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Abstract. ProperCAD Il isaC++ object oriented library supporting actor based
paralel program design. The library easily alows the design of data structures
with parallel semantics for useinirregular applications. | nheritance mechanisms
allow creation of the distributed data structures from standard C++ objects. This
paper discussesthe use of such distributed datastructuresinthe context of apartic-
ular VLSI CAD application, standard cell placement. The library and associated
runtime system currently run on awide range of platforms.

1 Introduction

The use of parallel platforms, despite increasing availability, remains largely restricted
to well-structured numeric codes. Irregular applicationsin terms of data access patterns
aswell as control flow are difficult to effectively and efficiently parallelize. The use of
object-oriented design techniques and the actor model of computation can address the
use of parallel platformsfor unstructured problems. ProperCAD |l isan object oriented
library supporting the design of actor based parallel programs|[1, 2]. Thelibrary easily
allows the design of data structureswith parallel semanticsfor useinirregular applica-
tions. Because the foundation is based on C++, inheritance mechanisms allow creation
of the distributed data structures from standard C++ objects.

Thedomain of VLSI CAD providesarich classof irregular problems. The computa-
tional intensity of VLS| CAD tools makes parallel processing an attractive solution [3].
However, most applicationsin this area are characterized by complex inter-related data
structuresaswell asirregul ar access patternsacrossthese objects. These propertiesmake
VLSI CAD applications particularly difficult to efficiently parallelize. The use of the
ProperCAD Il library aswell as C++ design techniques help alleviate this problem. The
approach has been used on several VLS| CAD problems including test generation [4],
fault simulation [5], and VHDL simulation [6]. In this paper, we demonstrate the use of
these techniquesin aspecific VLS| CAD problem, standard cell placement.

2 ProperCADII

Themajor goal of the ProperCAD project [7] isto develop portable parallel algorithms
for VLSI CAD applications on a range of parallel machines including shared memory
multiprocessors such as the Sun SparcServer 1000E and the SGI Challenge, distributed
memory multicomputers such as the Intel Paragon, IBM SP-2, and Thinking Machines
CM-5, and networks of workstations. ProperCAD Il provides C++ library-based ma-
chine independent runtime support in an object—oriented manner [1, 2] (Figure 1).



Applications
ProperEXT Extraction
ProperDRC Layout Verification
ProperTEST ATPG
ProperGATEST = ATPG
ProperSYN Synthesis
ProperMIS Synthesis
ProperPLACE  Placement
ProperROUTE  Routing
ProperHITEC — ATPG
ProperPROOFS Fault Simulation
ProperSIM Circuit Simulation
ProperVHDL VHDL Simulation

Existing Serial
Algorithms

Parallel Mis/sIs
Application HITEC/PROOFS

TimberWolfSC

ProperCAD Library
Actor Interface

Abstract Parallel
Architecture

o e TR

Intel iPSC
Intel Paragon

1BM SP-1
TMC CM-5

Hybrids
SUN MP Workstation clusters
Encore
SGl

Fig. 1. An overview of the ProperCAD project.

2.1 Actor basics

The ProperCAD Il library expresses parallelism through a statically-typed high level
C++ interface based on actors. The interface is class library-based and allows multiple
levels of abstraction aswell as incremental parallelization. Through the use of a funda-
mental object called an actor [8], the library provides mechanisms necessary for achiev-
ing concurrency. An actor object consists of athread of control that communicateswith
other actorsby sending messages, and all actor actionsarein responseto these messages.

Specific actor methods are invoked to process each type of message.
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Fig. 2. Actor model with continuation passing.

Figure 2(a) showsthe three basic actions that an actor method actor can take: create
new actors, send messages to actors, and perform computations that change its state.
When a method creates an actor, a message is sent to the run time system with all the



information needed to construct an actor. When a method sends a message, a message
containing the argumentsand theidentity of the method to be invoked is sent to the run-
time system for later execution. Both actor creation and message sends are non-blocking
calls. The model only specifies that the actor be created or the task be run sometimein
the future. Once atask starts, it runsto completion and cannot be preempted.

The actor model lacks explicit sequencing primitives. Synchronization is implicit
and derives from the single-threaded nature of individual actors. The return executed at
the completion of an actor method is animplicit wait; the actor automatically becoming
available for any pending method invocations. Since an actor cannot suspend execution
implicitly in the middle of a computation, continuation-passing style (CPS) [9] isused
to express control and data dependencies. Figure 2(b) showsan example of continuation
passing style. The actor model is a message-driven model in which the method nameis
in the message and the method is the code invoked upon message reception.

2.2 ProperCAD Il interface

Applications created with ProperCAD |l use five basic classes provided by the library:
Actor, ActorName, ActorMethod, Continuation, and Aggregate.

All actor typesare derived fromthelibrary-supplied class, Actor. Addingthe Actor
baseto aclassinasequential object-oriented program enablesthe creation of actor meth-
ods and continuations as described below. These features allow the expression of paral-
lelism. For example, a user class may be created as follows.

class Foo : public Actor { ... };

ActorNames servetherole of pointersand referencesfor instances of actor classes.
Because normal pointersare not valid across processor boundaries, actor names provide
the mechanism for access of actorsin a global namespace.

Foo* actorPtr = ...;
ActorName<Foo> fooName = actorPtr;

ActorMethods are member functions which may be invoked asynchronously and
remotely. They are executed viaContinuations, the concurrent equivalent of member
function pointers. The definition and use of these constructs is shown bel ow.

class Foo : public Actor {

void bar( barArgs& );

class bar : public ActorMethod<barArgs> {};
}

barArgs &args;
Foo::bar::Continuation cont ( fooName );
cont( args );

The Foo actor has amethod bar which takesbarArgs asan argument. Thisis eas-
ily designated as an actor method by creating a new nested class bar derived from a
templated ActorMethod. In order to invoke the bar method asynchronously, we simply
createaContinuation cont boundto aparticular ActorName. We can now treat cont



as member function pointer and executeit directly thereby causing an implicit message
send. SinceContinuations arefirst-class, cont may aso be passed to another method.

Individual actors express neither internal parallelism nor data distribution. Collec-
tion types, based on aggregates, alow both concurrency within the object as well as
data distribution. An aggregate is simply a collection of actors which share a common
name [10]. An example of an aggregate would be a distributed array where different el-
ements are stored on different actors. The use of aggregate representations removesthe
serialization step that would be required because of agateway actor. The Aggregatein-
terfaceissimilar to that of the Actor class, and the creation and use of names and actor
methodsis accomplished similarly.

class FooAggr : public Aggregate { ... };

Aggregates provide the necessary mechanisms for distributed data structures. Be-
cause of the standard C++ interface, access to these distributed data structures is effi-
cient. The benefit of aggregatesis apparent in the following section in the presentation
of an example application built using the ProperCAD Il library.

3 Example Standard Cell Placement

TheVLSI cell placement probleminvolvesplacing aset of cellsonaVLSI layout, given
anetlist which providesthe connectivity between each cell and alibrary containing lay-
out information for each type of cell. This layout information includes the width and
height of the cell and the relative position of each pin. The primary goal of cell place-
ment isto determinethe best locations of each cell so asto minimizethetotal areaof the
layout and the length of the nets connecting the cells together. Standard cell layouts are
organized into equal height rows, and the desired placement should have equal length
rows, as shownin Figure 3.
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Fig. 3. Standard cell placement.

3.1 Serial Algorithm

We have developed the parallel algorithm based on the serial TimberWol£SC program.
TimberWolfSC's core algorithm, smulated annealing, is a suitable approach to prob-



lemslike VLSI cell placement since they lack good heuristic algorithms. Briefly, sm-
ulated annealing is an iterative improvement strategy that starts with a system in a dis-
ordered state, and through perturbations of the state, brings the system gradually to a
low energy, and thus optimal, state. One of the unique features of simulated annealing is
that, unlike greedy algorithms, perturbations that increase the energy of the system are
sometimes accepted with a probability related to the temperature of the system [11]. In
the context of cell placement, and TimberWol£SCin particular, perturbationsare simply
moves of the cellsto different locations on the layout, and the energy is an approximated
layout cost function. The major component of the cost functionin TimberWolfSCisthe
sum of all nets bounding box perimeters as an estimate of net wirelength (Figure 4).

In order to understand the use of aggregates in parallelization, some further expla-
nation of the data structures used is necessary. The circuit information is described pri-
marily with the use of three arrays: the list of cells, the list of nets, and finally an array
describing row information. Each cell data structure contains positional information as
well asalinked list of pinsthat belong to the cell. Likewise, each net data structure has
bounding box information as well asalinked list of pinsthat belong to the net. The pin
data structures are shared by both the cell and net linked lists.
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Fig. 5. Relationships between objects.

In an object-oriented framework, these data structures are C++ objects. The cell and
net structures are thus placed in Cell and Net C++ classes respectively. Of particular
interest are the cell and net arrays, which now become the C1List and NtList C++
objects. A BkList object isused to keep track of row informationaswell asthe binsused
for overlap penalty calculation. All the objects areintegrated together in an object called
Circuit which managesthe core annealing algorithm. In addition, the Circuit object
also contains many of the global parametersand flagsthat are relevant during annealing.
The relationships between these objects is shown graphically in Figure 5.

ThecoreagorithmisshownintheCircuit: :anneal () codefragmentinFigure 6.
The Circuit object makes requests to the C1List object through the pickACell ()
method to pick aCell to move. A new position for the cell is chosen by making are-
guest to the BkList data structure. The Circuit object then asksthe C1List to evalu-



ate the delta cost of the move of the chosen Cel1. If the moveis accepted, then the data
structuresare updated throughupdateCel1 () which updateseach net attached to Ce11,
through the updatePin () method.

class Circuit {
ClList &carray;
NtList &netarray;
BkList &barray;
/] ...

}

Circuit::anneal()
{
while ( terminationNotReached() )
tryCellMove() ;
finishUp();
}

Circuit::tryCellMove ()
{
Cell &cell = carray.pickACell();
newLocation = barray.newLocation();
deltaCost = carray.evaluateMove( cell, newLocation );
if ( acceptMove( deltaCost ) )
carray.updateCell( cell, newLocation );

}

ClList::updateCell( Cell &cell, Position &mnewLocation )
1{
for ( pinlterator pin(cell); pin.end(); pin++ ) {
pin->updateLocation( newLocation );
netarray.updatePin( *pin );
}
}

Fig. 6. Core code for serial algorithm

3.2 Parallel algorithm

Parallelism through inheritance. Inorder to remain compatible with the arraysin the
sequential code, we need arrayswith distributed semantics. Thisis accomplished easily
with the use of aggregates. For example, we can simply create a new distributed class,
CellAggr,thatisderivedfromtheClList classaswell asthe aggregateclass, asbelow.

class CellAggr : public ClList, public Aggregate {
Cell &pickACellQ);
/7 ...

};

By doing so, theCe11Aggr class hasrepresentative actors on each processor that are
responsible for the cells alocated to that particular processor. Thus, a request made to



access aparticular cell can be madeto thelocal representative actor which will then for-
ward it on to the actor onthe thread where the cell isactually present. A similar transfor-
mation is done for the net array. In total, there are aggregatesfor the cells (CellAggr),
nets (NetAggr), and rows (BlockAggr), as well as the CktAggr that is derived from
Circuit. Thedashedlinein Figure 7 indicatesthe separation between two threads. No-
tice that the individual cells and nets are not replicated.

How does this data distribution affect the code? The main operations performed by
theCircuit: :anneal () method arethe selection of acell, evaluating the move, decid-
ing whether to accept, and updating the cell. The evaluation and decision phasesarein-
dependent of location of the cell. Picking a cell should be made only from thelocal pool
of cells. To accomplish this, we make C1List: : pickACell () avirtual base function,
and rewrite the implementation as shown in Figure 8.
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Fig. 7. Relationships between distributed objects.

Likewise, although updating cellsis aloca operation, the updating of nets can not
be performed locally since the adjacent netsare distributed. Therefore, updatePin() is
madevirtual and rewritten asin Figure 8. We usethe continuationinvocation mechanism
to invoke aremote NetAggr : :updatePin (). The invocation of the remote method is
asynchronous, so the updateisin effect a“lazy” update.

The presence of the updates causes an interesting problem. Since actor methods are
run to completion without preemption, if Circuit: :anneal () isleft asitis, thewhile
loop will run to completion before any update messages can be serviced by the runtime
system. In order to allow these messages to be received, the while loop must be trans-
formed into message driven code. As seen in Figure 9, through the use of virtual func-
tions again, the anneal () method is modified to try only only one move, and then re-
enable itself by executing an asynchronous continuation to itself. Similar transforma-
tions have been discussed in [12].



Cell &CellAggr::pickACell()
1{

Cell cell = ClList::pickACell();
while ( !isLocalCell( cell ) )
cell = ClList::pickACell();

}

class NetAggr : public NtList, public Aggregate {
void updatePin( Pin& );
class updatePin : public ActorMethod<Pin> {};

+;
void NetAggr::updatePin( Pin &p, Position &location )

if ( isLocalNet( p ) {
NtList::updatePin( p, location );
} else {
updatePin: :Continuation cont ( owner0f( p ) );
cont( p, location );
}
}

Fig.8. Code for NetAggr and CellAggr

class CktAggr : public Circuit, public Aggregate {
void anneal();
class anneal : public ActorMethodVoid {};

};
void CktAggr::anneal()

tryCellMove() ;

if ( terminationNotReached() ) {
CktAggr: :anneal::Continuation cont( *this );
cont();

} else {
finishUp();

}

}

Fig. 9. Codefor CktAggr

Data distribution. Thecircuitisread in on asinglethread, and as each cell and net is
read in, the associated data structures are distributed to the other threads. The process of
determining which cells are assigned to which processor is done using a prepartitioning
phase. There are two primary concernsin our partitioning. First, the load balance must
be maintained, i.e. each partition should have roughly the same number of cells. Sec-
ondly, the number of nets cut should be minimized to decrease the interaction between
partitions. Ratio cut partitioning methods have long been used in the CAD community
because of their effectiveness at reducing the cut size. However, these methods are in-
appropriate for our use because they do not provide well balanced partitions. We have
instead used a partitioning algorithm based on the Sanchis modification of the Fiduccia-
Mattheyses algorithm [13].
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When arequest ismadeto evaluatethe cost of acell move, the connected Net objects
may be located on another thread. One option would be for the Net Aggr to send ames-
sage to the appropriate representative to request a calculation of the cost. The overhead
involved in the communication makes this prohibitive. Therefore, copies of these nets
that span multiple threads are replicated locally. An example of these “crossing” netsis
shown in Figure 10. Consistency is maintained through the updatePin () method.

Dynamic redistribution. The final element of our parallel algorithm is the dynamic
redistribution. As the annealing schedule proceeds, the initial partition becomes more
and moreirrelevant sinceit corresponds very little to the geographic partitioning of the
rows. Whiletheinitial partitioning doesreducethe amount of communicationin termsof
pin updates, the fact that the partition is spread across many rows affectsthe row penalty
calculations as well as cell mobility. Therefore, it is reasonable to repartition the cells
so that the partition reflects the geographical row-based partition. The repartitioning is
started only after the cells have settled within some proximity of their final locations.

InthesamplecodeinFigure 11, CktAggr: : anneal () hasbeen modified to execute
acontinuation to start up the repartition process. The details of the repartitioning are not
shown, but is achieved through two phases of message sends which synchronizeall the
representatives of the aggregates. Notice that the anneal () re-enabling continuationis
not executed. After the repartitioning has been completed, the anneal () method can
then be re-enabled, and the asynchronous behavior starts again.

Experimental Results. We ran the parallel implementation on a shared memory mul-
tiprocessor Sun SparcServer 1000E as well as the Intel Paragon, a distributed memory
machine. The speedups and wirelengths for a set of benchmark circuits are shown in
Figures 12 and 13. The speedup graphs show an average speedup of 5 on 8 processors
on the SparcServer and an average speedup of over 11 on 32 processors on the Paragon.
Thetablesindicatethewirelength cost of theresultant placement relativeto the cost from
sequential TimberWolf£SC. Thereis moderate (7-10%) degradation of the quality of the
placement. The dashed lines on the Paragon resultsindicate that the circuit could not be
run because of excessive memory regquirements. These larger circuits (biomed, indus-
try2, avg.large) show the advantage of using adistributed circuit approach to exploit the
memory resources on multiple processors. For these larger circuits, the speedupsare de-



void CktAggr::anneal()
{
tryCellMove() ;
if ( timeToRepartition() {
CellAggr: :repartition::Continuation cont( *this );
cont();

} else if ( terminationNotReached() ) {
CktAggr: :anneal: :Continuation cont( *this );
cont();

} else {
finishUp();

}

}
void CellAggr::repartition()
1{

// perform repartitioning steps

/7 ...

CktAggr: :anneal::Continuation cont( cktName );

cont();

}

Fig. 11. Code for repartitioning
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Fig. 12. Results on a Sun SparcServer 1000E (Shared Memory Multiprocessor)

rived from uniprocessor times extrapolated from a SUN4/690M P, a machine with com-
parable uniprocessor performance.

4 Reéated work

Several other researchershave produced work in environmentsto support irregul ar appli-
cationsin object oriented environments, such as Charm++ [14], pC++ [15], CC++ [16].
Charm++ provides similar run time support for message driven applications to Proper-
CAD II. The primary differencesare Charm++'slack of support for static message typ-
ing, as represented by first-class continuations, and composability. pC++ is alanguage
extension of C++ with support for data parallel semantics in much the same manner as
HPF [17]. Since it presents a data parallel view of the world, it is difficult to express
irregular problems such as VLS| CAD in this framework. CC++ achieves concurrency
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Fig. 13. Results on an Intel Paragon (Distributed Memory Multicomputer)

through parallel constructs which direct particular code fragments to be performed on
different processing threads. Thistask parallelism approach can mimic many of thefea-
turesin actor model. However, the ProperCAD I library does provide extra meta pro-
grammability featuresthat allow the program designer to change the behavior of therun
time system such as queuing policies, memory usage, load balancing, etc.

Other work to support irregular applications but not targeted toward object-oriented
environments include Multipol [18] and PARTI/CHAOS [19]. Multipol provides a li-
brary of distributed data structuresfor use with amessage driven run time system, based
on atomic threads, the functional equivalent of actor methods. PARTI/CHAOS offersir-
regular run-time support for iterative irregular computation where the communication
pattern is unchanged and predictable, but not resolvable at compile time. Neither Mul-
tipol or PARTI/CHAOQOS allow parallelism viaderivation as available in ProperCAD II.

5 Conclusions

In this paper, we have presented a methodology for creating parallel programs and dis-
tributed data structures through simple inheritance mechanisms present in C++ and the
use of the ProperCAD |1 library. The approach has been used on a wide variety of ap-
plications. The distributed data structures presented in this paper for standard cell place-
ment are effectively being reused through object-ori ented methodol ogiesfor global rout-
ing and timing driven placement.
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