STATE OF




10 YEARS OF LEGION

Past the great filter

Thank you to everyone who helped us get here!

“All systems software needs 10 years to mature before it
is robust.” -- Alex

We’re pretty much right on time...
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Abstract—Modern parallel architectures have both heteroge-
neous processors and deep, complex memory hierarchies. We
present Legion, a programming model and runtime system
for achieving high performance on these machines. Legion is
organized around logical regions, which express both locality and
independence of program data, and fasks, functions that perform
computations on regions. We describe a runtime system that
dynamically extracts parallelism from Legion programs, using
a distributed, parallel scheduling algorithm that identifies both
independent tasks and nested parallelism. Legion also enables
explicit, programmer controlled movement of data through the
memory hierarchy and placement of tasks based on locality
information via a novel mapping interface. We evaluate our
Legion implementation on three applications: fluid-flow on a
regular grid, a three-level AMR code solving a heat diffusion
equation, and a circuit simulation.

I. INTRODUCTION

Modern parallel machines are increasingly complex, with
deep, distributed memory hierarchies and heterogeneous pro-
cessing units. Because the costs of communication within these
architectures vary by several orders of magnitude, the penalty
for mistakes in the placement of data or computation is usually
very poor performance. Thus, to achieve good performance the
programmer and the programming system must reason about
locality (data resident close to computation that uses it) and
independence (computations operating on disjoint data, and
therefore not requiring communication and able to be placed
in possibly distant parts of the machine). Most contemporary
programming systems have no facilities for the programmer to
express locality and independence. The few languages that do
focus primarily on array-based locality [1], [2], [3] and avoid
irregular pointer data structures.

In this paper we describe Legion, a parallel programming
system based on using logical regions to describe the orga-
nization of data and to make explicit relationships useful for
reasoning about locality and independence. A logical region
names a set of objects. Logical regions are first-class values in
Legion and may be dynamically allocated, deleted and stored
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in data structures. Regions can also be passed as arguments
to distinguished functions called fasks that access the data in
those regions, providing locality information. Logical regions
may be partitioned into disjoint or aliased (overlapping) sub-
regions, providing information for determining independence
of computations. Furthermore, computations access logical
regions with particular privileges (read-only, read-write, and
reduce) and coherence (e.g., exclusive access and atomic
access, among others). Privileges express how a task may use
its region arguments, providing data dependence information
that is used to guide the extraction of parallelism. For example,
if two tasks access the same region with read-only privileges
the two tasks can potentially be run in parallel. Coherence
properties express the required semantics of concurrent region
accesses. For example, if the program executes f1(r); f2(r)
and tasks f; and f, both require exclusive access to region r,
then Legion guarantees the result will be as if f;(r) completes
before fo(r) begins. On the other hand, if the tasks access r
with atomic coherence, then Legion guarantees only atomicity
of the tasks with respect to r: either task f;(r) appears to run
entirely before f(r) or vice versa.

Logical regions do not commit to any particular layout of
the data or placement in the machine. At runtime, each logical
region has one or more physical instances assigned to specific
memories. It is often useful to have multiple physical instances
of a logical region (e.g., to replicate read-only data, or to allow
independent reductions that are later combined).

To introduce the programming model, we present a circuit
simulation in Section II, illustrating regions, tasks, permissions
and coherence properties, the interactions between them, and
how these building blocks are assembled into a Legion pro-
gram. Subsequent sections each describe a contribution in the
implementation and evaluation of Legion:

« We define a software out-of-order processor, or SOOP,
for scheduling tasks with region arguments in a manner
analogous to how out-of-order hardware schedulers pro-
cess instructions with register arguments (Section III). In
addition to pipelining the execution of tasks over several
stages, our SOOP is distributed across the machine and
is also hierarchical to naturally extract nested parallelism
(because tasks may recursively spawn subtasks).

o Of central importance is how tasks are assigned (or
mapped) to processors and how physical instances of
logical regions are mapped to specific memory units
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DOCUMENTATION

Programming with Legion

Alex Aiken Michael Bauer

September 27, 2022 (legion-22.09.0)

We have a Legion manual!

https://legion.stanford.edu/pdfs/legion-manual.pdf

|ldiomatic but incomplete

At last

Legion documentation »

Table of Contents

Welcome to the Legion Manual
= Reading This Manual
= |ndices and tables

Next topic
1. Getting Started

This Page
Show Source
Quick search

Go

Welcome to the Legion Manual

The first paper describing the Legion programming model was published in 2012. Since then, there has been enormous
progress and many people have contributed to the project. Throughout this period new application developers have learned
Legion through a combination of examples, lore from other members of the project, research papers and reading the source
code of the Legion implementation. The intention here is to put down, in a systematic fashion, a complete specification of the
Legion API and its semantics for users to reference when developing Legion programs.

Reading This Manual

The Legion API is quite large and a comprehensive knowledge of it is not required to write useful programs. Therefore, we've
written this manual in a sytle that is not conduicive to being read front-to-back. Instead the manual should be used as a
reference for users to access when they need to understand a specific feature of the Legion runtime API. We've taken great
care to add copious hyperlink referenes to related sections and features throughout the text of the manual, thereby facilitating
easy pointer-chasing of related features. We encourage readers to employ a depth-first-search algorithm when reading the
manual: continue clicking on hyperlinks, following them down the graph of dependences until you reach something that you
already know or you read something with no further links to follow; only then retreat back along the path and continue
reading. The more times you refer to the manual, the shallower your traversals will become as you accumulate knowledge
and the quicker you will come to understand individual features.

Contents:

e 1. Getting Started
o 1.1. Requirements
o 1.2. Buliding From Source
o 1.3. Languages
o 1.4. Getting Help
e 2. The Philosophy of Legion

Sphinx Documentation

https://github.com/StanfordLegion/legion-

manual/tree/sphinx

Complete description of all APls, need help...


https://legion.stanford.edu/pdfs/legion-manual.pdf
https://github.com/StanfordLegion/legion-manual/tree/sphinx

PROVENANCE

Where did that come from?

Launchers

* L] ° . L]
All* Legion APIs now support a provenance string public:
// If the predicate is set to anything other than
// Predicate::TRUE_PRED, then the application must
* Some exceptions may apply (create issue if missing) // specify a value for the future in the case that
// the predicate resolves to false. UntypedBuffer(NULL,0)
// can be used if the task's return type is void.

Future predicate_false_future;
UntypedBuffer predicate_false_result;
public:
Passed through to Legion Prof and Legion Spy
std::string provenance;
public:
ACCGSSible V'ia the Mappable interface // Inform the runtime about any static dependences

// These will be ignored outside of static traces
const std::vector<StaticDependence> *static_dependences;

Eventually used in all error messages
API Calls

IndexPartition create_partition_by_restriction(Context ctx,
Human- and machine-readable components e Spesevpananay
IndexSpace color_space,
DomainTransform transform,
Use ‘S’ as delimiter: “human prov $ machine prov” Domall. Bxtenk, |
PartitionKind part_kind = LEGION_COMPUTE_KIND,
Color color = LEGION AUTO GENERATE_ID,

More 'in Legion Prof talk const char xprovenance = NULL);




COLLECTIVE VIEWS

Deduplicating analysis

“All-Reduce Program” Producer[0] Producer[1] Producer[2] Producer|[3]

Index Task Producer [0-3]: Reduce R.a

Index Task Consumer [0-3]: Read-Only R.a

Consumer[0] Consumer(1] Consumer(2] Consumer(3]

Every consumer depends on every
producer

total # interferences == O(N"2)

Analyzing each task independently
doesn’t scale



COLLECTIVE VIEWS

An All-Reduce Example

“All-Reduce Program”
Index Task Producer [0-3]: Reduce R.a

Index Task Consumer [0-3]: Read-Only R.a

Foreach task:

Step 1: Mapper (optionally) tells Legion to “look” for
collective region usage when mapping tasks

Step 2: Legion performs rendezvous to make collective
views for all tasks using the same logical region

Step 3: Legion performs just one dependence analysis for
each collective view that it makes

Collective View

|
|
I Producer[0] Producer[1]
|
|

Producer[2]

Butterfly All-Reduce copies

(if necessary)

ollective View

|
|
: Consumer[0] Consumer[1]
|

Consumer|[2]

Currently Beta-Testing

Should be mostly stable except for tracing



Index Task Consumer [0-3]: Read-Only R.a

BROADCAST/REDUCTION

Collective Behavior Comes from Data Usage

“Broadcast Program”

Single Task Producer: Read-Write R.a

Producer

Broadcast Tree Copies
(if necessary)

Producer[0]

Consumer[0]

Consumer(3]

“Reduce Program”

Index Task Producer [0-3]: Reduce R.a

Single Task Consumer: Read-Only R.a

Collective View

Producer[1]

Producer[2]

Reduction Tree Copies

(if necessary)

Consumer

|
|
Producer[3] :
|



(THE END OF) CONTROL REPLICATION

6 years later

N

Control_Replication_Developers 011717 .PPTX A ¢ N
File Edit View Insert Format Slide Arrange Tools Help | Lastedit was on January 16,2017 =

+ v ~ = Q <~ K A~ O \ ~ Background Layoutv Theme  Transition

1 2 3 4 5 6 7 8 9

EE FRIENDLY REMINDER
SoREE This will be hard

THE PROBLEM

Control replication => deferred distributed parallel program analysis

Any one of these four
things by itself is hard

| need as much help as | can get




(THE END OF) CONTROL REPLICATION

6 years later

We’re close!

Need collective views

Lots of ops in control
replicated tasks implicitly map
with collective views

Inline Map, Attach, Detach,
Acquire, Release, Fill, etc

Tune equivalence set
selection heuristics

Last chance to update the
default mapper

Control Replication Merge to Master #/65

(© Open

J 5 of 8 tasks lightsighter opened this issue on Mar 4, 2020 - 3 comments

lightsighter commented on Mar 4, 2020 - edited ~ Member ) () --

See merge request:
https://gitlab.com/StanfordLegion/legion/-/merge_requests/157

TODO list:

O Finish refactoring of instances for issue () Support for Reduction and Copy Trees #546

¥ Refactor control replication to use the replicated instances for inline mappings and attach ops
¥ Teach Legion Spy to validate inline mappings and attach operations in control replication

¥ Detection of violations of control replication need to be improved

¥ Verify semantics of attach/detach and inline mappings for control replication

O Improve default mapper behavior for control replication (tracked in () Support for Control Replication in the Default
Mapper #896)

¥ Fix implementation of premap_task

[J Ensure we have coverage of non-replicated Regent workloads in Cl (@streichler )



NEXT-YEAR ROADMAP

What’s next

Improved Memory
Management

Q1-Q2

Control Replication The Great Subprocess | Traci
Merge into Master > Refactoring g Prep > mpr(gzeij Q;acmg
Q1 Q1 Q1
Speculative
Execution /
Resilience

Q4 -



THE GREAT REFACTORING

Making up for lost time

Legion code needs to be cleaned up (just Legion, not Realm/Regent)

Imposing a clang-based style guide (under development)

All the error messages will be rewritten, e.g. to use provenance among other things

Decouple all error checks from internal debug checks

Clean exits of the runtime even under faults including task stacks

Lots of build parameters will become runtime flags



SUBPROCESS PREP

First steps towards strong task isolation

Goal: each Realm processor executes task in its own subprocess

Why? Isolation: see global variables in Python, OpenMP, etc.

Potentially also isolate regions for each task using mprotect

Catch: still need to map parts of Legion and Realm runtimes
into subprocess for task execution

Every single Legion memory allocation needs to be put in the
right heap

Realm Parent Process

Legion Private Heap

/

CPU A

Subprocess
Legion Public

Heap

\_

4 OpenMP A

Subprocess

4 GPU A

Subprocess
Legion Public

Legion Public
Heap
J

Heap

\_

Python
Subprocess

Legion Public

Heap

\_ J




IMPROVED MEMORY MANAGEMENT

Probably our most pressing need

When are instances allocated in the pipeline:

4 Y4 Y4 Y4 Y4 Y4 Y4 )

Dependence
Analysis

\_ AN AN AN AN AN AN J

Decode Mapping Execution Resolution Complete Commit

Today we use two pools: deferred allocations in mapping and eager allocations during execution
Better: one pool with allocation shifting back and forth on demand

Requirement: need upper bound on execution allocations required by each task

Open problem: how to deal with instance allocation failures in the mapper



IMPROVED TRACING

Legion as a JIT-ing interpreter

Tracing is vital to our success: 5-20X faster
Must be the common case for all Legion execution

Non-idempotent traces

Checks for safe tracing

Automatic inference of traces
(longest common subsequence)

Lowering to Realm graphs

Open problem: memory reuse inside of traces?

Legion
Program

N

Legion

Stream of
Task/Op Hashes

>

Trace IDs

Trace
Detection




SPECULATIVE EXECUTION / RESILIENCE

Two side of the same coin

Today we have predicated execution

Starting to see need for speculative execution
(LANL, Legate, output regions)

Explicit API calls to “branch” / “checkpoint” in Legion

Runtime can recover back if misspeculate/fault

Open problem: how to say when in-place updates allowed?



STRATEGY

Advantage 1: implicit parallelism with control replication

| Branch | Branch |:
| predictor |: Decode | predictor |: I
: ~—» and | Reorder buffer — Commit : Dep. — Reorder buffer —| Commit
i : : Analysis
Fetch |: rename | Feth £~
engine |: - Integer queue |-:-m= ALU engine |: - Latency Queue [®
Floating-point | : Throughput
i queue = ALY - Queue >

- | oad/store queue > ALU

Distributed

Physical
Memory

reqister file

Push this analogy hard: it was successful for decades, no reason it won’t be successful at larger scales in software

Control replication makes this approach scalable, everyone else is years behind on us on this

17



Application using Many Libraries

Program order

# Numpy Q
e
Pandas r Q

’ NumPy <

Looks like a standard
sequential program

STRATEGY

Advantage 2: software composability

CPUs GPUs Remote
y‘
? o
» ‘%:\ send
O

'A/ receive

\ 4
copy\_ @

=)

Execution order

. Executes like a tuned
Open question: how to make mappers cooperate? HPC program

18



CONCLUSION

A bright future

We’re past the point of ‘max implementation complexity’

No new programming model features, just better implementations of existing features

We have crucial architectural advantages over our competitors that we need to exploit






“SPARSE INTERFERENCE” TASKS

”Stencil Program”

Index Task Init [0-3]: Read-Write Owned[i].a Init[0] Init[1] Init[2] Init[ 3]
Index Task Stencil [0-3]: Read-Write Owned[i].b
Read-Only Ghost[i].a
Stencil[0] Stencil[1] Stencil[2] Stencil[3]
Region R
Fields: a, b

{o/w R




REGION MATCHING

Not All Tasks Need to Use the Same Region

“GEMM Program”

Index Task Init [M,N]: Read-Write P[m,n].a,b,c

Index Task GEMM [M,N,K]: Reduce P[f1(m,n,k)]
Read-Only P[f2(m,n,
Read-Only P[f3(m,n,

Region R
Fields: a, b, ¢

{P}\\

.C
K)].a
K)].b

Projection functions can map subsets of
point tasks to the same region

Runtime will discover which subsets of
points in the index launch share common
regions and can be analyzed collectively

All points in the index launch must still
participate in the match!

22



COMPOSABILITY

No Communicators Required

“All-Reduce Program”

M !=N Library A Index Task Producer [0-M]: Reduce R.a Libraries don’t need to know about
___________________________________________ each other’s colle;tive indgx tasks to
M<N,M==N, M>N Library B Index Task Consumer [0-N]: Read-Only R.a get collective behavior

Get collective behavior in all cases

Collective dependences and
data movement are just part of
the Realm event graph,
automatically overlap with
other independent computation
or data movement, no
synchronization required

Works regardless of where Butterfly All-Reduce copies
tasks map, can mix and match (if necessary)
CPUs and GPUs arbitrarily

23



PERFORMANCE CONSIDERATIONS

Tradeoffs

Rendezvous and creation are both O(log N) in the number of
point tasks, don’t turn it on unless you think there actually is

collective regions in the index launch Foreach task:
Step 1: Mapper (optionally) tells Legion to “look” for

You’ll probably need a little bit of task parallelism to hide collective region usage when mapping tasks

this latency at scale Step 2: Legion performs rendezvous to make collective
views for all tasks using the same logical region

Collective rendezvous memoized under tracing (more

incentive to get that working with Legate) tep 3: Legion performs Just one dependence analysis for

Try to re-use the same instances for collective views, the
runtime will de-duplicate collective views and not need to
recreate them

Runtime builds hierarchical collective copies if multiple
instances on the same node (prefer process-per-node)

24



