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Project Overview ﬂ(".

Karlsruhe Institute of Technology

Automated SATisfiability

Design scalable algorithms for essential building blocks
in massively parallel computing, with a focus on non-
numerical algorithms for Big Data applications

@ SAT Solving
@ malleable job scheduling

Graph Algorithms

@ Minimum Spanning Tree

@ Connected Components

@ Triangle Counting

Algorithm
Engineering
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@ Graph Partitioning

Text Indexing
@ String Sorting

Fault Tolerance

Communication Primitives
@ MPI C++ bindings
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Karlsruhe Institute of Technology

Design scalable algorithms for essential building blocks |
in massively parallel computing, with a focus on non- @ SAT Solving
numerical algorithms for Big Data applications @ malleable job scheduling

Algorithm
Engineering

@ Graph Partitioning

@ String Sorting

Wezs

1 2024-10-10 Scalable Discrete Algorithms for the Basic Toolbox Institute of Theoretical Informatics, Algorithm Engineering

@ MPI C++ bindings



SAT Solving and Malleable Job Scheduling A“(IT

Karlsruhe Institute of Technology
Sanders, Schreiber

The N'P-complete SAT problem
Find a satisfying variable assignment for propositional formula

F = /\CEC(\/EEC 0)
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The N'P-complete SAT problem
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SAT Solving and Malleable Job Scheduling A“(IT

Sanders, Schreiber

The N'P-complete SAT problem
Find a satisfying variable assignment for propositional formula

F = /\CEC(\/EEC ¢

The M AJOD system
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Sanders, Schreiber

The N'P-complete SAT problem
Find a satisfying variable assignment for propositional formula

F = /\CEC(\/EECE)
The M AJOD system
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SAT Solving and Malleable Job Scheduling

Sanders, Schreiber

The N'P-complete SAT problem
Find a satisfying variable assignment for propositional formula

F = /\CEC(\/EECE)
The M AJOD system
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3072 cores
1536 cores

- 768 cores

384 cores
192 cores
96 cores

- 48 cores

24 cores
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Bound x for running time T, of seq. solver [s]
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Scalable Distributed Graph Partitioning A\‘(IT

Sanders, Seemaier

2024-10-10 Scalable Discrete Algorithms for the Basic Toolbox

Nearest Neighbor Search Distributed Databases

Given a graph G = (V, E, ¢, w), partition V into k disjoint
blocks such that:

@ Dblocks have roughly the same weight:
c(Vi) < Lmax = (1 +¢) cV)

® while minimizing some objective, e.g., edge cut:

> w(Ey)
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Sanders, Seemaier
Given a graph G = (V, E, ¢, w), partition V into k disjoint

blocks such that: -/‘ |\
edge weights

vertex weights
@ Dblocks have roughly the same weight:

c(Vi) < Lmax = (1 +¢) C(kV)

imbalance factor

® while minimizing some objective, e.g., edge cut:

> w(Ey) . .
edges between blocks / and
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Given a graph G = (V, E, ¢, w), partition V into k disjoint

blocks such that: _/‘ ‘\
edge weights

vertex weights
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® while minimizing some objective, e.g., edge cut:

> w(Ej) =5 ond
edges between blocks / and
i~ S — J W : /

&) =
% = ||

Nearest Neighbor Search Distributed Databases

B 50

Circuit Placement Load Balancing

({
({
({

2024-10-10 Scalable Discrete Algorithms for the Basic Toolbox Institute of Theoretical Informatics, Algorithm Engineering
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Sanders, Seemaier
Given a graph G = (V, E, ¢, w), partition V into k disjoint

blocks such that:
Input Graph Output Partition J ‘\
edge weights

vertex weights
@ Dblocks have roughly the same weight:

c(V
\4 c(Vi) < Lmax = (1 +¢) (k )
@@ @ D@g@) imbalance factor/d
® while minimizing some objective, e.g., edge cut:
< P Z w(Ej) edges between blocks i and j
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Sanders, Seemaier
Given a graph G = (V, E, ¢, w), partition V into k disjoint

blocks such that:
Input Graph Output Partition J ‘\
edge weights

vertex weights
@ Dblocks have roughly the same weight:

- c(V
v Refinement . c(Vi) < Lmax = (1 +¢) (k)
)
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Sanders, Seemaier
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Scalable Distributed String Sorting

Kurpicz, Mehnert, Sanders, Schimek

. L . : PE 0 PE 1 PE 2 PE 3
@ sorting strings is multidimensional problem
. . ] . f\\—\_,\f ,\/—m—
@ (different from classical atomic sorting iocal sorting
@ algorithm: distributed merge string sort |

N y ; 7
= low comm. volume but high latency %‘ﬁft'on'”gé

local merging|
————

I
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Kurpicz, Mehnert, Sanders, Schimek Fedo?
. . . . : PE PE 1 PE 2 PE
@ sorting strings is multidimensional problem f\_i,\ —— 3
@ different from classical atomic sorting local sorting
@ algorithm: distributed merge string sort — | —
R N .y . 7/
= low comm. volume but high latency < %part't'on'”gé
: . . @
Solution: multiple recursion levels, only O(r) com- \/r:;;hange/
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Kurpicz, Mehnert, Sanders, Schimek Fevd <D
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

PEOLL LT T[]
PE 1 [

PE 2 BT
PE 3

allgather|std: :vector

PEOLLI[ [ [ T T
PEALLIT [ [ T T T
PE2LL [ [ [ T
PE3LLI [ T T
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Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {
int size;

int rank; PE O I
MPI Comm_ size (comm, &size);

MPI Comm_rank (comm, &rank); PE 1 |:|:|
std::vector<int> rc(size), rd(size);

rc[rank] = v_local.size(); PE 2| | | | | | | |
MPI_Allgather (MPI_IN PLACE, 0, MPI_DATATYPE NULL, rc.data(), 1, MPI_INT, comm);
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0); EES

std::vector<double> v_global (rd.back () + rc.back());
MPI Allgatherv(v_local.data(), v_local.size(), MPI_DOUBLE,
v_global.data(), rc.data(), rd.dataf(),
MPI DOUBLE, comm) ; allgather|std: :vector

return v_global;

PEOLLI[ [ [ T T
PEALLIT [ [ T T T
PE2LL [ [ [ T
PE3LLI [ T T
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std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {
int size;

int rank; PEOLCTIII] [BII1]
MPI Comm_ size (comm, &size);

MPI_Comm_rank (comm, &rank); PE 1 |:|:| ...
std::vector<int> rc(size), rd(size);

rc[rank] = v_local.size(); PE 2| | | | | | | | | | |7| |
MPI_Allgather (MPI_IN PLACE, 0, MPI_DATATYPE NULL, rc.data(), 1, MPI_INT, comm);
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0); PE 3 ...

std::vector<double> v_global (rd.back () + rc.back());
MPI Allgatherv(v_local.data(), v_local.size(), MPI_DOUBLE,
v_global.data(), rc.data(), rd.dataf(),
MPI DOUBLE, comm) ; allgather|std: :vector

return v_global;

PEOLLI[ [ [ T T
PEALLIT [ [ T T T
PE2LL [ [ [ T
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std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {
int size;

int rank; PEOL[ T[T T]]
MPI Comm_ size (comm, &size);

MPI Comm_rank (comm, &rank); PE 1 |:|:|
std::vector<int> rc(size), rd(size);

rc[rank] = v_local.size(); PE 2| | | | | | | | |5|2|7|4|
MPI_Allgather (MPI_IN PLACE, 0, MPI_DATATYPE NULL, rc.data(), 1, MPI_INT, comm);
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0); PE 3

std::vector<double> v_global (rd.back () + rc.back());
MPI Allgatherv(v_local.data(), v_local.size(), MPI_DOUBLE,
v_global.data(), rc.data(), rd.dataf(),
MPI DOUBLE, comm) ; allgather|std: :vector

return v_global;
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Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {
int size;

int rank; PEOCT ] 512714
MPI_ Comm size (comm, &size); 0151714
MPI_Comm_rank (comm, &rank); PE 1 |:|:| 5121714
std::vector<int> rc(size), rd(size); 0151704
rc[rank] = v_local.size(); PE 2| | | | | | | | 5121714
MPI_Allgather (MPI_IN PLACE, 0, MPI_DATATYPE NULL, rc.data(), 1, MPI_INT, comm); 0[5]7[4
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0); EES 521714
std::vector<double> v_global (rd.back () + rc.back()); 01517114
MPI Allgatherv(v_local.data(), v_local.size(), MPI_DOUBLE,

v_global.data(), rc.data(), rd.dataf(),
MPI_DOUBLE, comm); allgather|std: :vector
return v_global;

} \/

PEOLI I T TTTTTTTTT]
PEA[LIT [T T TTTTTTTT]
PE2[ [T T TTTTTTTT]
PESL [ I TTTTTTTTT]
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Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {
int size;
int rank;
MPI Comm_ size (comm, &size);
MPI Comm_rank (comm, &rank);
std::vector<int> rc(size), rd(size);
rc[rank] = v_local.size();
MPI_Allgather (MPI_IN PLACE, 0, MPI_DATATYPE NULL, rc.data(), 1, MPI_INT, comm);
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);
std::vector<double> v_global (rd.back() + rc.back()); Goals of ‘KOMPL.) NO:
MPI Allgatherv(v_local.data(), v_local.size(), MPI_DOUBLE,
v_global.data(), rc.data(), rd.dataf(),

Karlsruhe MPI next generation

MPI_DOUBLE, comm); [0 zero-overhead abstraction over MPI
} return v_global; O covering whole abstraction range:
rapid prototyping <+ highly engineered
algorithms
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Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {

int size;

int rank; .

MPI Comm size (comm, &size); C'ISh API

MPI_Comm_rank (comm, &rank); all other parameters can be inferred
std::vector<int> rc(size), rd(size); /_

rc[rank] = v_local.size();

MPI_Allgather (MPI_IN_ PLACE, 0, MPI_DATATYPE NULL, rc.data(), 1, MPI_INT, comm);
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);

std::vector<double> v_global (rd.back() + rc.back()); Goals of ‘KOMPL.) NO:
MPI Allgatherv(v_local.data(), v_local.size(), MPI_DOUBLE,

v_global.data(), rc.data(), rd.dataf(), ]
MPI_DOUBLE, comm); \ [0 zero-overhead abstraction over MPI

Karlsruhe MPI next generation

return v_global; O covering whole abstraction range:

rapid prototyping <+ highly engineered

parameter order? _
algorithms
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Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {

all other parameters can be inferred
std::vector<int> rc(comm.size()), rd(comm.size()); “(////”ﬂ_—_

rc[rank] = v_local.size();

MPI_Allgather (MPI_IN_ PLACE, 0, MPI_DATATYPE NULL, rc.data(), 1, MPI_INT, comm);
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);

std::vector<double> v_global (rd.back() + rc.back()); Goals of ‘KOMPL.? NO:
MPI Allgatherv(v_local.data(), v_local.size(), MPI_DOUBLE,

v_global.data(), rc.data(), rd.dataf(), ]
MPI_DOUBLE, comm); \ [0 zero-overhead abstraction over MPI

Karlsruhe MPI next generation

return v_global; O covering whole abstraction range:

parameter order? rapid.prototyping +> highly engineered
algorithms

[ flexible parameter handling, sensible
defaults
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Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {

— all other parameters can be inferred

std::vector<int> rc(comm.size()), rd .size());
rc[rank] = v_local.size();

comm.allgather (send_recv_buf (xc));
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);
std::vector<double> v_global (rd.back() + rc.back()); Goals of ‘KOMPL.? NO:
MPI Allgatherv(v_local.data(), v_local.size(), MPI_DOUBLE,

v_global.data(), rc.data(), rd.dataf(), ]
MPI_DOUBLE, comm); \ [0 zero-overhead abstraction over MPI

Karlsruhe MPI next generation

return v_global; O covering whole abstraction range:

parameter order? rapid.prototyping +> highly engineered
algorithms

[ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

std::vector<double> get_whole_vector (std::vector<double> const& v_local, MPI_Comm comm) {

— all other parameters can be inferred

std::vector<int> rc(comm.size()), rd .size());
rc[rank] = v_local.size();

comm.allgather (send_recv_buf (xc));
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);
std::vector<double> v_global (rd.back () + rc.back()); Goals of ‘KOMPL.? NO:
MPI Allgatherv (v_local.data(), v_local.size(), MPI_DOUBLE,

v_global.data(), rc.data(), rd.dataf(), ]
MPI_DOUBLE, comm); \ [0 zero-overhead abstraction over MPI

Karlsruhe MPI next generation

return v_global; O covering whole abstraction range:

parameter order? rapid.prototyping +> highly engineered
algorithms

[ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> consté& v_local,

std::vector<int> rc(comm.size()), rd .size());
rc[rank] = v_local.size();

comm.allgather (send_recv_buf (xc));
std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);
std::vector<T> v_global (rd.back () + rc.back());
comm.allgatherv (send_buf (v_local), recv_buf(v_global),

recv_counts (rc), recv_displs(xd));

return v_global; ‘\
}

parameter order?
arbitrary parameter order!

5 2024-10-10 Scalable Discrete Algorithms for the Basic Toolbox

AT

Karlsruhe Institute of Technology

Communicator consté& comm)

— all other parameters can be inferred

Goals of AKaMPlang:

Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

[J covering whole abstraction range:
rapid prototyping <+ highly engineered
algorithms

[ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {

std::vector<int> rc(comm.size()), rd(comm.size());

rc[rank] = v_local.size();

comm.allgather (send_recv_buf (rc));

std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);

std::vector<T> v_global (rd.back () + rc.back () )« Goals of ‘KOMP'..) ng:

comm.allgatherv (send_buf (v_local), recv_buf(v_global),
recv_counts(rc), recv_displs(rd));

Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

return v_global; [0 covering whole abstraction range:
rapid prototyping <+ highly engineered
algorithms

manual allocation [ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {

std::vector<int> rc(comm.size()), rd(comm.size());

rc[rank] = v_local.size();

comm.allgather (send_recv_buf (rc));

std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);

std::vector<T> v_global; Goals of ‘KOMP'..) NO:

comm.allgatherv (send_buf (v_local), recv_buf (v_global),
recv_counts(rc), recv_displs+xd));

Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

return v_global; [0 covering whole abstraction range:
rapid prototyping <+ highly engineered
algorithms

manual allocation [ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {

std::vector<int> rc(comm.size()), rd(comm.size());

rc[rank] = v_local.size();

comm.allgather (send_recv_buf (rc));

std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);

std::vector<T> v_global; Goals of ‘KOMP'_’ NO:

comm.allgatherv (send_buf (v_local), recv_buf (v_global),
recv_counts(rc), recv_displs+xd));

common idiom: boilerplate!

Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

return v_global; O covering whole abstraction range:

rapid prototyping <+ highly engineered
algorithms

manual allocation [ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {

std::vector<int> rc(comm.size()), rd(comm.size());

rc[rank] = v_local.size();

comm.allgather (send_recv_buf (rc));

std::exclusive_scan(rc.begin(), rc.end(), rd.begin(), 0);

std::vector<T> v_global; Goals of ‘KOMP'_’ NO:

comm.allgatherv (send_buf (v_local), recyv buf (v_global),
recv_counts(rc), recv_displs+xd));

common idiom: boilerplate!

Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

return v_global; O covering whole abstraction range:

rapid prototyping <+ highly engineered
algorithms

manual allocation [ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {

std::vector<int> rc(comm.size());
rclrank] = v_local.size();
comm.allgather (send_recv_buf (rc));

common idiom: boilerplate!

std::vector<T> v_global; Goals of ‘KOMP'..) no:
comm.allgatherv (send_buf (v_local), recv_buf (v_global),

recv_counts(rc));

Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

return v_global; [0 covering whole abstraction range:
rapid prototyping <+ highly engineered
algorithms

manual allocation [ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {

return by reference

std::vector<T> v_global; / Goals of ‘KQMPL_) ﬂg:

comm.allgatherv (send_buf (v_local), recv_buf (v_global)); Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

return v_global; []

} covering whole abstraction range:

rapid prototyping <+ highly engineered
algorithms

[ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {

return by reference

// or by value
Goals of AKaMPlang:

return comm.allgatherv (send_buf (v_local));

Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

[J covering whole abstraction range:
rapid prototyping <+ highly engineered
algorithms

[ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {
return comm.allgatherv (send_buf (v_local));

}

Goals of AKaMPlang:

Karlsruhe MPI next generation

[] zero-overhead abstraction over MPI

[J covering whole abstraction range:
rapid prototyping <+ highly engineered
algorithms

[ flexible parameter handling, sensible
defaults
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Flexible (Near) Zero-Overhead C++ MPI Bindings A\‘(IT

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::vector<T> get_whole_vector (std::vector<T> const& v_local, Communicator const& comm) {
return comm.allgatherv (send_buf (v_local));

}

// avoid implicit allocation
comm.allgatherv (send_buf (v_local),
recv_counts_out<no_resize> (some_buf));

// pass buffer ownership to calls

rc = comm.allgatherv(send_buf (v_local), recv_buf (v_global), Goals of ‘KOMPLQ ng:
recv_counts_out<resize_to_fit>(std::move(rc))); Karlsruhe MPI next generation

// retrieve auxiliary data [1 zero-overhead abstraction over MPI

auto [recvbuf, counts] = comm.allgatherv (send_ buf (v_local)

[J covering whole abstraction range:
rapid prototyping <+ highly engineered
algorithms

14
recv_counts_out ());

[ flexible parameter handling, sensible
defaults

[0 configurable memory management
[1 compatible with move semantics
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Flexible (Near) Zero-Overhead C++ MPI Bindings

Uhl, Schimek, Hubner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>

std::vector<T> get_whole_vector (std::vector<T> consté& v_local,

return comm.allgatherv (send_buf (v_local));

}
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Flexible (Near) Zero-Overhead C++ MPI Bindings

Uhl, Schimek, Hibner, Kurpicz, Hespe, Seemaier, Sanders

template<typename T>
std::

vector<T> get_whole_vector (std:

return comm.allgatherv (send_buf (v_local));

}
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