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What is Multiparadigm Programming?



MPI

OpenMP

Global Arrays

Unified Parallel C

Charm++
Multiphase Shared Arrays

BSP

High Performance Fortran

Chapel

There are lots of ways to write a parallel program

Parallel Matlab

X10

Fortress



Why are there so many languages?



Why are there so many languages?

Each is good at something different

Automatic parallelizing of loops
Fine-grained parallelism
Unpredictable communication patterns



So, what is a multiparadigm program?

A program composed of modules,
where each module could be written
in a different language



Why would I want a Multiparadigm Program?



Suppose you have a complex program to parallelize



Suppose you have a complex program to parallelize

Each phase of the program may have different 
patterns of communication

How can you decide which language to use?



Suppose you have a complex program to parallelize

A common approach: 
shoehorn everything into MPI

A better approach:
choose the right language for each module



Suppose you have an existing MPI program

You want to add a new module, 
but it will be tough to write in MPI



Suppose you have an existing MPI program

You want to add a new module, 
but it will be tough to write in MPI

A common approach: 
write it in MPI anyway

A better approach:
choose a better suited language



Why aren’t multiparadigm programs more common?

Multiparadigm programs are hard to write:
You need a way to stick these modules together

It’s relatively simple if you only have one language 
in use at once: MPI/OpenMP hybrid codes run just 
one language at a time

For tightly integrated codes with multiple 
concurrent modules, you need a runtime system 
to manage them all



The Charm++ runtime system (RTS) handles most 
of the difficulties of multiparadigm programming

Modules using different languages are co-scheduled 
and can integrate tightly with one another

The RTS supports several languages
We are interested in adding more

Where does Charm++ fit in?



ParFUM: a Multiparadigm Charm++ Program



What is ParFUM?

ParFUM: a Parallel Framework for 
Unstructured Meshing

Meant to simplify the development of parallel 
unstructured mesh codes

Handles partitioning, synchronization, 
adaptivity, and other difficult parallel tasks



ParFUM is multiparadigm

ParFUM consists of many modules, written in a 
variety of languages. I will briefly present three 
examples:

Charm++ for asynchronous adaptivity

Adaptive MPI for the user’s driver code and glue 
code to connect modules

Multiphase shared arrays (MSA) for data distribution



Charm++ in ParFUM



Asynchronous Incremental Adaptivity

Local refinement or coarsening of the 
mesh, without any global barriers.

Edge bisection on a processor boundary



What is Charm++?

I hope you attended the fine tutorial by Pritish 
Jetley and Lukasz Wesolowski

In a nutshell, parallel objects which 
communicate via asynchronous method 
invocations



Why is Charm++ good for incremental adaptivity?

Incremental adaptivity leads to unpredictable 
communication patterns.

1 2
Suppose a boundary element 
of partition 1 requests 
refinement

How will partition 2 know to expect 
communication from 1? In MPI, this is very hard. 
In Charm++, it is natural.



Adaptive MPI in ParFUM



What is Adaptive MPI?

For our purposes, it’s just an implementation
of MPI on top of the Charm++ RTS

For more information, see Celso Medes’s
tutorial on Friday at 3:10,
How to Write Applications using Adaptive MPI



Why is Adaptive MPI important in ParFUM?

User provided driver code
Users are most likely to know MPI, and we 
want to allow them to use it for their code

Glue code between modules
Flow of control is more obvious in MPI code 
than in Charm++ code, which makes it good 
for glue code



Why is Adaptive MPI important in ParFUM?

User provided driver code
Popularity
Legacy

Glue code between modules
Simple flow of control



Multiphase Shared Arrays (MSA) in ParFUM



A data distribution problem

After initial partitioning, we 
need to determine which 
boundary elements must be 
exchanged.



A data distribution problem

After initial partitioning, we 
need to determine which 
boundary elements must be 
exchanged.

What we would like: 
an easily accessible 
global table to look 
up shared edges



What is MSA?

Idea: shared arrays, where only one type of access
         is allowed at a time

Access type is controlled by the array’s phase

Phases include:
read-only
write-by-one
accumulate



Read-only
mode



Write-by-one
mode

one thread could 
write to many 
elements

note:



Accumulate
mode

accumulation
operator must be
associative and
commutative

note:



Distributed MSA 
Hash Table

Partitioned Mesh



Each shared 
edge is hashed



Entries are added to the
table in accumulate mode



Now elements which 
collide in the table 
probably share an edge



Why is MSA good for this application?

Shared access to a global table is convenient
when trying to determine which partitions 
you need to send to or receive from

Filling and consulting the array fit neatly into
MSA phases
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/**
 * \addtogroup ParFUM
*/
/*@{*/

/**
  This file contains code for parallely partitioning
  the initial mesh into multiple chunks 
  It uses PARMETIS to do the actual partitioning.
  It also uses the MSA framework to do data transfer.
  Author Sayantan Chakravorty
  05/30/2004
*/

#include "ParFUM.h"
#include "ParFUM_internals.h"

#include "../parmetis/parmetis.h"

double elemlistaccTime=0;
extern void clearPartition(void);

int FEM_Mesh_Parallel_broadcast(int fem_mesh,int masterRank,FEM_Comm_t comm_context){
  int myRank;
  MPI_Comm_rank((MPI_Comm)comm_context,&myRank);
  //printf("[%d] FEM_Mesh_Parallel_broadcast called for mesh %d\n",myRank,fem_mesh);
  int new_mesh;
  if(myRank == masterRank){
    //I am the master, i have the element connectivity data and need
    //to send it to everybody
    printf("[%d] Memory usage on vp 0 at the begining of partition %d \n",CkMyPe(),CmiMemoryUsage());
    new_mesh=FEM_master_parallel_part(fem_mesh,masterRank,comm_context);

  }else{
    new_mesh=FEM_slave_parallel_part(fem_mesh,masterRank,comm_context);
  }
  //temp to keep stuff from falling apart
  MPI_Barrier((MPI_Comm)comm_context);
        if(myRank == masterRank){
                clearPartition();
        }
  //printf("[%d] Partitioned mesh number %d \n",myRank,new_mesh);
  return new_mesh;
}

int FEM_master_parallel_part(int fem_mesh,int masterRank,FEM_Comm_t comm_context){
  const char *caller="FEM_Create_connmsa";
  FEMAPI(caller);
  FEM_chunk *c=FEM_chunk::get(caller);
  FEM_Mesh *m=c->lookup(fem_mesh,caller);
  m->setAbsoluteGlobalno();
  int nelem = m->nElems();
  int numChunks;
  MPI_Comm_size((MPI_Comm)comm_context,&numChunks);
  printf("master -> number of elements %d \n",nelem);
  DEBUG(m->print(0));

  /*load the connectivity information into the eptr and
    eind datastructure. It will be read by the other slave 
    elements and used to call parmetis*/
  MSA1DINT eptrMSA(nelem,numChunks);
  MSA1DINT eindMSA(nelem*10,numChunks);
  /*
    after the msa array has been created and loaded with connectivity data
    tell the slaves about the msa array 
  */
  struct conndata data;
  data.nelem = nelem;
  data.nnode = m->node.size();
  data.arr1 = eptrMSA;
  data.arr2 = eindMSA;
  MPI_Bcast_pup(data,masterRank,(MPI_Comm)comm_context);

  eptrMSA.enroll(numChunks);
  eindMSA.enroll(numChunks);
  int indcount=0,ptrcount=0;
  for(int t=0;t<m->elem.size();t++){
    if(m->elem.has(t)){
      FEM_Elem &k=m->elem[t];
      for(int e=0;e<k.size();e++){
                                eptrMSA.set(ptrcount)=indcount;
                                ptrcount++;
                                for(int n=0;n<k.getNodesPer();n++){
                                  eindMSA.set(indcount)=k.getConn(e,n);
                                  indcount++;
                                }
      }
    }
  }
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  eptrMSA.set(ptrcount) = indcount;
  printf("master -> ptrcount %d indcount %d sizeof(MSA1DINT) %d sizeof(MSA1DINTLIST) %d memory %d\n",ptrcount,indcount,sizeof(MSA1DINT),sizeof(MSA1DINTLIST),CmiMemoryUsage());
  /*
    break up the mesh such that each chunk gets the same number of elements
    and the nodes corresponding to those elements. However this is not the partition.
    This is just distributing the data, so that when partition is done using parmetis
    all the requests for data do not go to chunk 0. Instead after partition each chunk
    can send the element and node data to the chunks that will need it
  */
  FEM_Mesh *mesh_array=FEM_break_mesh(m,ptrcount,numChunks);
  /*
    Send the broken up meshes to the different chunks. 
  */
  sendBrokenMeshes(mesh_array,comm_context);
  delete [] mesh_array;
  FEM_Mesh mypiece;
  MPI_Recv_pup(mypiece,masterRank,MESH_CHUNK_TAG,(MPI_Comm)comm_context);

  /*
    call parmetis
  */
        double  parStartTime = CkWallTimer();
        printf("starting FEM_call_parmetis \n");
  struct partconndata *partdata = FEM_call_parmetis(data,comm_context);

  printf("done with parmetis %d FEM_Mesh %d in %.6lf \n",CmiMemoryUsage(),sizeof(FEM_Mesh),CkWallTimer()-parStartTime);

        double dataArrangeStartTime = CkWallTimer();
  /*
    Set up a msa to store the partitions to which a node belongs.
    A node can belong to multiple partitions.
  */
  int totalNodes = m->node.size();
  MSA1DINTLIST nodepart(totalNodes,numChunks);
  MPI_Bcast_pup(nodepart,masterRank,(MPI_Comm)comm_context);
  nodepart.enroll(numChunks);

  FEM_write_nodepart(nodepart,partdata,(MPI_Comm)comm_context);
        printf("Creating mapping of node to partition took %.6lf\n",CkWallTimer()-dataArrangeStartTime);
        dataArrangeStartTime = CkWallTimer();

  /*
    Set up a msa to store the nodes that belong to a partition
  */
  MSA1DNODELIST part2node(numChunks,numChunks);
  MPI_Bcast_pup(part2node,masterRank,(MPI_Comm)comm_context);
  part2node.enroll(numChunks);

  FEM_write_part2node(nodepart,part2node,partdata,(MPI_Comm)comm_context);

  /*
    Get the list of elements and nodes that belong to this partition
  */
  NodeList lnodes = part2node.get(masterRank);
        lnodes.uniquify();
//  IntList lelems = part2elem.get(masterRank);

        printf("Creating mapping of  partition to node took %.6lf\n",CkWallTimer()-dataArrangeStartTime);
  printf("Time spent doing +=ElemList %.6lf \n",elemlistaccTime);
        dataArrangeStartTime = CkWallTimer();

  /*
    Build an MSA of FEM_Mesh, with each index containing the mesh for that  chunk
  */
  MSA1DFEMMESH part2mesh(numChunks,numChunks);
  MPI_Bcast_pup(part2mesh,masterRank,(MPI_Comm)comm_context);
  part2mesh.enroll(numChunks);
  FEM_write_part2mesh(part2mesh,partdata, &data,nodepart,numChunks,masterRank,&mypiece);
  /*
    Get your mesh consisting of elements and nodes out of the mesh MSA
  */
  MeshElem me = part2mesh.get(masterRank);
  //printf("[%d] Number of elements in my partitioned mesh %d number of nodes %d \n",masterRank,me.m->nElems(),me.m->node.size());

  DEBUG(printf("[%d] Memory usage on vp 0 close to max %d \n",CkMyPe(),CmiMemoryUsage()));
        //Free up the eptr and eind MSA arrays stored in data
        data.arr1.FreeMem();
        data.arr2.FreeMem();
        nodepart.FreeMem();
  DEBUG(printf("[%d] Memory usage on vp 0 after FreeMem %d \n",CkMyPe(),CmiMemoryUsage()));

  addIDXLists(me.m,lnodes,masterRank);

        part2node.FreeMem();
  DEBUG(printf("[%d] Memory usage on vp 0 after addIDXL %d \n",CkMyPe(),CmiMemoryUsage()));

  /*
    Broadcast  the user data to all the meshes
  */
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  }
}

void femMeshModify::pup(PUP::er &p) {
  p|numChunks;
  p|idx;
  p|tproxy;
  fmLock->pup(p);
  p|fmLockN;
  p|fmIdxlLock;
  p|fmfixedNodes;
  fmUtil->pup(p);
  fmInp->pup(p);
  fmAdapt->pup(p);
  fmAdaptL->pup(p);
  fmAdaptAlgs->pup(p);
}

enum {FEM_globalID=33};
void femMeshModify::ckJustMigrated(void) {
  ArrayElement1D::ckJustMigrated();
  //set the pointer to fmMM
  tc = tproxy[idx].ckLocal();
  CkVec<TCharm::UserData> &v=tc->sud;
  FEM_chunk *c = (FEM_chunk*)(v[FEM_globalID].getData());
  fmMesh = c->getMesh("ckJustMigrated");
  fmMesh->fmMM = this;
  setPointersAfterMigrate(fmMesh);
}

void femMeshModify::setPointersAfterMigrate(FEM_Mesh *m) {
  fmMesh = m;
  fmInp->FEM_InterpolateSetMesh(fmMesh);
  fmAdapt->FEM_AdaptSetMesh(fmMesh);
  fmAdaptL->FEM_AdaptLSetMesh(fmMesh);
  fmAdaptAlgs->FEM_AdaptAlgsSetMesh(fmMesh);
  for(int i=0; i<fmLockN.size(); i++) fmLockN[i].setMeshModify(this);
}

/** Part of the initialization phase, create all the new objects
    Populate all data structures, include all locks
    It also computes all the fixed nodes and populates a data structure with it
 */
void femMeshModify::setFemMesh(FEMMeshMsg *fm) {
  fmMesh = fm->m;
  tc = fm->t;
  tproxy = tc->getProxy();
  fmMesh->setFemMeshModify(this);
  fmAdapt = new FEM_Adapt(fmMesh, this);
  fmAdaptL = new FEM_AdaptL(fmMesh, this);
  fmAdaptAlgs = new FEM_Adapt_Algs(fmMesh, this);
  fmInp = new FEM_Interpolate(fmMesh, this);
  //populate the node locks
  int nsize = fmMesh->node.size();
  for(int i=0; i<nsize; i++) {
    fmLockN.push_back(FEM_lockN(i,this));
  }
  /*int gsize = fmMesh->node.ghost->size();
    for(int i=0; i<gsize; i++) {
    fmgLockN.push_back(new FEM_lockN(FEM_To_ghost_index(i),this));
    }*/
  for(int i=0; i<numChunks; i++) {
    fmIdxlLock.push_back(false);
  }
  //compute all the fixed nodes
  for(int i=0; i<nsize; i++) {
    if(fmAdaptL->isCorner(i)) {
      fmfixedNodes.push_back(i);
    }
  }
  delete fm;
  return;
}

/* Coarse chunk locks */
intMsg *femMeshModify::lockRemoteChunk(int2Msg *msg) {
  CtvAccess(_curTCharm) = tc;
  intMsg *imsg = new intMsg(0);
  int ret = fmLock->lock(msg->i, msg->j);
  imsg->i = ret;
  delete msg;
  return imsg;
}

intMsg *femMeshModify::unlockRemoteChunk(int2Msg *msg) {
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      localIdx = fmUtil->lookup_in_IDXL(fmMesh, umsg->sharedIdx, umsg->fromChk, 0);
    }
    else localIdx = fmUtil->lookup_in_IDXL(fmMesh, umsg->sharedIdx, umsg->fromChk, 1);
  }
  CkAssert(localIdx!=-1);
  fmUtil->updateAttrs(umsg->data,umsg->datasize,localIdx,umsg->isnode,umsg->elemType);
  delete umsg;
  return;
}

void femMeshModify::updateghostsend(verifyghostsendMsg *vmsg) {
  CtvAccess(_curTCharm) = tc;
  int localIdx = fmUtil->lookup_in_IDXL(fmMesh, vmsg->sharedIdx, vmsg->fromChk, 0);
  fmUtil->UpdateGhostSend(localIdx, vmsg->chunks, vmsg->numchks);
  delete vmsg;
}

findgsMsg *femMeshModify::findghostsend(int fromChk, int sharedIdx) {
  CtvAccess(_curTCharm) = tc;
  int localIdx = fmUtil->lookup_in_IDXL(fmMesh, sharedIdx, fromChk, 0);
  int *chkl, numchkl=0;
  fmUtil->findGhostSend(localIdx, chkl, numchkl);
  findgsMsg *fmsg = new(numchkl)findgsMsg();
  fmsg->numchks = numchkl;
  for(int i=0; i<numchkl; i++) fmsg->chunks[i] = chkl[i];
  if(numchkl>0) delete[] chkl;
  return fmsg;
}

intMsg *femMeshModify::getIdxGhostSend(int fromChk, int idxshared, int toChk) {
  CtvAccess(_curTCharm) = tc;
  int localIdx = fmUtil->lookup_in_IDXL(fmMesh, idxshared, fromChk, 0);
  int idxghostsend = -1;
  if(localIdx != -1) {
    const IDXL_Rec *irec = fmMesh->node.ghostSend.getRec(localIdx);
    if(irec) {
      for(int i=0; i<irec->getShared(); i++) {
        if(irec->getChk(i) == toChk) {
          idxghostsend = fmUtil->exists_in_IDXL(fmMesh, localIdx, toChk, 1);
          break;
        }
      }
    }
  }
  intMsg *d = new intMsg(idxghostsend);
  return d;
}

double2Msg *femMeshModify::getRemoteCoord(int fromChk, int ghostIdx) {
  CtvAccess(_curTCharm) = tc;
  //int localIdx = fmUtil->lookup_in_IDXL(fmMesh, ghostIdx, fromChk, 1);
  if(ghostIdx == fmMesh->node.ghostSend.addList(fromChk).size()) {
    double2Msg *d = new double2Msg(-2.0,-2.0);
    return d;
  }
  else {
    int localIdx = fmMesh->node.ghostSend.addList(fromChk)[ghostIdx];
    double coord[2];
    FEM_Mesh_dataP(fmMesh, FEM_NODE, fmAdaptAlgs->coord_attr, coord, localIdx, 1, FEM_DOUBLE, 2);
    double2Msg *d = new double2Msg(coord[0], coord[1]);
    return d;
  }
}

intMsg *femMeshModify::getRemoteBound(int fromChk, int ghostIdx) {
  CtvAccess(_curTCharm) = tc;
  int localIdx = fmUtil->lookup_in_IDXL(fmMesh, ghostIdx, fromChk, 1);
  int bound;
  FEM_Mesh_dataP(fmMesh, FEM_NODE, FEM_BOUNDARY, &bound, localIdx, 1, FEM_INT, 1);
  intMsg *d = new intMsg(bound);
  return d;
}

void femMeshModify::updateIdxlList(int fromChk, int idxTrans, int transChk) {
  CtvAccess(_curTCharm) = tc;
  int idxghostrecv = fmUtil->lookup_in_IDXL(fmMesh, idxTrans, transChk, 2);
  CkAssert(idxghostrecv != -1);
  fmMesh->node.ghost->ghostRecv.addNode(idxghostrecv,fromChk);
  return;
}

void femMeshModify::removeIDXLRemote(int fromChk, int sharedIdx, int type) {
  CtvAccess(_curTCharm) = tc;
  int localIdx = fmUtil->lookup_in_IDXL(fmMesh, sharedIdx, fromChk, type);
  //CkAssert(localIdx != -1);
  if(localIdx!=-1) {
    fmMesh->node.ghostSend.removeNode(localIdx,fromChk);

MPI
MSA
Charm++

Partitioning Adaptivity

How does this look in practice?



Init

Driver

MPI

Charm++

MSA

A Typical ParFUM Program



Final Thoughts



Why should I avoid multiparadigm programming?

You can only program in languages you know

MPI is safe and popular

You need modularity

Language choice is limited by the underlying RTS



Why should I write multiparadigm programs?

Productivity

When adding new functionality to an existing 
program, you aren’t constrained by past 
language choices.



Why should I write multiparadigm programs?

Productivity

When adding new functionality to an existing 
program, you aren’t constrained by past 
language choices.



Why should I write multiparadigm programs?

Productivity

When adding new functionality to an existing 
program, you aren’t constrained by past 
language choices.



Why should I write multiparadigm programs?

When adding new functionality to an existing 
program, you aren’t constrained by past 
language choices.



Because it is a multiparadigm 
program, ParFUM is: 

• Easier to develop and easier to understand

• More extensible and flexible

• Still easy to use by MPI programmers

Charm++ is a great platform for multiparadigm
programming, and I encourage you to try it out.
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