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Task Graphs Simplify Distributed Programming
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Task graph is a DAG of tasks where

• Parallel execution is “straightforward” with task 
graphs 

• Task graphs are most flexible when dynamically 
generated 

• Dynamic task graphs also facilitate fault recovery, 
load balancing, task (re-)mapping, resource 
allocation, etc.

each task is an 
opaque computation
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each edge represents 
ordering between tasks

mutually 
unreachable tasks 
can run in parallel
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Approaches to Dynamic Task Graph Construction
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g = new TaskGraph() 
g.add(T1) 
g.add(T2 ← T1) 
g.add(T3 ← {T1, T2}) 
g.add(T4 ← T1) 
…

✔ Efficient 
✘  Error-prone 
✘  Not composable

Exec.

Explicit construction 

Program = Graph generator

Implicit construction 

Program = Task generator

T1(A,B) // writes(A),reads(B) 
T2(A)   // reads(A) 
T3(A)   // writes(A) 
T4(B)   // writes(B)

Ex
ec

.

T1(A,B) T2(A) T3(A) T4(B) ...
Dep. 

Analysis

✔ Correct by construction 
✔ Composable 
✘  Runtime overhead

e.g., Realm, CUDA
Dynamic task-based runtimes 
(Legion, StarPU, PaRSEC, PyTorch, etc.)

Is there a hybrid approach that 
enjoys benefits of both?



Dynamic Tracing: Memoizing Task Graphs

• Bring efficiency of explicit construction to dynamic task-based runtimes 

• Key observation: programs often have traces of repetitive tasks 

• The same traces produce the same subgraph

task T(x,y) writes(x),reads(y) 
task U(x,y) reads(x), reads(y) 

while (*): 
  T(A,B); T(C,D) 
  U(A,D); U(C,B)

Exec. (T(A,B) T(C,D) U(A,D) U(C,B))*

Repetitive tasks

Dep. 
Analysis

T(A,B) T(C,D)

U(A,D) U(C,B)

T(A,B) T(C,D)

U(A,D) U(C,B)

···
<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

···
<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

Subgraphs are 
isomorphic!
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Dynamic Tracing: Memoizing Task Graphs

• Idea: record-and-replay 

• Record the subgraph once for a trace

• Replay the recording whenever applicable

T(A,B) 
T(C,D) 
U(A,D) 
U(C,B)

T(A,B) 
T(C,D) 
U(A,D) 
U(C,B)

T(A,B) 
T(C,D) 
U(A,D) 
U(C,B)

T(A,B) T(C,D)

T(A,D) T(C,B)

Dep. 
Analysis

T(A,B) T(C,D)

U(A,D) U(C,B)

Replay

T(A,B) T(C,D)

U(A,D) U(C,B)

Replay

T(A,B) T(C,D)

U(A,D) U(C,B)

✔

S(A,C) Dep. 
Analysis

···
<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

• Improves strong scaling performance by 4.9X
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• Programming model 

• Baseline dependence analysis 

• Challenges in dynamic tracing 

• Optimizations 
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Programming Model

• Task-based 

• Programs consist of tasks 

• Tasks use regions and declare permissions

task T1(x)   reads(x),writes(x) 
task T2(x,y) reads(x),writes(y) 

T1(R) 
T2(R,S)

T1(R) T2(R,S) T1(Ra) T2(Rb,Sa)Mapping
• Distributed 

• Regions must be mapped to instances
Dep. 

Analysis

T1(Ra) T2(Rb,Sa)
• One region can be mapped to multiple instances 
→ Coherence must be maintained by the runtime

copy is issued for 
coherent access to R

Ra → Rb

Ra  contains the last 
updates to R, or is valid

Rb  is not valid yet 
for read access



Baseline Dependence Analysis

Dependence 
Analysis Task graph

Tasks

Valid 
instances
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Baseline Dependence Analysis

Valid InstancesTask Task graph

T1(Ra) R: Ra

R: Rb,Ra

S: Sa

R: Ra

S: Sa

T1(Ra)

T2(Rb,Sa)

T2(Rb,Sa)

T1(Ra) Ra → Rb

T3(Ra,Sa)

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

T1(Ra) 
T2(Rb,Sa) 
T3(Ra,Sa)

reads (Ra),writes(Ra)  
reads (Rb),writes(Sa) 
writes(Ra),reads (Sa)
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Challenges in Dynamic Tracing

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

Captured subgraph G

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

• Challenge 1: transition from dep. analysis to subgraph replay

How can we connect G to the 
graph from dep. analysis?

Task graph from 
dependence analysis

... T1(Ra) T2(Rb,Sa) T3(Ra,Sa) ...

Found the same trace 
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Challenges in Dynamic Tracing

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

• Solution: introduce a fence

Task graph from 
dependence analysis

T1(Ra)
Only T1 needs to wait for the fence 

as T1 dominates other tasks

FenceJoin point
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Challenges in Dynamic Tracing

• Challenge 2: coherence

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

Task graph from 
dependence analysis

Fence

... T1(Ra) T2(Rb,Sa) T3(Ra,Sa) ...

Found the same trace 
Safe to reuse? No, unless Ra is valid 

Valid Instances of  R: Rc

✘Rc → Ra
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Challenges in Dynamic Tracing

• Solution: remember precondition for a safe replay

Precondition: Ra is valid
Dependence 

Analysis

Tasks

Task graph
Valid 

instances

Valid instances are input of 
dependence analysis

Tasks: T1(Ra) T2(Rb,Sa) T3(Ra,Sa)

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

Task graph:
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Challenges in Dynamic Tracing

• Challenge 3: transition back to normal dep. analysis

Two inconsistencies 
1. T1, T2, and T3 are unknown to dep. analysis 
2. The list of valid instances is stale

U(Rb,Sc)
Dep. 

Analysis

Fence

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)
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Challenges in Dynamic Tracing

• Solution 

• Make a summary task

Precondition: Ra is valid

Tasks: T1(Ra) T2(Rb,Sa) T3(Ra,Sa)

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

Task graph:

Tsummary(Ra,Rb,Sa)
Summary task goes through 
normal dependence analysis

Postcondition: Ra and Sa become valid

• Compute postcondition to apply after each 
replay
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• Simple graph construction language 

• Use events that signify termination of operations 

• Syntax: 

Graph Calculus

c ::= e1 := op(op, e2) | e := merge(ei) | e := fence | c; c
<latexit sha1_base64="FBV7BAbrbV9cRTMAKx+JIbzyQSA="></latexit><latexit sha1_base64="FBV7BAbrbV9cRTMAKx+JIbzyQSA="></latexit><latexit sha1_base64="FBV7BAbrbV9cRTMAKx+JIbzyQSA="></latexit><latexit sha1_base64="FBV7BAbrbV9cRTMAKx+JIbzyQSA="></latexit>

e1 := op(op, e2)
<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>e1 := op(op, e2)

<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>

e1 := op(op, e2)
<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>

e1 := op(op, e2)
<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>

e1 := op(op, e2)
<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>

e1 := op(op, e2)
<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>

      waits until       is 
signaled and triggers                                      
      when it’s done

e1 := op(op, e2)
<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>

e1 := op(op, e2)
<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>

e1 := op(op, e2)
<latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit><latexit sha1_base64="oPXawJfC/fyFTn0cbUyRA/OcGiA="></latexit>

    is triggered  
when            
are

e := merge(ei)
<latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit>

e1, . . . , en
<latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit>

e := merge(ei)
<latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit>

e := merge(ei)
<latexit sha1_base64="W6WhuUdaiqv/opbto61yQ3K2ZK8="></latexit><latexit sha1_base64="W6WhuUdaiqv/opbto61yQ3K2ZK8="></latexit><latexit sha1_base64="W6WhuUdaiqv/opbto61yQ3K2ZK8="></latexit><latexit sha1_base64="W6WhuUdaiqv/opbto61yQ3K2ZK8="></latexit>

e := merge(ei)
<latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit><latexit sha1_base64="/ZvrrR6Qz2dfydKfFxgc0W7TNXE="></latexit>

e1 , . . . , en

<latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit>

e1,
. . .

, en

<latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit><latexit sha1_base64="Cfh2fohi4Fw7sYkN5/9y3x69OA8="></latexit>

...
<latexit sha1_base64="byUXgh2KrDtFPyiuAW8xbSOq7QI="></latexit><latexit sha1_base64="byUXgh2KrDtFPyiuAW8xbSOq7QI="></latexit><latexit sha1_base64="byUXgh2KrDtFPyiuAW8xbSOq7QI="></latexit><latexit sha1_base64="byUXgh2KrDtFPyiuAW8xbSOq7QI="></latexit>

e := fence
<latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit>

e := fence
<latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit>

issue a fence that  
signals e := fence

<latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit>

e := fence
<latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit><latexit sha1_base64="q5HpfQUeaIlTxU+ous31+PKPdTU="></latexit>

fence
<latexit sha1_base64="WYnLUWCras6KqBF1soCjuQUskNw="></latexit><latexit sha1_base64="WYnLUWCras6KqBF1soCjuQUskNw="></latexit><latexit sha1_base64="WYnLUWCras6KqBF1soCjuQUskNw="></latexit><latexit sha1_base64="WYnLUWCras6KqBF1soCjuQUskNw="></latexit>
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Trace Recording Example

T1(Ra) T1(Ra)

T2(Rb,Sa)

T1(Ra) Ra → Rb

T2(Rb,Sa)

T3(Ra,Sa)

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

Recording stateTask Task graph Command

e1 := fence 
e2 := op(T1(Ra), e1)

e3 := op(Ra → Rb, e2) 
e4 := op(T2(Rb,Sa), e3)

T1(Ra) = e2

Ra → Rb = e3 
T2(Rb,Sa) = e4

e5 := merge(e2, e3, e4) 
e6 := op(T3(Ra,Sa), e5)

T3(Ra,Sa) = e6

e7 := merge(e2, e3, e4, e6) 
e8 := op(Tsummary(Ra,Rb,Sa), e7)

Insert summary task Pre: Ra 
Post: Ra,Sa
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Idempotent Recordings

• When the postcondition subsumes the precondition

Precondition: Ra is valid

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

Task graph G:

Tsummary(Ra,Rb,Sa)

Postcondition: Ra and Sa become valid

→ Precondition is satisfied immediately after 
       postcondition is applied

• Optimization: precondition check elision 
(when the same trace repeatedly appears)

(Check pre. → Replay → Apply post.)*

Check pre. → (Replay )*→ Apply post.
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Fence Elision

• We can remove summary tasks and fences when we replay the same trace repeatedly

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

Tsummary(Ra,Rb,Sa)

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

Tsummary(Ra,Rb,Sa)

Fence

···
<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit> <latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit> <latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit> <latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

Unnecessary because we 
know the previous trace

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

T1(Ra) Ra → Rb

T2(Rb,Sa)T3(Ra,Sa)

··
·

<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

Tsummary(Ra,Rb,Sa)

Summary task is still 
needed when exiting 

repeated replays

 19



Experiment Results

• Implemented dynamic tracing in Legion 

• Measure strong scaling performance of five Legion applications 

• Varying complexity (from 9-point stencil to multi-physics solver) 

• Already optimized for weak scaling performance 

• Machine: Piz Daint (Cray XC50, Xeon E5-2690 with 12 cores & 64 GB memory per node) 

• Compare with MPI references for Stencil, MiniAero, and PENNANT

†
<latexit sha1_base64="a9UgLG//bCM4Nz+9ss2vOB7Gfko=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzSZduNmF3I5TQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuYFmeDauO63s7a+sbm1Xdmp7u7tHxzWjo47Os0VwzZLRap6AdUouMS24UZgL1NIk0BgNxjfzfzuEyrNU/loJhn6CY0ljzijxkrdQUjjGNWwVncb7hxklXglqUOJ1rD2NQhTlicoDRNU677nZsYvqDKcCZxWB7nGjLIxjbFvqaQJar+Ynzsl51YJSZQqW9KQufp7oqCJ1pMksJ0JNSO97M3E/7x+bqIbv+Ayyw1KtlgU5YKYlMx+JyFXyIyYWEKZ4vZWwkZUUWZsQlUbgrf88irpXDY8t+E9XNWbt2UcFTiFM7gAD66hCffQgjYwGMMzvMKbkzkvzrvzsWhdc8qZE/gD5/MHSjqPhg==</latexit><latexit sha1_base64="a9UgLG//bCM4Nz+9ss2vOB7Gfko=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzSZduNmF3I5TQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuYFmeDauO63s7a+sbm1Xdmp7u7tHxzWjo47Os0VwzZLRap6AdUouMS24UZgL1NIk0BgNxjfzfzuEyrNU/loJhn6CY0ljzijxkrdQUjjGNWwVncb7hxklXglqUOJ1rD2NQhTlicoDRNU677nZsYvqDKcCZxWB7nGjLIxjbFvqaQJar+Ynzsl51YJSZQqW9KQufp7oqCJ1pMksJ0JNSO97M3E/7x+bqIbv+Ayyw1KtlgU5YKYlMx+JyFXyIyYWEKZ4vZWwkZUUWZsQlUbgrf88irpXDY8t+E9XNWbt2UcFTiFM7gAD66hCffQgjYwGMMzvMKbkzkvzrvzsWhdc8qZE/gD5/MHSjqPhg==</latexit><latexit sha1_base64="a9UgLG//bCM4Nz+9ss2vOB7Gfko=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzSZduNmF3I5TQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuYFmeDauO63s7a+sbm1Xdmp7u7tHxzWjo47Os0VwzZLRap6AdUouMS24UZgL1NIk0BgNxjfzfzuEyrNU/loJhn6CY0ljzijxkrdQUjjGNWwVncb7hxklXglqUOJ1rD2NQhTlicoDRNU677nZsYvqDKcCZxWB7nGjLIxjbFvqaQJar+Ynzsl51YJSZQqW9KQufp7oqCJ1pMksJ0JNSO97M3E/7x+bqIbv+Ayyw1KtlgU5YKYlMx+JyFXyIyYWEKZ4vZWwkZUUWZsQlUbgrf88irpXDY8t+E9XNWbt2UcFTiFM7gAD66hCffQgjYwGMMzvMKbkzkvzrvzsWhdc8qZE/gD5/MHSjqPhg==</latexit><latexit sha1_base64="a9UgLG//bCM4Nz+9ss2vOB7Gfko=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzSZduNmF3I5TQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuYFmeDauO63s7a+sbm1Xdmp7u7tHxzWjo47Os0VwzZLRap6AdUouMS24UZgL1NIk0BgNxjfzfzuEyrNU/loJhn6CY0ljzijxkrdQUjjGNWwVncb7hxklXglqUOJ1rD2NQhTlicoDRNU677nZsYvqDKcCZxWB7nGjLIxjbFvqaQJar+Ynzsl51YJSZQqW9KQufp7oqCJ1pMksJ0JNSO97M3E/7x+bqIbv+Ayyw1KtlgU5YKYlMx+JyFXyIyYWEKZ4vZWwkZUUWZsQlUbgrf88irpXDY8t+E9XNWbt2UcFTiFM7gAD66hCffQgjYwGMMzvMKbkzkvzrvzsWhdc8qZE/gD5/MHSjqPhg==</latexit>

E. Slaughter, W. Lee, S. Treichler, W. Zhang, M. Bauer, G. Shipman, P. McCormick, and A. Aiken, “Control replication: Compiling implicit parallelism to efficient SPMD with logical regions,” SC’17

†
<latexit sha1_base64="a9UgLG//bCM4Nz+9ss2vOB7Gfko=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzSZduNmF3I5TQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuYFmeDauO63s7a+sbm1Xdmp7u7tHxzWjo47Os0VwzZLRap6AdUouMS24UZgL1NIk0BgNxjfzfzuEyrNU/loJhn6CY0ljzijxkrdQUjjGNWwVncb7hxklXglqUOJ1rD2NQhTlicoDRNU677nZsYvqDKcCZxWB7nGjLIxjbFvqaQJar+Ynzsl51YJSZQqW9KQufp7oqCJ1pMksJ0JNSO97M3E/7x+bqIbv+Ayyw1KtlgU5YKYlMx+JyFXyIyYWEKZ4vZWwkZUUWZsQlUbgrf88irpXDY8t+E9XNWbt2UcFTiFM7gAD66hCffQgjYwGMMzvMKbkzkvzrvzsWhdc8qZE/gD5/MHSjqPhg==</latexit><latexit sha1_base64="a9UgLG//bCM4Nz+9ss2vOB7Gfko=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzSZduNmF3I5TQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuYFmeDauO63s7a+sbm1Xdmp7u7tHxzWjo47Os0VwzZLRap6AdUouMS24UZgL1NIk0BgNxjfzfzuEyrNU/loJhn6CY0ljzijxkrdQUjjGNWwVncb7hxklXglqUOJ1rD2NQhTlicoDRNU677nZsYvqDKcCZxWB7nGjLIxjbFvqaQJar+Ynzsl51YJSZQqW9KQufp7oqCJ1pMksJ0JNSO97M3E/7x+bqIbv+Ayyw1KtlgU5YKYlMx+JyFXyIyYWEKZ4vZWwkZUUWZsQlUbgrf88irpXDY8t+E9XNWbt2UcFTiFM7gAD66hCffQgjYwGMMzvMKbkzkvzrvzsWhdc8qZE/gD5/MHSjqPhg==</latexit><latexit sha1_base64="a9UgLG//bCM4Nz+9ss2vOB7Gfko=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzSZduNmF3I5TQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuYFmeDauO63s7a+sbm1Xdmp7u7tHxzWjo47Os0VwzZLRap6AdUouMS24UZgL1NIk0BgNxjfzfzuEyrNU/loJhn6CY0ljzijxkrdQUjjGNWwVncb7hxklXglqUOJ1rD2NQhTlicoDRNU677nZsYvqDKcCZxWB7nGjLIxjbFvqaQJar+Ynzsl51YJSZQqW9KQufp7oqCJ1pMksJ0JNSO97M3E/7x+bqIbv+Ayyw1KtlgU5YKYlMx+JyFXyIyYWEKZ4vZWwkZUUWZsQlUbgrf88irpXDY8t+E9XNWbt2UcFTiFM7gAD66hCffQgjYwGMMzvMKbkzkvzrvzsWhdc8qZE/gD5/MHSjqPhg==</latexit><latexit sha1_base64="a9UgLG//bCM4Nz+9ss2vOB7Gfko=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzSZduNmF3I5TQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuYFmeDauO63s7a+sbm1Xdmp7u7tHxzWjo47Os0VwzZLRap6AdUouMS24UZgL1NIk0BgNxjfzfzuEyrNU/loJhn6CY0ljzijxkrdQUjjGNWwVncb7hxklXglqUOJ1rD2NQhTlicoDRNU677nZsYvqDKcCZxWB7nGjLIxjbFvqaQJar+Ynzsl51YJSZQqW9KQufp7oqCJ1pMksJ0JNSO97M3E/7x+bqIbv+Ayyw1KtlgU5YKYlMx+JyFXyIyYWEKZ4vZWwkZUUWZsQlUbgrf88irpXDY8t+E9XNWbt2UcFTiFM7gAD66hCffQgjYwGMMzvMKbkzkvzrvzsWhdc8qZE/gD5/MHSjqPhg==</latexit>
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Strong Scaling Performance

Improvement 4.2X 2.8X 5.1X

Trace size / node 47 121 210

DT / MPI 82% 79% 212%

Legion spares 3 cores for runtime
Legion version uses  
a better data layout

Dynamic time stepping 
blocks runtime analysis 

every iteration
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Strong Scaling Performance

Improvement 5.3X 7.0X

Trace size / node 76 344
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Conclusion

• Dynamic tracing brings performance of explicit task graph construction to dynamic task-
based runtimes 

• Strong scaling performance is improved by 4.9X on average 

• Feel free to try out Dynamic Tracing! 

• Checked in to the Legion repository: https://github.com/StanfordLegion/legion 

• Experiment scripts are here: https://gitlab.com/StanfordLegion/legion/tree/tracing-sc18
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Questions?



Programming Model

task T(x,y) writes(x),reads(y) 
task U(x,y) reads(x), reads(y) 

while (*): 
   
  T(A,B); T(C,D) 
  U(A,D); U(C,B) 

begin_trace 

end_trace

• Traces are annotated in programs 

• Places where tracing is beneficial are often obvious 

• Finding such places is important, but an orthogonal issue
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Optimizing Graph Calculus Commands

• Two standard optimizations: transitive reduction and copy propagation 

• The overhead is amortized by repeated replays

e1 := fence 
e2 := op(T1(Ra), e1) 
e3 := op(Ra → Rb, e2) 
e4 := op(T2(Rb,Sa), e3) 
e5 := merge(e2, e3, e4) 
e6 := op(T3(Ra,Sa), e5) 
e7 := merge(e2, e3, e4, e6) 
e8 := op(Tsummary(Ra,Rb,Sa), e7)

e1 := fence 
e2 := op(T1(Ra), e1) 
e3 := op(Ra → Rb, e2) 
e4 := op(T2(Rb,Sa), e3) 
e5 := merge(e2, e3, e4) 
e6 := op(T3(Ra,Sa), e4) 
e7 := merge(e2, e3, e4, e6) 
e8 := op(Tsummary(Ra,Rb,Sa), e6)
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Parallel Replays

• Trace replay can be a bottleneck if the trace is long 

• We can parallelize trace replay by slicing the trace

Extended graph calculus c ::= · · · | e := event | trigger(e, e)

Original trace:
e2 := op(A, e1);
e3 := op(B, e2);

=)

e2 := event;
. &

Slice 1: Slice 2:
et := op(A, e1); e3 := op(B, e2);
trigger(e2, et);

Fig. 8: Transformation for parallel trace replay

illustrates the key transformation for parallel replay. A trace
is split into slices. Commands appear in slices in the same
order as the original trace and any events that are created in
one slice and referenced in other slices are connected using
the graph calculus extension shown in the figure. A command
e := event creates a new untriggered event and assigns it to
an event variable e. A command trigger(e1, e2) registers an
event dependence such that event e1 is notified as soon as e2 is
triggered, which simply corresponds to adding an edge between
the operations represented by e2 and e1. Slices generated from
a trace can be replayed in parallel.

Minimizing events that “cross” the slice boundary is impor-
tant for reducing the number of intermediate events for parallel
replay, for which we exploit the implicit knowledge encoded
in an application’s task mappings: We put tasks mapped to
the same processor in the same slice as much as possible
because in a well-mapped program they are more likely to
have dependences on one another.

VI. EVALUATION

We evaluate dynamic tracing on five programs ranging
from quite small and regular and static, to full applications
that are complex and irregular: Stencil [23], a 9-point stencil
benchmark on 2D grids; Circuit [24], a circuit simulator for
unstructured circuit graphs; PENNANT [25] and MiniAero [26],
proxy applications for unstructured meshes from Los Alamos
and Sandia National Laboratories; and Soleil-X [27], [28],
a compressible fluid solver on 3D grids developed to study
turbulent fluid flow in channels. All programs are written in
Regent [29], a high-level programming language that targets
Legion, and were run with control replication [24], an optimiza-
tion that is orthogonal to dynamic tracing. These programs have
competitive or better weak scaling performance than reference
implementations [30], where reference implementations are
available. Table I shows benchmark metrics, the number of
the tasks and copies each node must analyze per iteration.
Programs using unstructured meshes have indirect indexing on
regions, which require dependences be resolved dynamically.
For the two biggest programs, MiniAero and Soleil-X, Legion’s
dynamic task scheduling plays a crucial role in overlapping
communication with computation as their tasks have parallelism
due to field non-interference [31]; i.e., a task accessing field

Stencil Circuit PENNANT MiniAero Soleil-X
Num. tasks 16 27 67 288 448

Num. copies 31 49 54 552 928

TABLE I: Number of tasks and copies per iteration

f of a region can run in parallel with a copy for field g of
the same region initiated by another task. For three programs
(Stencil, PENNANT, and MiniAero), we are able to compare
with publicly available reference MPI versions.

Due to their iterative nature, all five programs have a “main”
loop where they spend most of their execution time. For Stencil,
Circuit, and PENNANT, we annotate the body of this main loop.
For MiniAero and Soleil-X, which implement a fourth-order
Runge-Kutta time marching scheme, we set the annotation on
the body of this time marching loop nested within the main
loop. Each application has only one trace because there is no
change in the task mapping and dynamic tracing is able to
find one idempotent recording of the trace. Identifying loops
that merit annotation was trivial for these programs and could
easily be automated.

We measured performance when the program reached steady
state; i.e., the state where the program starts replaying a
recording repeatedly.

We use GCC 5.3 to compile the Legion runtime and
the MPI reference implementations. Regent uses LLVM for
code generation; we use LLVM 3.8. We report performance
for each application on up to 256 nodes of the Piz Daint
supercomputer [32], a Cray XC50 system; nodes are connected
by an Aries interconnect and each node has 64 GB of memory
and one Intel Xeon E5-2690 CPU with 12 physical cores.

For strong scaling measurements, we chose problem sizes for
which runs stop scaling ideally without dynamic tracing at 32
or fewer nodes. Table II summarizes the results as throughput
normalized by single node throughput without dynamic tracing.
Dynamic tracing improves the speedup of applications by 4.2⇥
or more, except for PENNANT, which is improved by 2.8⇥.
Unlike the other programs, the main loop in PENNANT is
guarded by a convergence predicate that in turn prevents a
replay of the trace until the condition is resolved. A trace
replay overlaps with tasks only for 25% or less of the time
per iteration, which explains an improvement that is 4⇥ off of
the improvement in the runtime overhead. Circuit shows the
biggest discrepancy between the improvement in the runtime
overhead and strong scaling simply because the runs did not
reach a point where they are limited by the replay overhead.

To study the effect of optimizations for idempotent record-
ings, we also measure the performance of runs where dynamic
tracing is used without those optimizations (column Tr.\Opt.).
The use of idempotent recordings improves performance by
an average of 5% and a maximum of 19%. More importantly,
dynamic tracing without optimizations sometimes perform
worse than the run without dynamic tracing because of spurious
dependences introduced by fences, which means fence elision
is crucial. The only program immune to the absence of
optimizations is Circuit, which has all-to-all dependences
between tasks on each node, which results in sightly longer
sequences of graph calculus commands after fence elision.

For Stencil, PENNANT, and MiniAero, we also compare per-
formance with expert-written MPI reference versions (column
MPI); these applications are static and well suited to MPI-
style programming. Note that the MPI versions of Stencil and

Extended graph calculus c ::= · · · | e := event | trigger(e, e)

Original trace:
e2 := op(A, e1);
e3 := op(B, e2);

=)

e2 := event;
. &

Slice 1: Slice 2:
et := op(A, e1); e3 := op(B, e2);
trigger(e2, et);

Fig. 8: Transformation for parallel trace replay

illustrates the key transformation for parallel replay. A trace
is split into slices. Commands appear in slices in the same
order as the original trace and any events that are created in
one slice and referenced in other slices are connected using
the graph calculus extension shown in the figure. A command
e := event creates a new untriggered event and assigns it to
an event variable e. A command trigger(e1, e2) registers an
event dependence such that event e1 is notified as soon as e2 is
triggered, which simply corresponds to adding an edge between
the operations represented by e2 and e1. Slices generated from
a trace can be replayed in parallel.

Minimizing events that “cross” the slice boundary is impor-
tant for reducing the number of intermediate events for parallel
replay, for which we exploit the implicit knowledge encoded
in an application’s task mappings: We put tasks mapped to
the same processor in the same slice as much as possible
because in a well-mapped program they are more likely to
have dependences on one another.

VI. EVALUATION

We evaluate dynamic tracing on five programs ranging
from quite small and regular and static, to full applications
that are complex and irregular: Stencil [23], a 9-point stencil
benchmark on 2D grids; Circuit [24], a circuit simulator for
unstructured circuit graphs; PENNANT [25] and MiniAero [26],
proxy applications for unstructured meshes from Los Alamos
and Sandia National Laboratories; and Soleil-X [27], [28],
a compressible fluid solver on 3D grids developed to study
turbulent fluid flow in channels. All programs are written in
Regent [29], a high-level programming language that targets
Legion, and were run with control replication [24], an optimiza-
tion that is orthogonal to dynamic tracing. These programs have
competitive or better weak scaling performance than reference
implementations [30], where reference implementations are
available. Table I shows benchmark metrics, the number of
the tasks and copies each node must analyze per iteration.
Programs using unstructured meshes have indirect indexing on
regions, which require dependences be resolved dynamically.
For the two biggest programs, MiniAero and Soleil-X, Legion’s
dynamic task scheduling plays a crucial role in overlapping
communication with computation as their tasks have parallelism
due to field non-interference [31]; i.e., a task accessing field

Stencil Circuit PENNANT MiniAero Soleil-X
Num. tasks 16 27 67 288 448

Num. copies 31 49 54 552 928

TABLE I: Number of tasks and copies per iteration

f of a region can run in parallel with a copy for field g of
the same region initiated by another task. For three programs
(Stencil, PENNANT, and MiniAero), we are able to compare
with publicly available reference MPI versions.

Due to their iterative nature, all five programs have a “main”
loop where they spend most of their execution time. For Stencil,
Circuit, and PENNANT, we annotate the body of this main loop.
For MiniAero and Soleil-X, which implement a fourth-order
Runge-Kutta time marching scheme, we set the annotation on
the body of this time marching loop nested within the main
loop. Each application has only one trace because there is no
change in the task mapping and dynamic tracing is able to
find one idempotent recording of the trace. Identifying loops
that merit annotation was trivial for these programs and could
easily be automated.

We measured performance when the program reached steady
state; i.e., the state where the program starts replaying a
recording repeatedly.

We use GCC 5.3 to compile the Legion runtime and
the MPI reference implementations. Regent uses LLVM for
code generation; we use LLVM 3.8. We report performance
for each application on up to 256 nodes of the Piz Daint
supercomputer [32], a Cray XC50 system; nodes are connected
by an Aries interconnect and each node has 64 GB of memory
and one Intel Xeon E5-2690 CPU with 12 physical cores.

For strong scaling measurements, we chose problem sizes for
which runs stop scaling ideally without dynamic tracing at 32
or fewer nodes. Table II summarizes the results as throughput
normalized by single node throughput without dynamic tracing.
Dynamic tracing improves the speedup of applications by 4.2⇥
or more, except for PENNANT, which is improved by 2.8⇥.
Unlike the other programs, the main loop in PENNANT is
guarded by a convergence predicate that in turn prevents a
replay of the trace until the condition is resolved. A trace
replay overlaps with tasks only for 25% or less of the time
per iteration, which explains an improvement that is 4⇥ off of
the improvement in the runtime overhead. Circuit shows the
biggest discrepancy between the improvement in the runtime
overhead and strong scaling simply because the runs did not
reach a point where they are limited by the replay overhead.

To study the effect of optimizations for idempotent record-
ings, we also measure the performance of runs where dynamic
tracing is used without those optimizations (column Tr.\Opt.).
The use of idempotent recordings improves performance by
an average of 5% and a maximum of 19%. More importantly,
dynamic tracing without optimizations sometimes perform
worse than the run without dynamic tracing because of spurious
dependences introduced by fences, which means fence elision
is crucial. The only program immune to the absence of
optimizations is Circuit, which has all-to-all dependences
between tasks on each node, which results in sightly longer
sequences of graph calculus commands after fence elision.

For Stencil, PENNANT, and MiniAero, we also compare per-
formance with expert-written MPI reference versions (column
MPI); these applications are static and well suited to MPI-
style programming. Note that the MPI versions of Stencil and

Extended graph calculus c ::= · · · | e := event | trigger(e, e)

Original trace:
e2 := op(A, e1);
e3 := op(B, e2);

=)

e2 := event;
. &

Slice 1: Slice 2:
et := op(A, e1); e3 := op(B, e2);
trigger(e2, et);

Fig. 8: Transformation for parallel trace replay

illustrates the key transformation for parallel replay. A trace
is split into slices. Commands appear in slices in the same
order as the original trace and any events that are created in
one slice and referenced in other slices are connected using
the graph calculus extension shown in the figure. A command
e := event creates a new untriggered event and assigns it to
an event variable e. A command trigger(e1, e2) registers an
event dependence such that event e1 is notified as soon as e2 is
triggered, which simply corresponds to adding an edge between
the operations represented by e2 and e1. Slices generated from
a trace can be replayed in parallel.

Minimizing events that “cross” the slice boundary is impor-
tant for reducing the number of intermediate events for parallel
replay, for which we exploit the implicit knowledge encoded
in an application’s task mappings: We put tasks mapped to
the same processor in the same slice as much as possible
because in a well-mapped program they are more likely to
have dependences on one another.

VI. EVALUATION

We evaluate dynamic tracing on five programs ranging
from quite small and regular and static, to full applications
that are complex and irregular: Stencil [23], a 9-point stencil
benchmark on 2D grids; Circuit [24], a circuit simulator for
unstructured circuit graphs; PENNANT [25] and MiniAero [26],
proxy applications for unstructured meshes from Los Alamos
and Sandia National Laboratories; and Soleil-X [27], [28],
a compressible fluid solver on 3D grids developed to study
turbulent fluid flow in channels. All programs are written in
Regent [29], a high-level programming language that targets
Legion, and were run with control replication [24], an optimiza-
tion that is orthogonal to dynamic tracing. These programs have
competitive or better weak scaling performance than reference
implementations [30], where reference implementations are
available. Table I shows benchmark metrics, the number of
the tasks and copies each node must analyze per iteration.
Programs using unstructured meshes have indirect indexing on
regions, which require dependences be resolved dynamically.
For the two biggest programs, MiniAero and Soleil-X, Legion’s
dynamic task scheduling plays a crucial role in overlapping
communication with computation as their tasks have parallelism
due to field non-interference [31]; i.e., a task accessing field

Stencil Circuit PENNANT MiniAero Soleil-X
Num. tasks 16 27 67 288 448

Num. copies 31 49 54 552 928

TABLE I: Number of tasks and copies per iteration

f of a region can run in parallel with a copy for field g of
the same region initiated by another task. For three programs
(Stencil, PENNANT, and MiniAero), we are able to compare
with publicly available reference MPI versions.

Due to their iterative nature, all five programs have a “main”
loop where they spend most of their execution time. For Stencil,
Circuit, and PENNANT, we annotate the body of this main loop.
For MiniAero and Soleil-X, which implement a fourth-order
Runge-Kutta time marching scheme, we set the annotation on
the body of this time marching loop nested within the main
loop. Each application has only one trace because there is no
change in the task mapping and dynamic tracing is able to
find one idempotent recording of the trace. Identifying loops
that merit annotation was trivial for these programs and could
easily be automated.

We measured performance when the program reached steady
state; i.e., the state where the program starts replaying a
recording repeatedly.

We use GCC 5.3 to compile the Legion runtime and
the MPI reference implementations. Regent uses LLVM for
code generation; we use LLVM 3.8. We report performance
for each application on up to 256 nodes of the Piz Daint
supercomputer [32], a Cray XC50 system; nodes are connected
by an Aries interconnect and each node has 64 GB of memory
and one Intel Xeon E5-2690 CPU with 12 physical cores.

For strong scaling measurements, we chose problem sizes for
which runs stop scaling ideally without dynamic tracing at 32
or fewer nodes. Table II summarizes the results as throughput
normalized by single node throughput without dynamic tracing.
Dynamic tracing improves the speedup of applications by 4.2⇥
or more, except for PENNANT, which is improved by 2.8⇥.
Unlike the other programs, the main loop in PENNANT is
guarded by a convergence predicate that in turn prevents a
replay of the trace until the condition is resolved. A trace
replay overlaps with tasks only for 25% or less of the time
per iteration, which explains an improvement that is 4⇥ off of
the improvement in the runtime overhead. Circuit shows the
biggest discrepancy between the improvement in the runtime
overhead and strong scaling simply because the runs did not
reach a point where they are limited by the replay overhead.

To study the effect of optimizations for idempotent record-
ings, we also measure the performance of runs where dynamic
tracing is used without those optimizations (column Tr.\Opt.).
The use of idempotent recordings improves performance by
an average of 5% and a maximum of 19%. More importantly,
dynamic tracing without optimizations sometimes perform
worse than the run without dynamic tracing because of spurious
dependences introduced by fences, which means fence elision
is crucial. The only program immune to the absence of
optimizations is Circuit, which has all-to-all dependences
between tasks on each node, which results in sightly longer
sequences of graph calculus commands after fence elision.

For Stencil, PENNANT, and MiniAero, we also compare per-
formance with expert-written MPI reference versions (column
MPI); these applications are static and well suited to MPI-
style programming. Note that the MPI versions of Stencil and

• Balanced slicing uses the implicit knowledge encoded in the application’s mapping
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Effect of Idempotent Trace Optimizations

• Idempotent trace optimizations improve performance by an average of 
5% and a maximum of 19% 

• Fence elision removes spurious task dependencies, thereby improving 
performance considerably 

• No benefit on Circuit as it has all-to-all task dependencies on each node
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Average Task Granularity

Nodes
Normalized Throughputs

Stencil (0.4B cells) Circuit (74K wires) PENNANT (29M zones) MiniAero (1M cells) Soleil-X (8.4M cells)

No Tr. Tr.\Opt. Tr.
MPI

No Tr. Tr.\Opt. Tr. No Tr. Tr.\Opt. Tr.
MPI

No Tr. Tr.\Opt. Tr.
MPI

No Tr. Tr.\Opt. Tr.
9R 12R 9R 12R 8R

1 1.0 1.0 1.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9 1.2 1.0 0.9 1.0 0.3 1.0 1.0 1.0
2 2.0 2.0 2.0 1.9 2.1 2.0 2.0 2.0 2.2 2.2 2.2 1.9 2.3 2.1 1.8 2.1 0.6 2.0 2.0 2.0
4 4.1 4.0 4.1 3.7 4.1 3.9 4.0 3.9 4.5 4.3 4.6 3.8 4.6 4.2 3.8 4.4 1.3 3.3 3.8 3.9
8 8.1 8.0 8.2 7.4 8.2 7.3 7.5 7.6 8.6 8.4 9.1 7.6 9.3 8.1 8.7 9.0 3.0 5.3 6.9 7.2
16 16.0 15.7 16.2 14.8 16.3 13.3 13.6 14.0 16.6 15.3 16.8 14.9 18.3 14.9 17.3 16.8 7.3 7.6 11.9 12.7
32 31.3 30.1 32.0 29.2 32.4 24.7 25.5 25.9 29.6 28.4 30.3 29.2 36.4 21.7 31.3 32.1 16.0 9.0 17.9 18.7
64 50.1 54.3 61.9 57.9 63.3 18.0 48.1 49.7 54.0 55.8 60.8 56.7 71.8 24.0 54.0 55.0 30.0 10.2 31.5 32.4

128 68.3 108.0 126.3 116.6 134.3 8.3 87.4 90.2 71.4 106.2 117.6 115.6 139.6 23.7 90.9 94.8 51.0 10.6 53.0 54.8
256 77.2 269.7 320.0 259.8 387.5 4.2 133.7 131.4 68.8 185.0 198.5 211.4 250.1 22.9 121.4 123.4 58.2 5.7 69.5 74.0

max(Tr.)
max(No Tr.)

4.2 5.3 2.8 5.1 7.0

TABLE II: Strong scaling performance. Numbers in bold face show the maximum throughput achieved in each configuration.
Underlined numbers mean that the runs performed worse than those without dynamic tracing. Columns 8R, 9R, and 12R show
numbers from runs with 8, 9, and 12 ranks, respectively.

PENNANT are 21-26% faster than the Legion versions. Legion
requires resources for its runtime system to make dynamic
decisions (e.g., about tracing). In these experiments the Legion
runtime is configured to use 3 CPUs (out of 12) per node.
When the MPI versions use the same number of application
processors as Regent counterparts (column 9R), MPI Stencil
performs worse than the Regent version and MPI PENNANT
is slower up to 128 nodes and becomes 6% better on 256
nodes. The MPI reference of MiniAero, which only allows the
number of ranks to be a power of 2, starts 3⇥ slower than
the Regent version, which is consistent with [24], and loses
scalability earlier.

Lastly, we use MiniAero and Soleil-X to calculate the
average task granularity supported by dynamic tracing. In these
two applications, tasks are almost completely overlapped with
the runtime overhead and copies, which make them suitable
for studying task granularity. Table III shows the minimum
time per iteration and the number of tasks each processor
runs, from which we derive the average task granularity.
The task granularity for MiniAero is half that for Soleil-X
because Soleil-X has roughly twice as many regions per task
as MiniAero, leading to twice as many copies on average to
replay per task (5.4 regions per task on average vs. 3.1).

VII. RELATED WORK

Dynamic tracing can be applied to any task-based system that
constructs task graphs using dynamic dependence analysis [4],
[5], [11], [19]. Hoque et al. [4] reports that dynamic task-based
systems require a larger granularity of tasks than explicitly
parallel programs to be efficient; our results show that dynamic
tracing can eliminate most of that overhead.

Execution templates [6] have a goal similar to dynamic
tracing. Both aim to reduce the overhead for executing

MiniAero Soleil-X
Tr. No Tr. Tr. No Tr.

Num. tasks per processor 36 56
Min. time per iteration 6.6ms 33.8ms 23.1ms 161.2ms
Avg. task granularity 183us 940us 413us 2,879us

TABLE III: Average task granularity

tasks on distributed memory systems. However, the program
representation used by execution templates is explicitly parallel
as it requires each command to specify a before set: a set
of previous commands for which the command must wait; in
contrast dynamic tracing takes a stream of implicitly parallel
tasks. Furthermore, execution templates map nodes in a task
graph directly onto workers, thereby requiring edits to the graph
for any subsequent changes in scheduling, etc. In dynamic
tracing the execution of a task graph is decoupled from
graph construction, and therefore dynamic tracing still provides
scheduling flexibility.

Dynamic tracing and Inspector-Executor (I/E) methods [33],
[34] are based on the same record-and-replay idea, but to
achieve orthogonal goals; I/E methods record working sets of
irregular array accesses, whereas dynamic tracing memoizes
dynamic tasks dependences. As a result the details are very
different; for example, I/E methods do not need to deal with the
possibility of dynamic changes in runtime mapping decisions
for data.

VIII. CONCLUSION

Dynamic tracing improves strong scaling performance by
efficiently capturing and soundly replaying task graphs of traces.
We have presented a complete design of dynamic tracing with
several key optimizations. We have also demonstrated that an
implementation of dynamic tracing improves strong scaling
performance of already optimized Regent applications by an
average of 4.9⇥ at 256 nodes.

ACKNOWLEDGMENT

This research was supported by the Exascale Computing
Project (17-SC-20-SC), a collaborative effort of the U.S.
Department of Energy Office of Science and the National
Nuclear Security Administration, award DE-NA0002373-1
from the Department of Energy National Nuclear Security
Administration, NSF grant CCF-1160904, an internship at
NVIDIA Research, and a grant from the Swiss National
Supercomputing Centre (CSCS) under project ID d80.

• Achieves sub-millisecond task granularity with dynamic tracing 

• Soleil-X tasks take twice more steps on average per replay than MiniAero tasks
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APPENDIX

In this appendix, we evaluate how much dynamic tracing
reduces the cost of dynamic dependence analysis by measuring
the runtime overhead with and without dynamic tracing. We
use the synthetic benchmark program in Figure 9, which has
two desirable properties. First, the program performs no actual
computation so we can count all execution time as runtime
overhead. Second, the program exhibits a simple pattern of
task dependencies, which allows to compute a bound on the
possible improvement from dynamic tracing. Each iteration of
the outer most loop launches N parallel tasks S times where N

is the number of CPUs remaining after allocating some for the
runtime. The tasks form N chains of dependent tasks, where
the ith chain consists of S tasks that read and write region A[i].
Figure 10 illustrates the task graph of the synthetic benchmark
program.

We place the tracing annotation on the outer for loop (lines
4 and 10) and vary the value of S to study the effect of trace
size (S · N) on the reduction of runtime overhead. We also
run the program with different numbers of runtime threads to
measure the benefit of parallel replay.

Figure 11a shows the improvement in the runtime overhead
for four configurations of parallel replay. The legend shows
the number of runtime threads being allocated for parallel
dynamic dependence analysis and trace replay, and also the
corresponding value of N. In all four plots, a longer trace
leads to a greater improvement in the runtime overhead as
it better amortizes the constant overhead of initializing every
trace replay.

The plots also show that increasing the number of runtime
threads has diminishing returns, which occurs for two reasons.

1 task F(x) reads(x),writes(x) do end
2

3 while * do
4 begin_trace
5 for s = 0,S do
6 for i = 0,N do
7 F(A[i])
8 end
9 end

10 end_trace
11 end

Fig. 9: Synthetic benchmark program

Sz }| {

F(A[0]) F(A[0]) · · · F(A[0])

F(A[1]) F(A[1]) · · · F(A[1])

...

F(A[N� 1]) F(A[N� 1]) · · · F(A[N� 1])

Fig. 10: Task graph of the program in Figure 9

First, dynamic tracing only reduces the runtime overhead
for dependence analysis and there are several other steps in
Legion’s task processing pipeline. Second, the performance
of parallel dependence analysis and trace replay scale sub-
linearly in the number of runtime threads, because both parallel
dependence analysis and trace replay have portions that run
sequentially; Legion performs a sequential preliminary analysis
on tasks for parallelizing the subsequent dependence analysis
and dynamic tracing sequentially initializes crossing events
for parallel trace replay. To better understand how these two
factors incur diminishing returns, we use the following model
Odep(T ) of runtime overhead when the number of runtime
threads is T :

Odep(T ) = Cdep · s(T ) +
Cpipe

T
,

where Cdep denotes the dependence analysis overhead with one
runtime thread, Cpipe is all the cost of Legion’s task processing
pipeline except for dependence analysis, and s(T ) models the
sub-linear speedup governed by Amdahl’s law; i.e.,

s(T ) =
1

(1� p) + p/T
,

where p is the proportion of dependence analysis that is
parallelized (0 < p < 1). In the model, we assume the cost
Cpipe of Legion’s task pipeline except for dependence analysis
can be perfectly parallelized across T threads as they are
embarrassingly parallel. The model Oreplay(T ) of the trace
replay overhead when the number of runtime threads is T

is the same as Odep(T ) except that the dependence analysis
overhead is replaced with the parallel trace replay overhead
Creplay · s(T ):

Oreplay(T ) = Creplay · s(T ) +
Cpipe

T
,

where Creplay denotes the trace replay overhead with one
runtime thread. (We use the same s(T ) to model the sub-
linearity of both parallel dependence analysis and trace replay,
to simplify the analysis, though using two different models
does not change the result.) The improvement I(T ) in runtime
overhead is a ratio of Odep(T ) to Oreplay(T ):

I(T ) =
Odep(T )

Oreplay(T )
=

Cdep + Cpipe/(s(T ) · T )
Creplay + Cpipe/(s(T ) · T )

.

Note that as T increases, I(T ) approaches asymptote I =
Cdep/Creplay; this means that the improvement in the depen-
dence analysis overhead becomes a dominant component in
I(T ). Finally, the return R(T ) = I(T +1)� I(T ) of using an
additional runtime thread when there are T threads reaches 0
as T goes to infinity (i.e., limT!1 R(T ) = 0), which implies
that R(T ) is diminishing as T increases. The plot of R(T ) in
Figure 12 also clearly shows the trend of diminishing returns.
(For the plot, we fit our model to the experiment results by
assuming that dependence analysis is 10⇥ heavier than the rest
of analysis pipeline, that 90% of parallel dependence analysis
and trace replay is perfectly parallelized, and that dynamic

Task graph for benchmarking Trace replay overhead per task
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Fig. 11: Runtime overhead of the synthetic benchmark program

tracing eliminates 85% of the dependence analysis overhead;
i.e., 10Cpipe = Cdep, Creplay = 0.15Cdep, and p = 0.9.)

Figure 11b shows the average runtime overhead per task with
dynamic tracing. Average overhead per task decreases as trace
size increases and eventually saturates once the overhead for
initializing trace replay is sufficiently amortized. The plots
exhibit a similar trend of diminishing returns as those in
Figure 11a, but because of Amdahl’s law; the Creplay · s(T )
term becomes dominant in Oreplay(T ) as T increases.

Next, we also evaluate how much dynamic tracing reduces
the runtime overhead for five applications used in Section VI.
To isolate the runtime overhead from application work or
communication, we apply the same methodology used for the
synthetic benchmark: We modify applications to only launch
tasks and run no actual computations, and we count their
execution time as runtime overhead. We allocate three runtime
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Fig. 12: Diminishing return function R(T )

threads, the configuration used in the strong scaling runs.
Table IV summarizes the measured runtime overhead per trace.
In all five applications, dynamic tracing reduces the runtime
overhead by more than 7⇥. Circuit and PENNANT enjoy
noticeably greater improvement than the others because they
have reduction tasks and copies that make dynamic dependence
analysis more expensive. Table IV also shows the one-time
cost for trace optimization, which is just a few milliseconds
even for the longest trace.

The improvement in runtime overhead gives an upper bound
on the possible improvement in strong scaling performance. The
actual strong scaling improvement in Section VI is influenced
by many factors (such as inter-node communication) of which
runtime overhead is just one, though it is often the most
important one.

Stencil Circuit PENNANT MiniAero Soleil-X
No Tracing 2.23 10.29 10.47 4.99 19.41

Tracing 0.29 0.53 0.86 0.68 2.26
Improv. 7.6⇥ 19.5⇥ 12.2⇥ 7.4⇥ 8.6⇥

Trace size 47 76 121 210 344
Trace opt. 0.72 1.70 3.90 1.75 5.86

TABLE IV: Runtime overhead per trace (all in milliseconds)

• Using more runtime threads has diminishing return 

• Longer traces better amortize the replay overhead
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tracing eliminates 85% of the dependence analysis overhead;
i.e., 10Cpipe = Cdep, Creplay = 0.15Cdep, and p = 0.9.)

Figure 11b shows the average runtime overhead per task with
dynamic tracing. Average overhead per task decreases as trace
size increases and eventually saturates once the overhead for
initializing trace replay is sufficiently amortized. The plots
exhibit a similar trend of diminishing returns as those in
Figure 11a, but because of Amdahl’s law; the Creplay · s(T )
term becomes dominant in Oreplay(T ) as T increases.

Next, we also evaluate how much dynamic tracing reduces
the runtime overhead for five applications used in Section VI.
To isolate the runtime overhead from application work or
communication, we apply the same methodology used for the
synthetic benchmark: We modify applications to only launch
tasks and run no actual computations, and we count their
execution time as runtime overhead. We allocate three runtime
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threads, the configuration used in the strong scaling runs.
Table IV summarizes the measured runtime overhead per trace.
In all five applications, dynamic tracing reduces the runtime
overhead by more than 7⇥. Circuit and PENNANT enjoy
noticeably greater improvement than the others because they
have reduction tasks and copies that make dynamic dependence
analysis more expensive. Table IV also shows the one-time
cost for trace optimization, which is just a few milliseconds
even for the longest trace.

The improvement in runtime overhead gives an upper bound
on the possible improvement in strong scaling performance. The
actual strong scaling improvement in Section VI is influenced
by many factors (such as inter-node communication) of which
runtime overhead is just one, though it is often the most
important one.

Stencil Circuit PENNANT MiniAero Soleil-X
No Tracing 2.23 10.29 10.47 4.99 19.41

Tracing 0.29 0.53 0.86 0.68 2.26
Improv. 7.6⇥ 19.5⇥ 12.2⇥ 7.4⇥ 8.6⇥

Trace size 47 76 121 210 344
Trace opt. 0.72 1.70 3.90 1.75 5.86

TABLE IV: Runtime overhead per trace (all in milliseconds)
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