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Is	
  my	
  MPI-­‐OpenMP	
  
applica9on	
  deadlocked?	
  

Current	
  high	
  performance	
  compu1ng	
  applica1ons	
  o4en	
  combine	
  the	
  
Message	
   Passing	
   Interface	
   (MPI)	
   with	
   threaded	
   parallel	
  
programming	
   paradigms,	
   e.g.,	
   OpenMP.	
   MPI	
   allows	
   fully	
   hybrid	
  
applica1ons	
   in	
   which	
   mul1ple	
   threads	
   of	
   a	
   process	
   issue	
   MPI	
  
opera1ons	
   concurrently.	
   LiBle	
   study	
   on	
   deadlock	
   condi1ons	
   for	
   this	
  
combined	
   use	
   exists.	
   We	
   propose	
   a	
   wait-­‐for	
   graph	
   approach	
   to	
  
understand	
  and	
  detect	
  deadlock	
  for	
  such	
  fully	
  hybrid	
  applica1ons.	
   It	
  
specifically	
   considers	
   OpenMP	
   3.0	
   tasking	
   support	
   to	
   incorporate	
  
OpenMP's	
   task-­‐based	
   execu1on	
   model.	
   Our	
   model	
   creates	
  
dependencies	
  with	
  deadlock	
  criteria	
  that	
  can	
  be	
  visualized	
  to	
  support	
  
comprehensive	
  deadlock	
  reports.	
  We	
  use	
  a	
  model	
  checking	
  approach	
  
to	
   inves1gate	
   wide	
   ranges	
   of	
   valid	
   execu1on	
   states	
   of	
   example	
  
programs	
  to	
  verify	
  the	
  soundness	
  of	
  our	
  wait-­‐for	
  graph	
  construc1on.	
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(b) A fully hybrid and deadlock free example.
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#pragma omp barrier #pragma omp barrier

MPI_Send(to:1) MPI_Send(to:0)

(c) A fully hybrid deadlock example.

Figure 1: Example pure MPI (a) and fully hybrid ((b) and (c)) programs.

process. On both processes, thread 0 issues a similar receive
operation as in the initial example. However, in this fully
hybrid example, thread 1 on each process can still post a
waited-for message. Thus, the additional threads enable all
operations to complete and this second example is free of
deadlock. This example highlights that deadlock detection
in fully hybrid applications, even without OpenMP synchro-
nization primitives, must consider the presence of threads.

The third example in Figure 1(c) presents a fully hybrid
deadlock that mixes primitives of both MPI and OpenMP.
Again, thread 0 of both processes issues a receive operation
as in the initial MPI-only deadlock example. As the second
example illustrated, the additional thread on each process
can provide the waited-for messages, but an OpenMP barrier
blocks the additional threads instead. Thus, thread 1 on
each process waits for thread 0 to join the barrier, while
thread 0 waits for an MPI message. Thus, a deadlock exists
that mixes MPI and of OpenMP operations. Understanding
this deadlock requires consideration of both paradigms.

3.2 Methodology
Towards a first tool to detect deadlock in fully hybrid ap-
plications, we propose a dynamic methodology. A dynamic
deadlock detection tool executes the target application for a
given input and with a specific number of processes/threads.
During the application run, the tool captures information on
all deadlock relevant operations. Section 7 details steps to
extend existing dynamic tools for this purpose. Once a tool
can extract execution states, it can directly model a WFG
(wait-for graph) to detect deadlock.

An execution state defines active operations for all process-
es/threads, as well as the status of these operations, e.g.,
whether an operation is completed or whether it waits for
other processes/threads. Based on a fully hybrid execu-
tion state, we use a wait-for dependency analysis to detect
deadlock. This analysis identifies a minimal set of process-
es/threads that cause the deadlock and it supports a graph-
ical representation for the deadlock. The graphical repre-
sentation both serves for illustration purposes and can aid
future approaches in the visualization of deadlocks. It also
clearly separates operations that cause the deadlock from
operations that block as a result of the deadlock.

Process'0'

MPI_Recv(from:1)'

Process'1'

MPI_Recv(from:0)'

Figure 2: A wait-for graph for the example in Figure 1(a).

3.3 Wait-For Graphs
Figure 2 presents a Wait-For Graph (WFG) for the deadlock
in Figure 1(a). A WFG represents a specific execution state.
For the two operations in Figure 1(a), one execution state
is that process 0 activated its receive operation, while pro-
cess 1 did not activate its receive operation. This execution
state would not yet indicate deadlock, since process 1, which
can unblock process 1, can still execute operations. When
both processes activate their MPI_Recv operations the dead-
lock becomes manifest. Figure 2 represents the WFG that
results for the execution state with the deadlock. The graph
represents each MPI process as a node and uses arcs to rep-
resent wait-for dependencies between them. Informally, each
process waits for the other process, which is represented by
the arcs between processes 0 and 1.

The dependencies in the example wait for exactly one other
process. Other MPI operations can wait for all processes
out of a process set (e.g., a collective) or for some process
out of a process set (e.g., a receive that can match a send
from any process). Thus, a formal wait-for model for MPI
must provide an AND semantic to wait for all processes of a
process set, and an OR semantic to wait for some processes
in a process set. Thus, we must use the AND-OR model [6],
as opposed to the well known AND model, in which a dead-
lock is represented by a cycle in a graph. Graph-based rep-
resentations of the AND-OR model are non-trivial, which
motivates the use of the AND�OR model [14] that provides
the same generality and a graphical representation.

Formally, an AND�OR WFG W = (V,EAND, EOR) is:

• V = {v0, v1, . . . , vn}; the set of nodes;
• EAND ✓ V ⇥ V , a set of arcs that represent AND

semantic wait-for dependencies;
• EOR ✓ V ⇥V , a set of arcs that represent OR semantic

wait-for dependencies;
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Figure 1: Example pure MPI (a) and fully hybrid ((b) and (c)) programs.

process. On both processes, thread 0 issues a similar receive
operation as in the initial example. However, in this fully
hybrid example, thread 1 on each process can still post a
waited-for message. Thus, the additional threads enable all
operations to complete and this second example is free of
deadlock. This example highlights that deadlock detection
in fully hybrid applications, even without OpenMP synchro-
nization primitives, must consider the presence of threads.

The third example in Figure 1(c) presents a fully hybrid
deadlock that mixes primitives of both MPI and OpenMP.
Again, thread 0 of both processes issues a receive operation
as in the initial MPI-only deadlock example. As the second
example illustrated, the additional thread on each process
can provide the waited-for messages, but an OpenMP barrier
blocks the additional threads instead. Thus, thread 1 on
each process waits for thread 0 to join the barrier, while
thread 0 waits for an MPI message. Thus, a deadlock exists
that mixes MPI and of OpenMP operations. Understanding
this deadlock requires consideration of both paradigms.

3.2 Methodology
Towards a first tool to detect deadlock in fully hybrid ap-
plications, we propose a dynamic methodology. A dynamic
deadlock detection tool executes the target application for a
given input and with a specific number of processes/threads.
During the application run, the tool captures information on
all deadlock relevant operations. Section 7 details steps to
extend existing dynamic tools for this purpose. Once a tool
can extract execution states, it can directly model a WFG
(wait-for graph) to detect deadlock.

An execution state defines active operations for all process-
es/threads, as well as the status of these operations, e.g.,
whether an operation is completed or whether it waits for
other processes/threads. Based on a fully hybrid execu-
tion state, we use a wait-for dependency analysis to detect
deadlock. This analysis identifies a minimal set of process-
es/threads that cause the deadlock and it supports a graph-
ical representation for the deadlock. The graphical repre-
sentation both serves for illustration purposes and can aid
future approaches in the visualization of deadlocks. It also
clearly separates operations that cause the deadlock from
operations that block as a result of the deadlock.
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Figure 2: A wait-for graph for the example in Figure 1(a).

3.3 Wait-For Graphs
Figure 2 presents a Wait-For Graph (WFG) for the deadlock
in Figure 1(a). A WFG represents a specific execution state.
For the two operations in Figure 1(a), one execution state
is that process 0 activated its receive operation, while pro-
cess 1 did not activate its receive operation. This execution
state would not yet indicate deadlock, since process 1, which
can unblock process 1, can still execute operations. When
both processes activate their MPI_Recv operations the dead-
lock becomes manifest. Figure 2 represents the WFG that
results for the execution state with the deadlock. The graph
represents each MPI process as a node and uses arcs to rep-
resent wait-for dependencies between them. Informally, each
process waits for the other process, which is represented by
the arcs between processes 0 and 1.

The dependencies in the example wait for exactly one other
process. Other MPI operations can wait for all processes
out of a process set (e.g., a collective) or for some process
out of a process set (e.g., a receive that can match a send
from any process). Thus, a formal wait-for model for MPI
must provide an AND semantic to wait for all processes of a
process set, and an OR semantic to wait for some processes
in a process set. Thus, we must use the AND-OR model [6],
as opposed to the well known AND model, in which a dead-
lock is represented by a cycle in a graph. Graph-based rep-
resentations of the AND-OR model are non-trivial, which
motivates the use of the AND�OR model [14] that provides
the same generality and a graphical representation.

Formally, an AND�OR WFG W = (V,EAND, EOR) is:

• V = {v0, v1, . . . , vn}; the set of nodes;
• EAND ✓ V ⇥ V , a set of arcs that represent AND

semantic wait-for dependencies;
• EOR ✓ V ⇥V , a set of arcs that represent OR semantic

wait-for dependencies;
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Figure 1: Example pure MPI (a) and fully hybrid ((b) and (c)) programs.

process. On both processes, thread 0 issues a similar receive
operation as in the initial example. However, in this fully
hybrid example, thread 1 on each process can still post a
waited-for message. Thus, the additional threads enable all
operations to complete and this second example is free of
deadlock. This example highlights that deadlock detection
in fully hybrid applications, even without OpenMP synchro-
nization primitives, must consider the presence of threads.

The third example in Figure 1(c) presents a fully hybrid
deadlock that mixes primitives of both MPI and OpenMP.
Again, thread 0 of both processes issues a receive operation
as in the initial MPI-only deadlock example. As the second
example illustrated, the additional thread on each process
can provide the waited-for messages, but an OpenMP barrier
blocks the additional threads instead. Thus, thread 1 on
each process waits for thread 0 to join the barrier, while
thread 0 waits for an MPI message. Thus, a deadlock exists
that mixes MPI and of OpenMP operations. Understanding
this deadlock requires consideration of both paradigms.

3.2 Methodology
Towards a first tool to detect deadlock in fully hybrid ap-
plications, we propose a dynamic methodology. A dynamic
deadlock detection tool executes the target application for a
given input and with a specific number of processes/threads.
During the application run, the tool captures information on
all deadlock relevant operations. Section 7 details steps to
extend existing dynamic tools for this purpose. Once a tool
can extract execution states, it can directly model a WFG
(wait-for graph) to detect deadlock.

An execution state defines active operations for all process-
es/threads, as well as the status of these operations, e.g.,
whether an operation is completed or whether it waits for
other processes/threads. Based on a fully hybrid execu-
tion state, we use a wait-for dependency analysis to detect
deadlock. This analysis identifies a minimal set of process-
es/threads that cause the deadlock and it supports a graph-
ical representation for the deadlock. The graphical repre-
sentation both serves for illustration purposes and can aid
future approaches in the visualization of deadlocks. It also
clearly separates operations that cause the deadlock from
operations that block as a result of the deadlock.
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3.3 Wait-For Graphs
Figure 2 presents a Wait-For Graph (WFG) for the deadlock
in Figure 1(a). A WFG represents a specific execution state.
For the two operations in Figure 1(a), one execution state
is that process 0 activated its receive operation, while pro-
cess 1 did not activate its receive operation. This execution
state would not yet indicate deadlock, since process 1, which
can unblock process 1, can still execute operations. When
both processes activate their MPI_Recv operations the dead-
lock becomes manifest. Figure 2 represents the WFG that
results for the execution state with the deadlock. The graph
represents each MPI process as a node and uses arcs to rep-
resent wait-for dependencies between them. Informally, each
process waits for the other process, which is represented by
the arcs between processes 0 and 1.

The dependencies in the example wait for exactly one other
process. Other MPI operations can wait for all processes
out of a process set (e.g., a collective) or for some process
out of a process set (e.g., a receive that can match a send
from any process). Thus, a formal wait-for model for MPI
must provide an AND semantic to wait for all processes of a
process set, and an OR semantic to wait for some processes
in a process set. Thus, we must use the AND-OR model [6],
as opposed to the well known AND model, in which a dead-
lock is represented by a cycle in a graph. Graph-based rep-
resentations of the AND-OR model are non-trivial, which
motivates the use of the AND�OR model [14] that provides
the same generality and a graphical representation.

Formally, an AND�OR WFG W = (V,EAND, EOR) is:

• V = {v0, v1, . . . , vn}; the set of nodes;
• EAND ✓ V ⇥ V , a set of arcs that represent AND

semantic wait-for dependencies;
• EOR ✓ V ⇥V , a set of arcs that represent OR semantic
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process. On both processes, thread 0 issues a similar receive
operation as in the initial example. However, in this fully
hybrid example, thread 1 on each process can still post a
waited-for message. Thus, the additional threads enable all
operations to complete and this second example is free of
deadlock. This example highlights that deadlock detection
in fully hybrid applications, even without OpenMP synchro-
nization primitives, must consider the presence of threads.

The third example in Figure 1(c) presents a fully hybrid
deadlock that mixes primitives of both MPI and OpenMP.
Again, thread 0 of both processes issues a receive operation
as in the initial MPI-only deadlock example. As the second
example illustrated, the additional thread on each process
can provide the waited-for messages, but an OpenMP barrier
blocks the additional threads instead. Thus, thread 1 on
each process waits for thread 0 to join the barrier, while
thread 0 waits for an MPI message. Thus, a deadlock exists
that mixes MPI and of OpenMP operations. Understanding
this deadlock requires consideration of both paradigms.

3.2 Methodology
Towards a first tool to detect deadlock in fully hybrid ap-
plications, we propose a dynamic methodology. A dynamic
deadlock detection tool executes the target application for a
given input and with a specific number of processes/threads.
During the application run, the tool captures information on
all deadlock relevant operations. Section 7 details steps to
extend existing dynamic tools for this purpose. Once a tool
can extract execution states, it can directly model a WFG
(wait-for graph) to detect deadlock.

An execution state defines active operations for all process-
es/threads, as well as the status of these operations, e.g.,
whether an operation is completed or whether it waits for
other processes/threads. Based on a fully hybrid execu-
tion state, we use a wait-for dependency analysis to detect
deadlock. This analysis identifies a minimal set of process-
es/threads that cause the deadlock and it supports a graph-
ical representation for the deadlock. The graphical repre-
sentation both serves for illustration purposes and can aid
future approaches in the visualization of deadlocks. It also
clearly separates operations that cause the deadlock from
operations that block as a result of the deadlock.
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3.3 Wait-For Graphs
Figure 2 presents a Wait-For Graph (WFG) for the deadlock
in Figure 1(a). A WFG represents a specific execution state.
For the two operations in Figure 1(a), one execution state
is that process 0 activated its receive operation, while pro-
cess 1 did not activate its receive operation. This execution
state would not yet indicate deadlock, since process 1, which
can unblock process 1, can still execute operations. When
both processes activate their MPI_Recv operations the dead-
lock becomes manifest. Figure 2 represents the WFG that
results for the execution state with the deadlock. The graph
represents each MPI process as a node and uses arcs to rep-
resent wait-for dependencies between them. Informally, each
process waits for the other process, which is represented by
the arcs between processes 0 and 1.

The dependencies in the example wait for exactly one other
process. Other MPI operations can wait for all processes
out of a process set (e.g., a collective) or for some process
out of a process set (e.g., a receive that can match a send
from any process). Thus, a formal wait-for model for MPI
must provide an AND semantic to wait for all processes of a
process set, and an OR semantic to wait for some processes
in a process set. Thus, we must use the AND-OR model [6],
as opposed to the well known AND model, in which a dead-
lock is represented by a cycle in a graph. Graph-based rep-
resentations of the AND-OR model are non-trivial, which
motivates the use of the AND�OR model [14] that provides
the same generality and a graphical representation.

Formally, an AND�OR WFG W = (V,EAND, EOR) is:

• V = {v0, v1, . . . , vn}; the set of nodes;
• EAND ✓ V ⇥ V , a set of arcs that represent AND

semantic wait-for dependencies;
• EOR ✓ V ⇥V , a set of arcs that represent OR semantic
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