Programming Model and Synthesis
for Low-power Spatial Architectures




Architecture’s Heterogeneity is Inevitable

Why heterogeneous system/architecture?

e Energy efficiency
We want both!

e Runtime performance

What is the future architecture? Convergence point unclear.
But it will be some combination of

1. Many small cores (less control overhead, smaller bitwidth)
2. Simple interconnect (reduce communication energy)
3. New ISAs (specialized, more compact encoding)

What we are working on
* Programming model for future heterogeneous architectures
e Synthesis-aided “compiler”


Presenter
Presentation Notes
Future architectures will be mostly heterogeneous because of energy efficiency and performance reasons.
We gain performance from using multiple specialized cores.
Each core will be small if we want energy efficiency.

What is the price of heterogeneity? => Less programmability!
Hence, we are working on new programming model and code generation technique for future architectures.


Energy Efficiency vs. Programmability

Future architectures Challenges

Many small cores Fine-grain partitioning
New ISAs ‘ New compiler optimizations
Simple interconnect ‘ SW-controlled messages

“The biggest challenge with 1000 core chips will be programming them.”*
- William Dally (NVIDIA, Stanford)

On NVIDIA’s 28nm chips, getting data from neighboring memory takes 26x the energy of addition.!

Cache hit uses up to 7x energy of addition.?

1: http://techtalks.tv/talks/54110/  2: http://cva.stanford.edu/publications/2010/jbalfour-thesis.pdf



Presenter
Presentation Notes
This slide illustrates why the price of heterogeneity is less programmability. However, a good programming model can hide the low-level difficult implementation details from the programmer. Therefore, we need such a programming model.

Existing programming models for heterogeneous system only handle coarse-grained partitioning. They usually try to solve the problems of where to place data and computation to devices in the system (e.g. CPU, GPU, FPGA). However, when we talk about energy efficient devices, their cores might be so tiny that a simple sequential program might not fit in one core. Therefore, we need a new programming model that can handle fine-grained partitioning.

New ISAs mean we need new compiler optimizations. Simple interconnect means we need software-controlled message communication.�



http://techtalks.tv/talks/54110/
http://cva.stanford.edu/publications/2010/jbalfour-thesis.pdf

Compilers: State of the Art

Brand new Takes 10 years to build
compiler an optimizing compiler

Want to designa Q{ Modify existing Stuck with similar
new hardware? compiler architecture

If you limit yourself to traditional compilation framework, you limit
yourself to similar architectures or wait years to prove the success.

Synthesis, an alternative to compilation
e Compiler: transforms the source code
e Synthesis: searches for a correct, fast program


Presenter
Presentation Notes
Points:
First of all, it is not feasible to write program (machine code) by hand, so we need a tool for that.
Optimizing compiler for specific ISA takes years and years to be (not even) perfect.
For example, it took 10 years for Java compiler to be well optimized. Java was first developed in 1991. JIT was used in Java in 1998, and it took a couple more years to be well performed.
On the other hand, if we reuse an existing compiler for your new architecture, we will stuck with similar architectures because we rely on the similar transformations and optimizations.
Conclusion: Since no one knows what the future looks like, we need a flexible programming/compilation model that allow us to design any promising architecture possible.



Program Synthesis (Example)

Specification:
x1 L X2 J
int[16] transpose(int[16] M) { S——
int[16] T = o; \\i;::T‘“ ~~~~~ A \\”///j:;; ,,,,,
for (int i = @; i < 4; i++) immg[e:1] /' T T T4 shufps is an SSE insturction

that we might be able to
return use for speeding up the
transpose function

for (int j = 0; j < 4; j++)
T[4 * 1 + j] =M[4 * j + 1i];
return T; Sketch:

int[16] trans_sse(int[16] M) implements trans {
int[16] S =0, T = 0;
repeat (??) S[??::4]
repeat (??) T[??::4]

Specification is a correct and
easy-to-implement function.

shufps(M[??::4], M[??::4], ??);
shufps(S[??::4], S[??::4], ??);

return T;
: . } Sketch is a skeleton of a faster output program with
Synth85lzed program: unknowns (??) which are usually hard to get right.
int[16] trans_sse(int[16] M) implements trans {
S[4::4] = shufps(M[6::4], M[2::4], 11001000Db);
S[0::4] = shufps(M[11::4], M[6::4], 10010110b);
S[12::4] = shufps(M[0::4], M[2::4], 10001101b);
S[8::4] = shufps(M[8::4], M[12::4], 11010111b);
T[4::4] = shufps(S[11::4], S[1::4], 10111100b); , .
T[12::4] = shufps(S[3::4], S[8::4], 1leeeellb); -Ynthesizedprogramisa
T[8::4] = shufps(S[4::4], S[9::4], 111eeeieb);  completionof the sketch that
T[@::4] = shufps(S[12::4], S[0::4], 101leleeb);  Pehaveslikethe specification.
return T;

Synthesis time < 10 seconds.
Search space > 10"


Presenter
Presentation Notes
We will use this technique to generate code instead of compiling. We essentially obtain code just by providing the sketch and spec and searching the program space. If you have algorithmic intuition, then it is possible to write the sketch. Otherwise, the sketch can just be empty.

Synthesis has been proven to be successful in multiple projects:
Leo Mayerovich and Seth Fowler, past QInF winners, applied synthesis technique for parallel web layout engine. Now the layout engine is being used by Mozilla.
Vivado uses high-level synthesis to solve for partitioning and generate FPGA code from C. http://www.xilinx.com/products/design-tools/vivado/index.htm
Bluespec uses high-level synthesis to partition hardware and software components. http://www.bluespec.com/highlevelsynthesis/highlevelsynthesis.html
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Case study: GreenArrays Spatial Processors

# of Instructions/second vs Power Specs
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Example challenges of programming
Figure from Per Ljung spatial architectures like GA144:

* Bitwidth slicing: Represent 32-bit

Finite Impulse Response Benchmark numbers by two 18-bit words

GA144 is 11x faster and simultaneously

9x more energy efficient than MSP 430.  Function partitioning: Break functions

Data from Rimas Avizienis into a pipeline with just a few
operations per core
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GreenArrays GA144 is our “stress” case study. Future architectures might be somewhat like GA144: many small cores, new ISAs, and simple interconnect. GA144 is very extreme in those aspects. Therefore, if we can support this hardware, we should be able to support other low-power spatial hardware too.

GA144 comes with IDE tool that provides its own language and compiler. The fact that GA144 has a clean slate design, drastically different than other hardware because they do not stick on using the existing compilers. However, the supported language is very close to machine code, so it is very difficult to write a program for GA144 even for a single core.

GA144 cores are homogenous but our tool will be able to handle heterogeneous cores as well.

# of instructions/second vs. power
Blue = low-power microcontrollers
Red = RISC (reduced instructions set computing)
Green = multicore low-power processors
Pink = academia
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typedef pair<int,int> mylnt;

vector<myInt>0{[0:64]=(106,6)} k[64];

my Int@(105,5) sumrotate(myInt@(104,4) buffer, ...) { buffer is at (104,4)
myInt@here sum = buffer +@here k[i] + message[g]; + isat (105,5)

k[1] isat(106,6)

__________________ > ¢ <-——-f-----44 high order

buffer K[i]

---------------- > 4 <ooofooooon low order
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Intro : Future low-power accelerator => many small cores => we need fine-grained partitioning.
Points:
According to the first GreenArrays App note, MD5 has to be implemented using 10 cores as shown in the top right corner.
This snippet of code here is a fragment on MD5 implementation in our language.
There is no main difference from C/C++. We just add annotation for placement of data and operation.


Optimal Partitions from Our Synthesizer

 Benchmark: simplified MD5 (one iteration) ¢ Partitions are automatically generated.
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This figures are generated from the actual output of our current partitioning synthesizer.

Top-right
Input program: annotate where data live but not for operations.
Output: placement for operations are decided automatically by the synthesizer.

Bottom-right
Input program: same as top-right
Output: different placement because we change the architecture by double the memory size per core.

Bottom-left
Input program: group originally separated Ms, and Ks into one M and K because cores are big enough and leave placement of A,B,C, and D unspecified.
Output: different from the bottom-right even if the architecture is the same.


Retargetable Code Generation

Traditional compiler needs many tasks:
implement optimizing transformations,
including hardware-specific code generation
(e.g. register allocation, instruction scheduling) ode Generator

Synthesis-based code translation needs only these:

e define space of programs to search, via code templates
e define machine instructions, as if writing an interpreter

Example: define exclusive-or for a stack architecture

xor = lambda: push(pop() ” pop(Q))

Synthesizer can generate code from

e atemplate with holes as in transpose example --> sketching
e an unconstrained template --> superoptimization



Code Generation via Superoptimization

Current prototype synthesizes a program with

N

within

Synthesized functions are

1.7x —5.2x faster and 1.8x — 4x shorter than

naive implementation of simple GreenArrays functions

1.1x-1.4x faster and 1.5x shorter than optimized hand-written
GreenArrays functions by experts (MD5 App Note)

Synthesize efficient  Program | Solution

division by constant XZ
X

quotient = (22 * n) >> 2 x/6

x/7

(43691 * x) >> 17
(52429* x) >> 18
(43691 * x) >> 18
(149797 * x) >> 20



Demo and Future

Current Status
e Partitioner for straight-line code
e Superoptimizer for smaller code

Future Work

 Make synthesizer retargetable
e Releaseit!
e Design spatial data structures

e Build low-power gadgets for audio,
vision, health, ...

We will answer

“how minimal can hardware be?”
“how to build tools for it?”
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Presentation Notes
The right pictures show the demo of GA144 running our synthesized integer division program (from the previous slide) on lemonade bleach solution battery.
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