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Manual

simple_matmul.cu

Optimized Matrix Multiplication

1000x CO2 Improvement

100-1000x performance
30x  lines of code

time-intensive + error-prone
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Decoupled
k = tvm.reduce_axis((0, K), 'k')
A = tvm.placeholder((M, K), name='A')
B = tvm.placeholder((K, N), name='B')
C = tvm.compute((M, N), lambda x, y: 
 tvm.sum(A[x, k] * B[k, y], axis=k),
 name='C')

# blocking version
xo, yo, xi, yi = s[C].tile(
  C.op.axis[0],C.op.axis[1],32,32)
k,     = s[C].op.reduce_axis
ko, ki = s[C].split(k, factor=4)
s[C].reorder(xo, yo, ko, ki, xi, yi)

What to compute

How to optimize
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Matrix Multiplication 

How to optimize it

Decoupled
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# "parallel schedule
s = tvm.create_schedule(C.op)
CC = s.cache_write(C, 'global')
xo, yo, xi, yi = s[C].tile(
  C.op.axis[0], C.op.axis[1], bn, bn)

s[CC].compute_at(s[C], yo)
xc, yc = s[CC].op.axis
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ko, ki = s[CC].split(k, factor=4)
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s[C].parallel(xo)
x, y, z = s[packedB].op.axis
s[packedB].vectorize(z)
s[packedB].parallel(x)
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No clear separation
 hinders reuse!
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No clear separation
 hinders reuse!

No well-defined semantics
 hinders understanding!

Optimizations are built-in
 no extensibility!

We aim for a more principled way to describe and apply optimizations 

Decoupled
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This Functional Pearl:

expressing high-performance program optimizations as composable rewrite strategies
We apply established functional programming techniques for elegantly 
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A RewriteResult encodes its success or failure:

RewriteResult[P] = Success[P](p: P)
                 | Failure[P](s: Strategy[P])
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A Strategy encodes a program transformation:

type Strategy[P] = P => RewriteResult[P]

A RewriteResult encodes its success or failure:

RewriteResult[P] = Success[P](p: P)
                 | Failure[P](s: Strategy[P])

def mapFusion: Strategy[Rise] = 
  (p:Rise) => p match {
    case app(app(map, f), 
         app(app(map, g), xs)) => 
      Success( map(fun(x => f(g(x))))(xs) )
    case _ => Failure( mapFusion )       
  }

Rewrite Rules are examples for basic strategies

mapFusion (                ) = 

Elevate
Rise



COMBINATORS
How to Build More Powerful Strategies

Sequential Composition (;)

def seq[P]: Strategy[P] => Strategy[P] => Strategy[P] =
fs => ss => p => fs(p) >>= ss

Left Choice (<+)

def lChoice[P]: Strategy[P] => Strategy[P] => Strategy[P] =
fs => ss => p => fs(p) <|> ss(p)

Try

def try[P]: Strategy[P] => Strategy[P] =
s => p => (s <+ id)(p)

Repeat

def repeat[P]: Strategy[P] => Strategy[P] =
s => p => try(s ; repeat(s))(p)

based on Visser et. al. ICFP'98
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TRAVERSALS
Describing Precise Locations 

threemaps =

body(argument(mapFusion)) (                )  

There are two possible locations for successfully applying the rule

def argument: Traversal[Rise] = s => p => p match {
  case app(f,a) => (na => app(f,na) <$> s(a)
  case _ => Failure( argument(s) )                }

def body: Traversal[Rise] = s => p => p match {
  case fun(x,b) => (nb => fun(x,nb) <$> s(b)
  case _ => Failure( body(s) )                }

apply s at argument of function application



NORMALIZATION
More Complex Traversals

def topDown:  Traversal[Rise] = s => p => (s <+ one(topDown(s)))(p)
def bottomUp: Traversal[Rise] = s => p => (one(topDown(s)) <+ s)(p)
...

Generic Tree Traversals...
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def topDown:  Traversal[Rise] = s => p => (s <+ one(topDown(s)))(p)
def bottomUp: Traversal[Rise] = s => p => (one(topDown(s)) <+ s)(p)
...

def normalize: Traversal[Rise] = s => p => repeat(topDown(s))(p)

Generic Tree Traversals...

… and a strategy for normalization
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normalize

With these, we define normal-forms like βη-normal-form

def BENF = normalize(betaReduction <+ etaReduction)



CASE STUDY
Implementing TVM's Scheduling Language

200x
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Optimizing Matrix Multiplication - Baseline

RISE

ELEVATE

What to compute

How to optimize



CASE STUDY
Optimizing Matrix Multiplication - Baseline

RISE
clear separation

composable explicit implicit
ELEVATE



Optimizing Matrix Multiplication - Loop Permutation 

facilitate reuse user-defined vs. built-in

ELEVATE
no clear separation of concerns

CASE STUDY



CASE STUDY
Optimizing Matrix Multiplication - Array Packing

facilitate reuse

ELEVATE

clear separation of concerns vs. no clear separation
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CASE STUDY
Counting Rewrite Steps and Measuring Performance

Number of successful rewrites steps

Performance of the generated code
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...is Open Source!

RISE rise-lang.org/     
github.com/rise-lang

ELEVATE elevate-lang.org
github.com/elevate-lang

b.hagedorn@wwu.de
bastianhagedorn.github.io


