Design:
	Build a system

from subsystems Build a system from subsystems while meeting requirements. 12 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory System Composition System Composition Communication Templates Computation Templates DSP SDRAM ECU C CAN interface RISC Scheduling and Arbitration Templates Architecture proportional share WFQ EDF TDMA FCFS RISC SDRAM priority EDF share WFQ static dynamic fixed priority FCFS ECU priority ECU 13 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory ECU ECU Why Performance Analysis ? Why Performance Analysis ?

  

	Why Is Evaluation Difficult ? Why Is Evaluation Difficult ?
	Prerequisite for design space exploration (design decisions Non-determinism: Prerequisite for design space exploration (design decisions  uncertain system environment, e.g. load scenarios and optimization)  part of the feedback cycle part of the feedback cycle  (non-deterministic) computations in processing nodes
	Interference:  get inside into design characteristics and bottlenecks  support early design decisions pp y g  sharing exclusive resources (scheduling and arbitration)
	 interaction between resource types: exclusive
	Design validation g (computation, communication) and shared (energy)
	 verify system properties Long-term dependencies
	 resource feedback: internal data streams interact on  used at various design stages from early design until final l i hi h i t h t exclusive resources which in turn change stream implementation characteristics

18 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Difficulties Difficulties Processor Processor Task ab acc b Buffer Input Stream ab acc b Stream

  

	System-Level Evaluation Methods System Level Evaluation Methods
	e g delay e.g. delay		
	Worst-Case		
	Task Communication Task Communication Task Scheduling Best-Case	Variable Resource Availability Variable Execution Demand Variable Resource Availability
	Complex Input: Complex Input: -Timing (jitter, bursts, ...) Real System Measurement Simulation -Input (different event types) Worst Case Probabilistic Real System Measurement Simulation Worst Case Probabilistic -Input (different event types) -Internal State (Program, Cache, ...) Analysis Analysis
	-Different Event Types Different Event Types		
	Swiss Federal Institute of Technology Swiss Federal Institute	19 20	Computer Engineering and Networks Laboratory

of Technology Computer Engineering and Networks Laboratory Overview System Overview

  

	Performance Estimation Methods Performance Estimation Methods
		designers		component
		experience p		simulation
			model of	
	Measurements input	Formal Analysis application	Simulation	Statistics data
	traces				sheets
	model of model of	system system		model of model of
	environment	model		architecture
	Use existing spec. of Use existing instance of the system to inputs	Develop a mathematical mathematical abstraction of the system and estimation tool (method) program which Develop a program which implements a model of the	platform Develop a statistical benchmarks statistical abstraction of the system and
	perform pe o	derive formulas de e o u as	system. Perform syste e o	derive statistic de e stat st c
	performance	which describe		experiments by	performance via
	measurements.	the system performance. p estimation	running the program. p g	analysis or simulation.
	Swiss Federal Institute of Technology Swiss Federal Institute		21 22		Computer Engineering and Networks Laboratory

of Technology Computer Engineering and Networks Laboratory results Formal Analysis -Dynamic Models Formal Analysis Dynamic Models

  

	Combination between
	 Static models possibly extended by non-determinism in run-
	time and event processing
	D  Dynamic models for describing e.g. resource sharing i d l f d ibi h i
	mechanisms (scheduling and arbitration).
	Existing approaches

 Classical

real-time scheduling theory Classical real time scheduling theory  Stochastic queuing theory (statistical bounds)  Non-deterministic queuing theory (worst case

  

	o dete	/best case st c queu g t eo y ( o s case/bes case
	behavior)	
	Swiss Federal Institute	23

of Technology Computer Engineering and Networks Laboratory Example -Queuing Systems Example Queuing Systems  Example: clients

  request some service from a server over a network  Example: clients request some service from a server over a network.

	24

Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Stochastic Models -Queuing Systems Stochastic Models Queuing Systems

  

	A queuing system is described by	Performance measures
	 Arrival rate Arrival rate	 average delay in queue average delay in queue
	 Service mechanism	 time-average number of customers
	 Queuing discipline	in queue.
		 proportion of time server is busy
	The classical M/M/1 queuing system:
	(M M k i ( (M = Markovian (exp.) distribution ) ) di t ib ti )

25 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Nondeterministic Models -Queuing Systems Nondeterministic Models Queuing Systems

  

	A queuing system is described by	Performance measures
	A i l f  Arrival function (bounds on ti (b d	t  worst case delay in queue d l i
	arrival times)  Service functions (bounds on ( Compositional p  worst-case number of customers in queue. q
	server behavior)  Resource interaction	 worst-case and best-case end-to-end delay in the system Analysis y
			TDMA TDMA
	GPC -Real-Time Calculus -GPC GPC
	GPC	GPC
	Swiss Federal Institute of Technology	26	Computer Engineering and Networks Laboratory

27 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Network/Real-time Calculus Methods Network/Real time Calculus Methods Advantages

  More powerful abstraction than "classical" real-time analysis  Resources are first-class citizens of the method

	Modular System Composition Modular System Composition		
	CPU	BUS		DSP
	f ( )  Allows composition in terms of (a) tasks, (b) streams, (c) ( ) ( )
	resources, (d) sharing strategies.		
	RM	TDMA		
	Disadvantages			
	 Needs some effort to understand and implement  Needs some effort to understand and implement TDMA	
	 Extension to new arbitration schemes not always simple
	GPC	GPC	GSC	GPC

TDMA GPC GPC 30 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory GPC GPC Load Model (Environment)

  

				Service
				Model
	Load Model (Environment) Example 1:	Load Model Model	Processing Model Model
		events	
	E Event Stream t St		
	number of events in number of events in		
	in t=[0 .. 2.5] ms		
		2.5	t [ms] [ ]
	Arrival Curve 	d demand d	 u
			 l
	maximum / minimum		
	arriving demand in any		
	interval of length 2.5 ms g	2.5	 [ms]
	Swiss Federal Institute of Technology	31	Computer Engineering and Networks Laboratory

Periodic with Jitter Example 1: Periodic with Jitter

  

	A common event pattern that is used in literature can be
	ifi d b h specified by the parameter triple i l ( j d) h	d

of Technology Computer Engineering and Networks Laboratory Example 2: TDMA Resource Example 2: TDMA Resource

  

	Example 2:
	periodic periodic periodic jitter Swiss Federal h that are executed on a resource with bandwidth B that p p j  d 32 d ihb d idhB h controls resource access using a TDMA policy. Analogo sl e co ld consider a distrib ted s stem ith n Analogously, we could consider a distributed system with n communicating nodes, that communicate via a shared bus with bandwidth B with a bus arbitrator that implements bus with bandwidth B, with a bus arbitrator that implements a TDMA policy. TDMA policy: In every TDMA cycle of length , one single c p y y y g , g resource slot of length s i is assigned to application i. appl 1 appl 2 appl n appl 1 appl 2 appl n appl.1 appl.2 appl. n appl.1 appl.2 appl. n ... ... 35 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Institute Consider a real-time system consisting of n applications c c c c s n

TDMA Resource Example 2: TDMA Resource Service curves available

  to the applications / node i:

Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Delay? Internal Re-Shaping Delay? -7.4% Internal Re Shaping 44% Buffer? -

  

67 Task executing on Core 1 L1 Cache accessed L2 Cache accessed Main Memory accessed Task executing on Core 2 L1 Cache accessed L2 Cache is blocked by Core 1 -stall Task is executing on Core 1 L1 Cache accessed L2 Cache accessed Main Memory is blocked by CPU 1 -stall Main Memory request served Main Memory is accessed L2 Cache request served L2 Cache accessed Main Memory blocked by CPU 2 -stall Main Memory request served Main Memory accessed L1 Cache request served L2 Cache request served L1 Cache request served Main Memory access served L2 Cache request served L1 Cache request served Motivation (2)

  

	Interferences:
	CPU1/Core2 blocked by CPU1/Core1 on L2 Cache
	CPU2/Core1 blocked by CPU1/Core1 on Main Memory y y
	CPU1/Core2 blocked by CPU2/Core1 on Main Memory Task / Superblock Model (1) Motivation Related Work Task / Superblock Model (2) Static execution on the processing element Static Arbitration (2) Analysis for static arbitration -Summary Resource Access Models (1) Resource Access Models (2) -Reminder Resource Access Models (3) Comparisons of Access Models Conclusion
	 COTS Systems use shared resources (Memory, Bus) Multi-Core Architecture with shared resource  Tasks are structured as sequences of superblocks  3 Models to specify resource accesses:  Generate worst-case  Generate worst-case  analysis is complex  3 Models to specify resource accesses:  Resource Sharing in Multi-Core Systems is an important
	63  Multiple entities competing for shared resources Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory S5 4 4 C5.1 4 T5.1 T5.2 p p g  waiting for other entities to release the resource  accessing the resources C C C C C C C M i M t d C C C C  shared memory, communication peripherals, I/O peripherals Stalling due to Interference Stalling due to Interference  Depends on structure of tasks on the cores  Depends on blocking vs. non-blocking execution semantics  Depends on arbitration policy on the shared resource  static access, for example TDMA  dynamic access, for example round robin, FCFS, priority driven y p p y  Schliecker et al. [CODES 2006, CODES 2008, DATE 2010] [ ]  Event models specify tasks interference in time windows  tasks active time increases by number of interferences  Iterative approach to compute WCET  Iterative approach to compute WCET  Rosen et al. [RTSS 2007]  static analysis delivers feasible execution traces i TDMA h d l th WCET i t d  a given TDMA schedule the WCET is computed  efficient TDMA schedules are obtained using EA  fixed order of execution b d i d i i d d  upper bounds on execution and communication demands  Dedicated phases for resource access and computation  phases have different amount of access requests  phases have different amount of access requests  structure increases predictability (in terms of WCRT)  model motivated by industrial applications in the automotive industry di d d l  Dedicated Model  General Model  Hybrid Model  2 Models to execute superblocks:  Sequential Ti t i d ( bl k h ) 71  Time-triggered (superblocks, phases) trace  Read/Write access whenever slot is active whenever slot is active  Execution is performed p immediately A PE2 t 74  Assume PE2 grants 75 76 78 82 access: trace  Where to place the access requests ? access requests ?  Algorithm for WCCT g by maximizing stalling  Assume PE2 grants Assume PE2 grants access:  makes use of arrival and service curves (real-time calculus)  has been extended to dynamic resource sharing as well  analysis handles dedicated and general phases y g p  Influence of different access models on schedulability y  Influence of the execution model on predictability (equivalent WCRT) di d d l  Dedicated Model issue in terms of  Intuition:  Separation of resource access and computation increases predictability  Analyzability  Predictability ?  Everything time-triggered increases predictability  Everything time triggered increases predictability  Efficiency  Efficiency  General Model  sequential and time-triggered execution  analysis of mixed models possible by composition analysis of mixed models possible by composition  superblocks can be specified using different models  Time complexity  Time complexity  Dedicated phase:  General phase: ( ) O M Q ( lo ) g m ax O M exec  General phase: ( lo ) g O M exec Q  Static arbitration policies  Intuition:  Separation of resource access and computation increases predictability  Everything time-triggered increases predictability ? Everything time triggered increases predictability Eli i ti f I t f  Elimination of Interference  Hybrid Model  Excessive time-triggering may degrade performance  Tight bounds on WCCT can be derived ?  2 Models to execute superblocks: Ti t i d  Time-triggered  Separate Memory Access and Computation Separate Memory Access and Computation  Sequential  No advantage in terms of predictability  No advantage in terms of predictability  Model DS is model choice for resource sharing systems  Excessive time-triggering is counter productive

Even for simple models: 83 Even for simple models: Resource Sharing is a hard Problem Target Platform Abstraction (1) Target Platform Abstraction (1) Topology modeled by a graph

  

	 two node types:  two node types:			DXM interface DXM interface	DXM DXM
	• execution and comm. resources		Multi-layer BUS	NoC
	• storage resources g	DSP sub-system		AHB Master	DNP sub-
	Execution resources	AHB Slave	DMA	system
	 RISCs, DSPs, …	DSP	Int. Data Memory
	Communication resources	core		
	 buses, switches, links, I/Os			
	Storage resources  RAMs, HW FIFOs, …	DMX interface DMA	DXM	buf mem.
				bus bus	of switch of switch
		DSP	switch
				DNP
	Swiss Federal Institute	88		

of Technology Computer Engineering and Networks Laboratory Target Platform Abstraction (2) Target Platform Abstraction (2)

  

	Mapping Specification Mapping Specification	
	Binding		
	 Processes to		
	execution		
	ATMEL Diopsis resources ATMEL Diopsis  SW channels to Platform read/write paths		
	Scheduling g		
	 Processors  Communication		Specification in XML syntax
	Constraints Constraints Specification  For Hardware-in XML syntax dependent		
	Software (HdS) Software (HdS)		
	generation		
	Swiss Federal Institute of Technology Swiss Federal Institute	89 90	Computer Engineering and Networks Laboratory

of Technology Computer Engineering and Networks Laboratory DOL Design Flow DOL Design Flow

  

				Scheduling -Mapping Optimizer
	Performance Estimation	Performance Estimation
	application	architecture	mapping	architecture	application	mapping
					HdS / OS HdS / OS	
					Compiler	
				binary	VP simulator
	Swiss Federal Institute	91			

of Technology Computer Engineering and Networks Laboratory Multiobjective Optimization Multiobjective Optimization

  

	x2	decision space	y2	objective space	Pareto optimal Pareto optimal = not dominated
					dominated
		x1		y1	
	Swiss Federal Institute	92		

of Technology Computer Engineering and Networks Laboratory Design Space Exploration Design Space Exploration 93 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Design Space Exploration Design Space Exploration Example for ATMEL Multitile Platform

  : 64 processes, 16 processors, optimal mapping known  32 processes execute efficiently on ARM, 32 efficiently on mAgic  different interconnection structures between processes  16 64  1.15  10 77 possible mappings (including symmetric ones)  Evaluation of 10 000 mappings Evaluation of 10.000 mappings

	diff	t i t	ti	t t	b t

max processor load 94 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory max. processor load max. interconnect load PISA Website PISA Website http

  ://www tik ee ethz ch/pisa http://www.tik.ee.ethz.ch/pisa

95 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory DOL Design Flow DOL Design Flow

  

			calibr. data data	Scheduling -Mapping Optimizer
	Performance Estimation	Performance Estimation
	application	architecture	mapping	architecture	application	mapping
					HdS / OS HdS / OS	
					Compiler	
				binary	VP simulator
	Swiss Federal Institute	96			

of Technology Computer Engineering and Networks Laboratory Multitile Calibration Multitile Calibration 97 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory Functional Simulation Functional Simulation

  

	Workload Extraction Workload Extraction WCET WCET (Timing) Predictability (Timing) Predictability
	process network p (with iterators) x = a + b; functional simulation response time p	LOAD LOAD LOAD	iterator_i accumulated r1, _b workload bounds r2 a r2, a	processes p behavior
	accumulated amount after amount after communication event	C2_0 generator ADD	C2_i consumer workload r3,r2,r1	.c .c WCRT .c .c … Bound
	flattened (w/o iterators) process network		XML Execution Time (Clock Cycles) XML Flattener PPC 755	WCRT WCRT
		350		square_1	square_2
	visualization	300 250 generator C2_0 200 150 200		C2_1	C2_2 consumer Clock Cycles	Simulation Generator number of consecutive BCRT BCRT
		0 50 100 0	Best Case	Worst Case	SystemC Si l ti Simulation events © R i h d Wilh l © Reinhard Wilhelm BCRT year Bound
	Swiss Federal Institute of Technology Swiss Federal Institute of Technology Swiss Federal Institute of Technology Swiss Federal Institute					98 99 109 110	Computer Engineering and Networks Laboratory Computer Engineering and Networks Laboratory Computer Engineering and Networks Laboratory

of Technology Computer Engineering and Networks Laboratory Bound WCET WCET © Reinhard Wilhelm 111 Swiss Federal Institute of Technology Computer Engineering and Networks Laboratory
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Classification of architectures

Timing compositional

No timing anomalies e. g., ARM7

Compositional with bounded effects Timing anomalies but no domino effects e. g., TriCore (probably) 

Non-compositional architectures

Greedy Processing Component Greedy Processing Component

C ti t i db

Behavioral Description

• Component is triggered by incoming events.

• A fully preemptable task is

GPC

A fully preemptable task is instantiated at every event arrival to process the incoming event.

• Active tasks are processed in a greedy fashion in FIFO order. 

P i i t i t db th

Tight Bounds Tight Bounds

[ , ] 

Interfaces

WCET arbitration scheduler

Interfaces HW/SW

A task is (classically) characterized by its WCET.

 May be useful in case of simple processors, but we have long range state dependent uni processor behavior long-range state-dependent uni-processor behavior (pipelines, caches, speculation).  In case of multi-processors, we have additional interferences p , on the communication system which heavily influences WCET. We also may have intra-task parallelism.  WCET can no longer be considered as a useful interface between these abstraction layers.

What about the other interfaces ? What about the other interfaces ?

 Is the classical ISA (using instructions that abstract away time) still appropriate?