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Introduction

The Message Passing Interface (MPI) [1] is the
standard for high-performance computing (HPC)
applications, ensuring correct communication in
massively parallel systems. However, since MP|
s often implemented in imperative languages,
programs are inherently hard to reason about.
We present \ypr, @ Nnew Concurrent Lambda
Calculus to formalize the semantics of MPI.

System Overview

System Level:
- Program p is a set number of named processes
P, €aCh running an expression e, in parallel.

- State o Is a set of FIFO queues between each
ordered pair of nodes (p,p).

- A configuration (p, o) captures full system.
Local Level:
- Processes know only their expression.

- Labelled transition system (LTS) forms
operational semantics.

Point to Point Example

po > sendbtagT7tolof G[O, 1]“ 0T, [0,1]@1>> ()

p1 > recvxinx select (tag7, from() of G[o) 1]12
<7,0,1,5>WG[071]2'1\

/4

Envelopes: (tag, source, dest, group)
- All information of where a message need to go.

- Components appear in expressions, but full
envelopes are only found in labels.

Awpr SUpports blocking and non-blocking sends

and receives.

Contact: ktallen@buffalo.edu

Collective Communication Example

D6 P
gather 1 from

[ scatter 1 of [0;0;0;0]"
as r in (x + (rank G"))
to [6,3,0,2] )/

and °[6, 3, 0, 2|

[0]510]7 [0~ 6,3,0,2

gather 1 from
0+ (rank G') Y
°16,3,0,2]

rank(G')~6

and

\
/4

gather 1 from |6}
°[6,3,0,2]

131501 [2] ]~ ga [6,3,0,2

and

1
\
4

6:3;0; 2]

P3P
send

| recv z in
(z + (rank G))
select (tag*, from0)

of °[6,3,0,2]'
tag 0 to 0 of G:6, 3,0, 2

i

(0,0,1,7[6,3,0,2]")~ [0}/

send [(0 + (rank G')))/
tag 0 to 0 of '[6,3,0,2]

rank(G')~3

send [3)

tag 0 to 0 of '[6,3,0,2]
3/~+3(0,1,0,6,3,0,2]")

/4
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Selection of Syntax and Stepping Rules

All Processes:
- Recelve the value 0 from the root.

. Compute their rank in °[6, 3, 0, 2J'.
- Returns their rank added to the 0.

Collective Communication:

Awpr SUpPports MP| Broadcast, Scatter,
and Gather as primitives as well as
Reduce and Scan.

Expressions e == x | n | () | error(i) | = | (tage;,fromey) | sendetagntopof g | recvrine; selecteyof g
| scatternofejaszinestog | gathernfromeandg | [ey;... en]’ | “lep, ..., e, | rankg
Values vi= () | i | error(i) | = | (taguvy, fromw) | [vr;...;00 | GF | 0 | “In)t | “[ng, ..., n)
Labels [ =€ | v~ (t,D,q,9) | (t,2,¢,9) >~V | V~pr g | V~sc g | g ~gav | Tank(g) ~ n
Programs p = pi>ei]l...||pn> em
e v~ (t,rank g,q,9) e . (t2,p2,q,9)~v
sendvtagttoqof g > () recvx ineselect (tagty, fromp;) of g > elr — v

(TLQ -+ 1) = nl(ng + 1)

(Vb.1 <b<mn3Aay= V...

 Ulp1)m,—1] > Where ¢ is fresh)

Scatter

scatter ny of |vy; . .
G .
g=lxo,..., %,

<t27p27Q7g>Wv\ /
> €,
q q

l

[al;"';a’ng]igws [pO 7777 pn3]i2

G
o

: i : 12
s up,|tasxineto |po, ..., Dnl

0<p,g<n  plp,) = e,

true = tmatch(ty, to)

> elz = o1 v )]

Uw<t17p7Q7g>\ /

ppr,) =€z,  €q, > €,

true = rmatch(p, po)

o(peekp,,p, ) = L

(p,0) = (plpa, = €, D2, 7 €, ], 0)

g="]

— e (Vm.1<m <nApp,,)=e, Neg

11
L0, L1y, Ty

(t,0,m,g)~>vn,
> €, Apeekpyp, = 1)

(p,0) = (plpa, = €, [Vm.0 < m < nl,0)

Group Operations

MPI Groups:
- Logical collections of processes.

- Each process p hasarank 0 to (n —1).

- Rank 0 Is the root of a group.

- Written as lists of global ranks, index of the
rank being the local rank.

Default groups: n processes and 0 < m < n
. Global Group: G¥ ="°[0;...;(n — 1)]’

- Empty Group: 0% = °[ |

. Singleton Group: “[m]’

With the default groups Aypr can construct all
valld groups, such as G[6; 3:0: 2], where global
rank 6 has local rank 0.

Group Constructors:
- gunion °[6;3;0;2]" °[1:2;5:3]"
5 °[6;3;0;2; 1; 5]
- gsplit (fun fz = 2 mod 2) “[6;3;0;2]"
5 [716; 0] 7[3; 207"
. gshuffle[3;0;2;1)" °[6,3,0,22 5 °[2,6,0,3]"

Awp1 alSO supports other MPI group constructors,
such as intersection and difference, using these
three defined operations.

Future Work

- Formalize Ayp1 In the Rocqg proof assistant.

- Use \ypr as the target l[anguage in a
choreographic |2] HPC language based on MPI.

- Explore program analysis and verification using
this choreographic language.
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