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Future mainstream microprocessors will likely
integrate heterogeneous cores
• How will we program them?

Motivation
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• Map computation to driver / 
abstraction API

• Unfamiliar development / 
debugging flow

• OS / driver overheads

• Accelerator in distinct 
memory space
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EXO: IA ISA extension for MIMD
• Heterogeneous engines as IA MIMD function units (exo-sequencer)

• Shared virtual memory multithreaded programming paradigm

CHI: IA programming environment for exo-sequencers
• Familiar IA look-n-feel for application software development / 

debugging flows 

• OpenMP extension for shared memory heterogeneous multi-shredding

Our Approach – EXOCHI
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Outline
• Overview

• EXO: Heterogeneous MIMD ISA Extension to IA

• CHI Programming Environment

• Prototype

• Conclusion
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MISP: Multiple Instruction Stream Processor, ISCA’06

MISP: MIMD ISA for Asymmetric IA Cores
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MISP: MIMD ISA for Asymmetric IA Cores

• MIMD ISA Extension for IA

• Multiple IA Sequencers
• Shared memory
• Proxy execution

MISP ISA Extension
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MISP: Multiple Instruction Stream Processor, ISCA’06
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• Address Translation Remapping
– Share virtual address space among different architectures

• Signal OMS on page fault
– Transcode virtual address to exo-sequencer format and install entry

Heterogeneous
AcceleratorExo-Sequencer

Exoskeleton Sequencer – Extend MISP 
to Heterogeneous Sequencers

• MISP Exoskeleton
– Exposed as AMS
– Conform to MISP inter-sequencer signal
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TLBException
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xoskeleton TLB Exception
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Signal

• Collaborative Exception Handling
– Handle exceptions / faults for exo-sequencers
– Emulate exo-sequencer native data type

• Utilize robust IA exception handling support
– IEEE double precision floating point exceptions
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EXO:  MIMD ISA for Heterogeneous CMP

EXO  ISA Extension 

• MIMD ISA for IA + Accelerator

• Exo-skeleton Sequencers
• Shared memory 
• EXO-Proxy execution (ATR/CEH)
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CHI Programming Environment
Compiler
• Modified front-end and OpenMP 

pragmas
– Fork/join 
– Producer/consumer parallelism

• Generates fat binary

CHI runtime
• Multi-shredding: User-level threading

• Extensible to multiple types of 
heterogeneous cores
– E.g. Intel GMA X3000
– E.g. A data streaming systolic array 

accelerator for communication

#pragma omp
_asm
{

……
}

Intel C++ 
Compiler

Accelerator-specific
assembler and 
domain-specific

plug-ins

.code

<call to runtime>

.data

.special_section
<accelerator-specific binary>

Linker
CHI 

runtime
library

#pragma omp parallel target(targetISA) [clause[[,]clause]…]
structured-block

Where clause can be any of the following:
firstprivate(variable-list)

private(variable-list)
shared(variable-ptr-list)

descriptor(descriptor-ptr-list)
num_threads(integer-expression)

master_nowait
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1.
2.
3.
4.
5.  
6.  
7.  
8.  #pragma omp parallel               shared(A,B,C) 
9. private(i)
10. {
11. for (i=0; i<n/8; i++)
12. __asm
13. {
14.
15.
16.
17.
18.
19. }
20.  }
21.  #pragma omp parallel for shared(D,E,F) private(i)
22.  {
23. for (i=0; i<n; i++)
24. F[i] = D[i] + E[i];
25.  }

CHI Programming Example
int *A = malloc(n);
int *B = malloc(n);
int *C = malloc(n);

A_desc = chi_alloc_surface(A, X3000_INPUT, n, 1);
B_desc = chi_alloc_surface(B, X3000_INPUT, n, 1);
C_desc = chi_alloc_surface(C, X3000_OUTPUT, n, 1);

target(x3000)
descriptor(A_desc,B_desc,C_desc)

shl.1.w vr1 = i, 3
ld.8.dw [vr2..vr9] = (A, vr1, 0)
ld.8.dw [vr10..vr17] = (B, vr1, 0)
add.8.dw [vr18..r25] = [vr2..vr9], [vr10..vr17]
st.8.dw (C, vr1, 0) = [vr18..vr25]

master_nowait
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Outline
• Motivation

• EXO: Heterogeneous MIMD ISA Extension to IA

• CHI Programming Environment

• Prototype

• Conclusion
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EXOCHI Prototype
Intel Core 2 Duo Processor + Intel GMA X3000 Media 
Accelerator
• IA core (1 IA sequencer) + 8 GMA X3000 cores (32 exo-sequencers)

Custom firmware to emulate EXO ISA extension

Intel C++ Compiler with CHI OpenMP runtime extensions

Execute production-quality media-processing kernels
• Highly parallel (up to 1000s of shreds)

• Measure wall-clock execution time
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IA Look-n-Feel: Development and 
Debugging
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IA Look-n-Feel: Compilation and 
Execution
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Speedup of GMA X3000 over CPU Alone
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Impact of Shared Virtual Memory and Cache 
Coherency
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Summary
EXOCHI provides an IA look-n-feel for
programming heterogeneous accelerators
• EXO MIMD ISA extension for shared virtual memory multithreaded 

programming paradigm

• CHI Programming environment for IA SW development look-n-feel
– Compiler, debugger, multi-shredding runtime
– Essential for productivity

Complete hardware and software prototype
• Significant performance improvements possible over IA sequencer

• Cache coherency improves performance but less significant than shared 
virtual memory
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Thank You!



19

Cooperative Multi-shredding Performance
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Shared Virtual Memory and Cache 
Coherence
• Cache coherency not a requirement for shared 

virtual address space

• Use critical sections for mutual exclusion to shared 
data

• Flush dirty cache lines back to memory prior to 
releasing lock / mutex
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