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Use cases
● Superoptimize tensor graphs (MLSys ‘21)

● Recognize hidden idioms (CGO ‘24)

● Share  hardware on FPGAs (CGO ‘26)

Challenges
● Scalability
● Flexibility

Foresight: Scala EqSat library rooted in
Parallelism + Customizability



Equality Saturation
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E-Match + 
Rewrite

2 * pow(v, 3)

Build 
E-Graph

2 * v * pow(v, 2)

Extract

"pow n": pow(x, n) ⇒ x * pow(x, n - 1)

"mul 2": 2 * y     ⇒ y + y

Repeat

Saturation Strategies

Parallel Matching + Rewriting



Saturation Loops and Library APIs
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def saturate(egraph, rules):
  while True:
    egraph’ = rewrite(egraph, rules)
    if egraph’ == egraph:
      return egraph’

    egraph = egraph’

Vanilla saturation:

  saturate(egraph, rules)

What if full saturation is too expensive?
E-Match + 
Rewrite

Repeat



Saturation Loops and Library APIs
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def saturate(egraph, rules, condition, scheduler):
  i = 0
  while True:
    egraph’ = rewrite(
      egraph, scheduler(rules, i))

    if egraph’ == egraph
      or condition(egraph’):

      return egraph’

    egraph = egraph’
    i += 1

Timeout:

  saturate(egraph, rules, condition = TIMEOUT(60s))

Exponential backoff:

  saturate(egraph, rules, scheduler = BACKOFF(n, c))

Rebasing? Multi-phase saturation? E-graph segmentation?
  → No solution out of the box
  → Build your own on top of saturate



def my_saturate(
    egraph, rules1, rules2, iterations,
    timeout1, timeout2, n1, c1, n2, c2):

  for i in 0..iterations:
    egraph’ = saturate(
      egraph,
      rules1,
      condition = TIMEOUT(timeout1),
      scheduler = BACKOFF(n1, c1))
    egraph’’ = saturate(
      egraph’,
      rules2,
      condition = TIMEOUT(timeout2),
      scheduler = BACKOFF(n2, c2))

    expression = extract(egraph’’)
    egraph = egraph_from(expression)

  return egraph

Rebasing, Multi-Phase Saturation
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def my_saturate(
    egraph, rules, iterations,
    timeout, n, c):

  for i in 0..iterations:
    egraph’ = saturate(
      egraph,
      rules,
      condition = TIMEOUT(timeout),
      scheduler = BACKOFF(n, c))

    expression = extract(egraph’)
    egraph = egraph_from(expression)

  return egraph

def my_saturate(
    egraph, rules,
    timeout, n, c):

  return egraph’ = saturate(
    egraph,
    rules,
    condition = TIMEOUT(timeout),
    scheduler = BACKOFF(n, c))



Saturation Strategies
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strategy = 
  MaximalRuleApplication(rules)
  .repeatUntilStable

strategy = 
  MaximalRuleApplication(rules)
  .withTimeout(timeout)
  .repeatUntilStable

strategy = 
  BackoffRuleApplication(rules, n, c)
  .withTimeout(timeout)
  .repeatUntilStable

strategy = 
  BackoffRuleApplication(rules, n, c)
  .withTimeout(timeout)
  .repeatUntilStable
  .thenRebase(extract)
  .withIterationLimit(iterations)
  .repeatUntilStable

strategy = 
  BackoffRuleApplication(rules1, n1, c1)
  .withTimeout(timeout1)
  .repeatUntilStable
  .thenApply(
    BackoffRuleApplication(rules2, n2, c2)
    .withTimeout(timeout2)
    .repeatUntilStable)
  .thenRebase(extract)
  .withIterationLimit(iterations)
  .repeatUntilStable

def phase(rules, timeout, n, c):
  return BackoffRuleApplication(rules, n, c)
    .withTimeout(timeout)
    .repeatUntilStable

strategy = 
  phase(rules1, timeout1, n1, c1)
  .thenApply(phase(rules2, timeout2, n2, c2))
  .thenRebase(extract)
  .withIterationLimit(iterations)
  .repeatUntilStable

egraph’ = strategy(egraph)
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"pow n": pow(x, n) ⇒ x * pow(x, n - 1)

"mul 2": 2 * y     ⇒ y + y

"pow n" @ c: pow(d, 3)

"mul 2"

"pow n"

⇒ c + c

⇒ d * pow(d, 2)

E-Matching and Rewriting

"mul 2" @ a: 2 * c
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"pow n": pow(x, n) ⇒ x * pow(x, n - 1)

"mul 2": 2 * y     ⇒ y + y

"pow n" @ c: pow(d, 3)

"mul 2" @ a: 2 * c

Find 
matches

Thread-Safe E-Graph

Parallel E-Matching

"pow n"

"mul 2"
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"pow n": pow(x, n) ⇒ x * pow(x, n - 1)

"mul 2": 2 * y     ⇒ y + y

"pow n" @ c: pow(d, 3)

"mul 2" @ a: 2 * c

Parallel Rewriting

"mul 2"

"pow n"

⇒ c + c

⇒ d * pow(d, 2)
// first match

%0 = add (2)

%1 = add (pow d, %0)

%2 = add (mul d, %1)

union %2, c

// second match

%3 = add (c, c)

union %3, a

SSA instructions



// first batch

%1 = add (pow d, b)

%3 = add (plus c, c)

// second batch

%2 = add (mul d, %1)

// third batch

union %3, a

union %2, c
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Parallel Rewriting

// first match

%0 = add (2)

%1 = add (pow d, %0)

%2 = add (mul d, %1)

union %2, c

// second match

%3 = add (c, c)

union %3, a

SSA instructions

// first match

%1 = add (pow d, b)

%2 = add (mul d, %1)

union %2, c

// second match

%3 = add (c, c)

union %3, a
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egraph’ = strategy(egraph)egraph’ = strategy(egraph, ParallelMap.parallel)
ParallelMap.sequential
ParallelMap.fixedThreadParallel(n)

Parallel E-Matching



Evaluation
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Case studies
● Microbenchmarks: Horner and matmul chains
● Idiom recognition reimplementation
● + more in the paper



Speedups: Horner, matmul chains
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Speedups: LIAR idiom recognition
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Parallel Scaling: LIAR (stencil2d)
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Conclusion
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Three ideas
● Saturation strategies
● Parallel e-matching and rewriting
● Generalized metadata

github.com/jonathanvdc/foresight
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EqSat Implementation Landscape

Custom EqSat 
Implementation

Vanilla EqSat 
Library

EqSat Library with 
Custom Tweaks

egg (POPL ‘21), egglog (PLDI ‘23), 
slotted (PLDI ‘25)

Isaria (ASPLOS ‘24), SymPy (GECCO ‘23),
Incremental EqSat (EGRAPHS ‘25)

Peggy (PLDI ‘11), Herbie (PLDI ‘15),
LIAR (CGO ‘24), SkeleShare (CGO ‘26)

F
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Custom Tweaks → Foresight
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Specialized Saturation Processes

● Rule Scheduling
● Timeouts, Node Limits, etc.
● Rebasing
● Multi-Phase Pipelines
● E-Graph Segmentation

Additional Metadata

● E-Class Analyses
● Incremental EqSat

Saturation Strategies Generalized Metadata

+ Parallel E-Matching + Slotted E-Graphs



Saturation Strategies: Vanilla
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ForesightCustom EqSat Impl Traditional Library

def saturate_naive(egraph, rules):
  while True:
    egraph’ = rewrite(egraph, rules)
    if egraph’ == egraph:
      return egraph’

    egraph = egraph’

saturate(
  egraph,
  rules,
  condition = UNTIL_SATURATION,
  scheduler =
    MAXIMAL_RULE_APPLICATION)

strategy = 
  MaximalRuleApplication(rules)
  .repeatUntilStable

strategy(egraph)



Saturation Strategies: Timeout + 
Backoff
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ForesightCustom EqSat Impl Traditional Library

def saturate_backoff(
    egraph, rules,
    timeout, scheduler):
  i = 0
  end_time = now() + timeout
  while True:
    egraph’ = rewrite(
      egraph, scheduler(rules, i))

    if egraph’ == egraph
      or now() > end_time:

      return egraph’

    egraph = egraph’
    i += 1

saturate(
  egraph,
  rules,
  condition = TIMEOUT(timeout),
  scheduler = BACKOFF(n, c))

strategy = 
  BackoffRuleApplication(
    rules, n, c)
  .withTimeout(timeout)
  .repeatUntilStable

strategy(egraph)



Saturation Strategies: Rebase + 
Timeout + Backoff
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ForesightCustom EqSat Impl Traditional Library

def saturate_rebase(
    egraph, rules, iterations,
    condition, scheduler):
  for i in 0..iterations:
    j = 0
    while True:
      egraph’ = rewrite(
        egraph, scheduler(rules, j))

      if egraph’ == egraph
        or condition(egraph’):

        egraph = egraph’
        break
    j += 1
    expression = extract(egraph’)
    egraph = egraph_from(expression)

def saturate_rebase(
    egraph, rules, iterations):
  for i in 0..iterations:
    egraph’ = saturate(
      egraph,
      rules,
      condition = TIMEOUT(timeout),
      scheduler = BACKOFF(n, c))

    expression = extract(egraph’)
    egraph = egraph_from(expression)

  return egraph

strategy = 
  BackoffRuleApplication(
    rules, n, c)
  .withTimeout(timeout)
  .repeatUntilStable
  .thenRebase(extract)
  .withIterationLimit(iterations)
  .repeatUntilStable

strategy(egraph)



E-Class Analyses
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● Derive fact from e-node → e.g., cost c
● Join facts → e.g., min(x, y)

1

1 1 12

12

c(x + y) = 1 + c(x) + c(y)
c(x * y) = 3 + c(x) + c(y)
c(x pow y) = 10 + c(x) + c(y)
c(var or const) = 1
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What if our metadata doesn’t 
fit this scheme?



*

Incremental Equality Saturation
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2

pow

v

*pow

3 2

*pow

pow(v, 2)

pow(v, 3)

→ v * v

→ v * v * v

pow(v, 2) → v * v

E-class from previous expression?
→ not an e-class analysis
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1

1 1 12

12

16

+

a → 
16,
b → 1,
c → 
12,
d → 1,
e → 1,
f → 12fact from e-node + join

observe e-node adds + 
observe e-class unions

Generalized Metadata
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a → active,
b → active,
c → done,
d → active,
e → done

track active e-classes
observe e-node adds + 
observe e-class unions

*

2

pow

v

*pow

3 2

*pow

a

b

c

d

e

+

*

2

pow

v

*pow

3

e

d

c

b

a
Generalized Metadata
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Generalized Metadata

strategy = 
  MaximalRuleApplication(rules)
  .repeatUntilStable
  .addAnalyses(costAnalysis, extractionAnalysis, typeAnalysis)

strategy = 
  MaximalRuleApplication(rules)
  .repeatUntilStable



Metadata Interface

28

interface Metadata:

  def onAddMany(added: Seq[(ENode, EClass)], after: EGraph) → Metadata

  def onUnionMany(equivalences: Set[Set[EClass]], after: EGraph) → Metadata



Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8

35



Figure 9
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Figure 10
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Table 1
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Table 2
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