Read-by-one, write-by-all v ariables implement a test-and-se t op eration [27 ]. When a

sp eci�c pro cessor wants to use a v ariable, it lo cks the desired memory lo cation and

prevents other pro cessors from using it. The pro cessor unlo cks the memory lo cation

once the v ariable up date is complete. W e assume that these v ariables are rarely

accessed, so there is little or no delay due to a lo cked v ariable. These v ariables make

up 0.1% of the algorithm’s v ariables. Changes to these v ariables are also temp orarily

stored during a pro cessing cycle.

W e have one single v ariable which is read and written by all pro cessors. This v ariable

represents the numb er of active pro cessors and is used to signify the end of the problem

computation. This v ariable is also implemented using a test-and-set op eration and is

simply av ailable to all the pro cessors all the time, but the v alue is used only at the

end of a cycle for logical op erations (lo oping conditions).

5.1.3 Sim ulating a Distributed Memory Arc hitecture and

Comm unication

The distributed memory simulator option assumes the access times to lo cal memory

are identical. The conventions of some of the v ariables, however, are di�erent due to

the nature of the memory architecture:

Read-only v ariables are stored on each pro cessor. Only those v ariables needed by

each pro cessor are stored. Our simulator, however, simply has one copy of all these

v ariables.

V ariables which are read by all pro cessors, but written by one pro cessor are stored

on each pro cessor. Each pro cessor starts with the same v ariable v alues, but these

are changed once the pro cessing commences. If a pro cessor changes one of these v ariables, it sends a message with the changes to all those pro cessors which use that

v ariable. F requency of messages is sp eci�ed by the user in each simulation. A v alue-

based simulation sends a message every time a v alue is removed from a domain. An

arc-based simulation sends a message if at least one v alue is removed after one entire

arc is chec ked. A v ariable-based simulation sends a message if at least one v alue is

removed after all the arcs originating from a single v ariable have b een check ed. A

pro cessor-ba sed simulation sends a message after all constraint v ariables assigned to

a pro cessor are check ed. Each message takes one time slice to reach its destination,

and each pro cessor takes one time slice to receive the data.

W e simulate these v ariables by having three copies of each v ariable. One copy rep-

resents the information lo cal to each pro cessor, called \lo cal memory". Another

represents the v ariables which are sent in messages from one pro cessor to another,

called \communication memory". The third copy represents v ariable changes which

are receiv ed from another pro cessor, called \global memory". W e simulate distributed

memory and pro cessor-to-pro cessor communication as follows:

1. A pro cessor uses its own \lo cal memory" to read v alues and make up dates. It

uses \global memory" to read v ariables which are changed by other pro cessors.

2. When a pro cessor determines it should send a v ariable change, it puts the v alue

in the \communication memory".

3. The simulator moves the change from \communication memory" to global mem-

ory after one time slice has passed. The simulator also takes one time slice to

\receive" this v alue.

Each pro cessor has a v ariable which is written by all pro cessors, but read only by

itself. This v ariable is easily maintained by receiving messages from other pro cessors with instructions to change the v ariable. Since this is a logical v ariable, we only need

to p erform OR or AND op erations. These are handled the same as read-by-all,

write-by-one v ariables describ ed ab ove.

The single read/write-by-all v ariable is \maintained" by one pro cessor, or by the host

pro cessor. W e simulate this as a v ariable on a separate pro cessor, and all pro cessors

send messages to it. Messages instruct the pro cessor to incremen t or decrement the

v ariable’s v alue. On an actual multipro cessor, this v ariable accurately indicates when

all pro cessors are done, but lo cating this v ariable on one pro cessor p oses a p otential

b ottleneck. This proves to b e the biggest shortcoming of our simulator, but app ears

to b e to o complex to simulate accurately .

5.1.4 Other Sim ulator Details

The hybrid memory option is similar to the shared memory option, except that the

read-only v ariables are stored in a pro cessor’s priv ate memory

, and all other v ariables

are stored in global shared memory

. Access to priv ate memory is faster than access to

shared memory

. However, since each pro cessor accesses priv ate and shared memory

in the same prop ortions (60% for priv ate memory), our hybrid and shared memory

options display identical simulation results.

Our simulation is implemented by programming the sequential and parallel algorithms

in the C language on an IBM-compatible 80386 p ersonal computer. W e use the

memory constructs describ ed ab ove.

5.2 Mac hine Implemen tation

W e implement the SP

AC algorithms on the Sequent Symmetry

1

shared memory com-

puter, the Intel iPSC/2

2

hyp ercub e computer, and the BBN TC2000 Butter y

3

com-

puter.

Although several of these computers have large numb ers of pro cessors, we limit most of

our measurements to a numb er common to all machines. Since the Sequent Symmetry

has only 26 pro cessors, we chose 20 as the maximum. This numb er also works well

with the constraint networks since the minim um numb er of constraint v ariables is

also 20.

In only a few cases did we use more than 20 pro cessors. On some trials on the iPSC/2,

we used 32 and 64 pro cessors. W e rep ort our results of these trials in Sections 6.5

and 7.

5.2.1 P arallel Execution on the Sequen t Symmetry

W e implement in C the SP

AC algorithms on the Sequent Symmetry [57 ] shared mem-

ory multipro cessor (also called a tightly-coupled MIMD computer). The Symmetry

S81 has twenty eight 32-bit pro cessors, 64-Kbytes of cache memory p er pro cessor,

and 32-Mbytes of shared memory .

W e program the Sequent computers such that one pro cessor reads the data �le and

loads the shared memory with the constraint information. The one pro cessor then

starts the remaining pro cessors. Each pro cessor (including the \host") is assigned a

set of v ariables to check. The same v ariable assignments are used with the simulation

1

Symmetry is a trademark of Sequent Computer Systems, Inc.

2

iPSC/2 is a trademark of Intel Inc.

3

BBN, TC2000, and Butter y are trademarks of Bolt, Beranek, and Newman Inc.

and Sequent trials. W ork is partitioned equitably as describ ed in Section 3.1. Once

the pro cessors complete the work, the �rst pro cessor reads the shared memory and

records the results.

All constraint v ariables, v alues, and relations are stored as shared v ariables, and each

pro cessor’s counting v ariables are stored as priv ate v ariables. The constraint relations

are never up dated, and hence, this data can b e copied into a pro cessor’s cache with

no coherency problems.

The v ariable domain v alues which are read by many pro cessors but written by one, the

counting v ariable active pr o cs, the ag no solution, and the change bits were initially

implemented as test-and-set v ariables. Only one pro cessor at a time is allowed to

access each v ariable and this is achieved by employing sp ecial \lo ck" and \unlo ck"

op erators provided by the Sequent C library .

Because of the asynchronous nature of our algorithm, we found that we did not have

to use the test-and-set op eration for the read-by-one, write-by-all v ariables. Earlier

trials [8] found that lo cking these v ariables caused large, unnecessary delays for data

accesses.

Executing the SP

AC-3 algorithm on a shared memory machine p oses additional di�-

culties. The underlying structure of the queue of arcs could cause a large b ottleneck

if a single space in memory were allo cated. W e, therefore, have to ensure that adding

an arc to one queue do es not cause other queues to b e lo cked. W e address this by

maintaining separate queues and free lists for each pro cessor.

The SP

AC algorithms we implement are identical to those already shown in Figures

3.2, 3.3, and 3.5.

5.2.2 P arallel Execution on the In tel iPSC/2

The iPSC/2 computer [28, 29 ] is a distributed memory hyp ercub e computer (lo osely-

coupled MIMD computer). The inter-pro cessor communications is handled via a hy-

p ercub e con�gured network, although Intel sp eci�es that the network actually works

like a fully connected network due to worm-hole routing techniques. Each pro cessing

no de contains an Intel 80386 pro cessor and four Megabytes of memory

. The system

we use contains sixty-four pro cessors. F or the measurements comparing the iPSC/2

with other multipro cessors, we employed only four, ten, or twenty pro cessors. F or

other measurements, we used eight, sixteen, thirty-two, and sixty-four pro cessors.

The iPSC/2 op erating system allows a host computer to control a set of pro cessing

no des. Our host distributes and loads the work into the pro cessing no des, instructs

the pro cessing no des to start, monitors the work p erformed, and gathers the no de

results and desired statistics. Each pro cessor is assigned a numb er of constraint

network v ariables and the asso ciated constraint data.

As we mentioned in Section 5.1.3, we need to change our SP

AC algorithms and Spre-

vise functions to execute on a distributed memory multipro cessor. W e call them

Distributed Static Parallel Arc Consistency (DSP

AC) algorithms, and we use SP AC

and DSP

AC interchangeably to refer to these distributed algorithms. In these DSP AC

algorithms, only the pro cessor no de is allowed to change the supp orted v alues of its

v ariable’s domain. Each pro cessor then rep orts this \write" action to other pro ces-

sors by sending a message. The message is sent only to other pro cessors which use

that particular v ariable’s v alues in their computation. Although we simulate four

message frequencies, we only program the arc-based message paradigm for compar-

ing p erformance against other multipro cessors in the results rep orted in Chapter 6.

The arc-based frequency shows the most consistent sp eedup v alue and usually represented the b est sp eedup p ossible in simulation. W e later found that the v ariable-

based frequency actually p erforms b est with large constraint networks. W e discuss

the v ariable-frequent version on the DSP

AC algorithms in Chapter 7.

Communication is handled asynchronously

. Each no de pro cessor has several interrupt-

driven receiv e pro cedures which are activ ated dep ending on the message typ e.

The global v ariable no solution is implemen ted by a broadcast message. If a pro cessor

�nds that a v ariable is empty (and the constraint network has no solution), it sends

a message to all the pro cessors informing them to stop.

The counting v ariable active pr o cs is maintained in the host. Pro cessing no des in-

dicate to the host when the pro cessors start work and b ecome idle. When all the

pro cessors have stopp ed, our arc consistency algorithm is complete.

Figures 5.2, 5.3, and 5.4 show the mo di�ed DSP

AC pro cedures for distributed memory

SP AC-1, SP

AC-2, and SP

AC-3, resp ectively

. The host programs basically remain

the same, except the host is separate from the pro cessing no des and must gather

the results. All no de pro cedures now use the Sprevise function (SP

AC-2 for shared

memory machines used the Sprevise-2 function).

The ma jor di�erence with the DSP

AC-NODE pro cedures is that a pro cessor is now

resp onsible for keeping its copy of the constraint network domains current. The

Sprevise functions tell the DSP

AC-NODE pro cedures that a domain has changed.

The no de pro cedures then send messages to other pro cessors which are a�ected by

the domain change. Each no de pro cessor has an interrupt-driven receive pro cedure

which reads domain change messages, up dates its own memory

, and up dates its own

chang e or Q[p] v ariables.

pro cedure DSP A C-1-HOST()

b egin

PNC();

assign v ariables to pro cessors;

chang e := TRUE; no sol ution := F

ALSE

while(chang e ^ :no sol ution) do

b egin

chang e := F

ALSE;

kfor pro cessing no de p, chang e = chang e_ DSP

AC-1-NODE(p);

end

gather results;

end

pro cedure DSP A C-1-NODE(p)

b egin

for each assigned v ariable i do

for each directed ar c(i; j ) do

b egin

l ocal chang e = F

ALSE;

l ocal chang e = Sprevise(ar c(i; j ));

chang e = chang e _ l ocal chang e;

if (l ocal chang e)

for each ar c(i; j ), where j is on pro cessor m

send(D

i

) to m;

end

return(chang e);

end

Figure 5.2: DSP

AC-1 Algorithm: Host Pro cessor and No de Pro cessor Comp onents pro cedure DSP A C-2-HOST()

b egin

PNC();

activ e pr ocs := 0; no sol ution := F

ALSE;

assign v ariables to pro cessors;

k for each pro cessing no de p, DSP

AC-2-NODE(p);

wait for activ e pr ocs = 0;

gather results;

end

pro cedure DSP A C-2-NODE(p)

b egin

chang e[p] := TRUE;

while((chang e[p] _ activ e pr ocs > 0) ^ :no sol ution)

b egin

while(chang e[p] ^ :no sol ution) do

b egin

send(activ e pr ocs + +) to host;

while(chang e[p] ^ :no sol ution) do

b egin

chang e[p] := F

ALSE;

for each assigned v ariable i do

for each directed ar c(i; j ) do

b egin

if (Sprevise(ar c(i; j )))

for each ar c(i; j ), where j is on pro cessor m

send(D

i

) to m;

end

end

send(activ e pr ocs � �) to host;

end

end

end

Figure 5.3: DSP

AC-2 Algorithm: Host Pro cessor and No de Pro cessor Comp onents pro cedure DSP A C-3-HOST()

b egin

PNC();

activ e pr ocs := 0; no sol ution := F

ALSE;

assign v ariables to pro cessors;

k for each pro cessing no de p, DSP

AC-3-NODE(p);

wait for activ e pr ocs = 0;

gather results;

end

pro cedure DSP A C-3-NODE(p)

b egin

for each assigned v ariable i

Q[p] Q[p] [ far c(i; j )jar c(i; j ) 2 G; i 6= j g

while(((Q[p] 6= �) _ activ e pr ocs > 0) ^ :no sol ution)

b egin

while((Q[p] 6= �) ^ :no sol ution) do

b egin

send(activ e pr ocs + +) to host;

while((Q[p] 6= �) ^ :no sol ution) do

b egin

for ar c(i; j ) 2 Q[p] do

b egin

Q[p] := Q[p] � far c(i; j )g;

if (Sprevise(ar c(i; j ))) do

b egin

for each ar c(i; j ), where j is on pro cessor m

send(D

i

) to m;

for each ar c(m; i), where m is on this pro cessor

Q[p] := Q[p] [ far c(m; i)jar c(m; i) 2 E ; m 6= i; m 6= j g;

end

end

end

send(activ e pr ocs � �) to host;

end

end

end

Figure 5.4: DSP

AC-3 Algorithm: Host Pro cessor and No de Pro cessor Comp onents

5.2.3 P arallel Execution on the Butter y TC2000

The TC2000 Butter y computer [3, 4 ] is a shared memory computer (tightly-coupled

MIMD computer). Each pro cessing no de can contain up to 32 megabytes of memory

which can b e con�gured as priv ate to the pro cessor or shared among the no des of

the computer. Each pro cessor contains a Motorola 88100 pro cessor and 32 kilobytes

of cache memory

. The system we use contains 45 pro cessors, and each pro cessor has

four megabytes of memory . W e use only 4, 10, or 20 pro cessors.

W e program the Butter y computer such that one pro cessor reads the data �le and

loads the shared memory with the constraint information. It then starts pro cessing

one or more constraint v ariables on each no de of the con�guration. Once the pro ces-

sors complete the work, the �rst pro cessor reads the shared memory and records the

results.

All constraint v ariables, v alues, and relations are stored as shared v ariables, and each

pro cessor’s counting v ariables are stored as priv ate v ariables. The constraint relations

are never up dated, and hence, this data can b e copied into a pro cessor’s cache with

no coherency problems.

The v ariable domain v alues, which are read by many pro cessors but written by one,

are implemen ted as cachable shared v ariables. The pro cessor which writes an up date

implements a \write-through" caching scheme, where in writing a v alue to cache

causes the pro cessor to write the same v alue into the shared memory copy

. A pro cessor

which uses this shared v ariable up dates its cache each time it uses the v ariable.

W e learned from our Sequent Symmetry implemen tation that only the counting v ar-

iable active pr o cs should b e implemented as a test-and-set v ariable. This is achieved

by employing sp ecial \atomic" op erators provided by the Butter y op erating system.

Other typ es of shared v ariables, the ag no solution, and the change bits are not

lo cked b ecause of the asynchronous nature of our algorithm.

Chapter 6

P erformance Results

A simulator has b een develop ed [8, 13 , 59] to examine the work p erformed by the

SP AC-1, SP

AC-2, and SP

AC-3 algorithms on a parallel computer. Results were ob-

tained by executing these algorithms and comparing them to their resp ective sequen-

tial algorithm counterparts. These results are compared to actual trials on parallel

pro cessors. Actual results are also rep orted in [9, 10, 11 ].

W e develop ed many sample constraint networks to use as the data for exp erimental

trials. The networks are computer-generated and have some attributes determined by

random pro cesses (T able 6.1). As an example of scaling a problem, we also created

several large constraint networks. These networks are also shown in T able 6.1, and

are describ ed in Section 6.5.

The characteristics of the computer-generated networks are:

� Size: problems contain 20, 40, and 60 v ariables.

� Domains: each v ariable has a domain of 10 v alues.

� Solutions: Each problem contains one sp eci�c solution. The numb er of solu-

tions is the total numb er of di�erent consistent assignments that the problem

T able 6.1: Examples of Constraint Network Characteristics

Satis�ability = 0.15

Minimum Maximum Average T otal Domain

Network V ariables Connect. Connect. Connect. Edges Size Solutions

P20S01-0 20 2 10 6.30 63 10 1

P20S01-1 20 2 10 6.30 63 10 1

P20S01-2 20 2 10 6.00 60 10 1

P20S01-3 20 2 10 4.80 48 10 1

P20S01-4 20 2 10 5.00 50 10 1

P20S01-5 20 2 10 6.00 60 10 1

P20S01-6 20 2 10 6.20 62 10 1

P20S01-7 20 2 10 7.00 70 10 1

P20S01-8 20 2 10 5.80 58 10 1

P20S01-9 20 2 10 5.80 58 10 1

Average 5.92 59

P40S01-0 40 2 10 5.95 119 10 1

P40S01-1 40 2 10 5.90 118 10 1

P40S01-2 40 2 10 6.30 126 10 1

P40S01-3 40 2 10 6.65 133 10 1

P40S01-4 40 2 10 6.55 131 10 1

P40S01-5 40 2 10 6.20 124 10 1

P40S01-6 40 2 10 6.20 124 10 1

P40S01-7 40 2 10 6.20 124 10 1

P40S01-8 40 2 10 5.95 119 10 1

P40S01-9 40 2 10 6.25 125 10 1

Average 6.22 124

P60S01-0 60 2 10 5.63 169 10 1

P60S01-1 60 2 10 6.40 192 10 1

P60S01-2 60 2 10 6.13 184 10 1

P60S01-3 60 2 10 5.17 155 10 1

P60S01-4 60 2 10 6.10 183 10 1

P60S01-5 60 2 10 6.00 180 10 1

P60S01-6 60 2 10 6.20 186 10 1

P60S01-7 60 2 10 6.07 182 10 1

P60S01-8 60 2 10 6.20 186 10 1

P60S01-9 60 2 10 6.43 193 10 1

Average 6.03 181

BIGNET1 120 2 30 15.13 908 16 64

BIGNET2 120 2 30 16.47 988 16 32

BIGNET3 120 2 30 16.82 1008 16 32

BIGNET4 120 2 30 15.68 941 16 16

Satis�ability = 0.40

Minimum Maximum Average T otal Domain % V alues

Network V ariables Connect. Connect. Connect. Edges Size Removed

P400C10C 400 30 49 39.24 7848 64 24.6

P400C10D 400 30 49 39.76 7952 64 25.1

P400C10E 400 30 49 39.48 7895 64 25.0

P400C10F 400 30 49 39.03 7805 64 24.5 network would yield if solved using a tree search algorithm. Although arc con-

sistency may not necessarily remove all but one v alue from each domain, we

chose one-solution networks to provide an easy end p oint to compare algorithm

measurements.

� Connectivity: The connectivit y (degree) of each v ariable is a uniformly distrib-

uted random numb er from two to ten. The order of the binary constraints for

each edge has no b earing on the consistency check complexity analysis.

� Satis�ability: The relative satis�ability is the success rate of a consistency check.

More sp eci�cally

, it is the ratio of actual constraint v alue pairs to the total

p ossible pairs (domain � domain). The constraint network in Figure 1.5 has

three constraint v alue pairs, and nine p ossible pairs, for a satis�ability of 0.33.

The satis�ability of our sample networks are (15 relation pairs)=(10 domain

v alues � 10 domain v alues)= 0:15.

While gathering the exp erimental data, ten random constraint networks were run for

each of the con�gurations.

The same set of constraint networks were pre-pro cessed using the AC algorithms on

a sequential computer, the SP

AC algorithms on our parallel pro cessing simulator,

and the SP

AC algorithms on actual parallel pro cessors. W e assess p erformance by

counting consistency checks.

W e examine three di�erent parallel architectures: shared memory

, distributed mem-

ory , and a hybrid of the two. These three architectures have b een simulated. In our

actual measurements, the Sequent Symmetry represents a shared memory machine,

the Intel iPSC/2 Hyp ercub e represents a distributed memory machine, and the BBN

TC200 0 Butter y represents a hybrid machine.

A comparison of pro cessor cycles for the DSP

AC algorithms on the distributed mem-

ory simulator app ear di�erent from the other architectures. As mentioned in Section

5.1.3, we can simulate four frequencies of messages based on the completion of consis-

tency checks. The simulation data b elow shows pro cessor cycles for these frequencies.

Only the arc-based message frequency was implemented on the iPSC/2. The only

simulation data plotted and discussed, therefore, is also the arc-based frequencies.

6.1 Results for SP A C-1 Algorithms

6.1.1 Shared Memory Mac hine

A comparison of pro cessor cycles for the sequential AC-1 and SP

AC-1 algorithms on

the simulator and Sequent Symmetry is shown in T able 6.2.

Simulation of SP

AC-1 for these networks on a four-pro cessor computer predicts sp eedup

of b etween 79 and 91% of linear sp eedup (e�ciency), and actual computer execution

indicates sp eedup within 0 to 1% of the simulated sp eedup (Figure 6.1). Simula-

tion of a ten-pro cessor computer predicts a sp eedup of b etween 66 and 77% of linear

sp eedup, while actual runs show that the prediction is o� by 3 to 5%. Simulation

of a twenty-pro cessor computer predicts a sp eedup of b etween 53 and 69% of linear

sp eedup, but actual runs show that the prediction is o� by 1 to 4%.

Utilization and redundancy �gures display similar trends. Utilization of SP

AC-1 is

high, but not as high as for the SP

AC-2 algorithm (see Section 6.2). Utilization of

SP AC-1 simulation is ab out 90, 81, and 78% for four, ten, and twenty pro cessors,

resp ectively

. Utilization of SP

AC-1 actual measurements is ab out 88, 75, and 73%

for four, ten, and twenty pro cessors, resp ectively . W e observed that the redundancy

of work p erformed by the SP

AC-1 simulation is 2 to 50% higher than AC-1. The

T able 6.2: Pro cessing Cycles of AC-1 and SP

AC-1 Algorithms for a Shared Memory

Machine

Measurement Algorithm 20 V ars 40 V ars 60 V ars

Sequential AC-1 1671 3592 5530

Simulation, 4 pro c SP

AC-1 531 1011 1522

Symmetry

, 4 pro c SP

AC-1 544 1037 1613

Simulation, 10 pro c SP

AC-1 254 517 718

Symmetry

, 10 pro c SP

AC-1 274 552 766

Simulation, 20 pro c SP

AC-1 157 282 399

Symmetry

, 20 pro c SP

AC-1 161 298 420

redundancy of work p erformed by the SP

AC-1 on the Sequent Symmetry is 4 to 40%

higher than AC-1.

78

Figure 6.1: Sp eedup of SP

AC-1 over AC-1 for a Shared Memory Mac

6.1.2 Distributed Memory A comparison of pro cessor cycles for the sequential AC-1 and DSP

AC-1 on the simulator and Intel iPSC/2 is shown in T able 6.3. The \F requency" represents the sp eci�c frequency of v ariable up dates, as discussed in Section The simulation data b elow shows pro cessor cycles for these frequencies.Only arc-based message frequency was implemented on the Simulation of DSP

AC-1 for these networks on a four-pro cesso r computer sp eedup of b etween 70 and 83% of linear sp eedup (e�ciency), and actual execution indicates sp eedup within 0 to 2% of the simulated sp eedup (Figure Simulation of a ten-pro cessor computer predicts a sp eedup of b etween 49 and 63% linear sp eedup, but actual runs show that the prediction is o� by 1 to 3%. Simof a twenty-pro cessor computer predicts a sp eedup of b etween 36 and 54% of sp eedup and actual runs show that the prediction is o� by 1 to Utilization and redundancy �gures display similar trends. Utilization of DSP

Asimulation is ab out 83, 68, and 65% for four, ten, and twenty pro cessors, resp ectivelyUtilization of DSP

AC-1 actual measurements is ab out 84, 71, and 65% for ten, and twenty pro cessors, resp ectively .W e observed that the redundancy of wp erformed by the DSP

AC-1 simulation is 2 to 80% higher than AC-1. The of work p erformed by the DSP

AC-1 on the iPSC/2 is 3 to 81% higher than A

T able 6.3: Pro cessing Cycles of AC-1 and DSP

AC-1 Algorithms for a Memory Mac

Measuremen

F

20 V

40 V

60 V

Sequen

A

Simulation, 4 pro

DSP A

V

Simulation, 4 pro

DSP A

Simulation, 4 pro

DSP A

V

Simulation, 4 pro

DSP A

Pro iPSC/2, 4 pro

DSP A

Simulation, 10 pro

DSP A

V

Simulation, 10 pro

DSP A

Simulation, 10 pro

DSP A

V

Simulation, 10 pro

DSP A

Pro iPSC/2, 10 pro

DSP A

Simulation, 20 pro

DSP A

V

Simulation, 20 pro

DSP A

Simulation, 20 pro

DSP A

V

Simulation, 20 pro

DSP A

Pro iPSC/2, 20 pro

DSP A

Figure 6.2: Sp eedup of DSP

AC-1 over AC-1 for a Distributed Memory Mac

6.1.3 Hybrid Memory A comparison of pro cessor cycles for the sequential AC-1 and SP

AC-1 algorithms the simulator and BBN TC2000 is shown in T able Simulation of SP

AC-1 for these networks on a four-pro cessor computer predicts sp of b etween 79 and 91% of linear sp eedup (e�ciency),and actual computer executiindicates sp eedup nearly equal to the simulated sp eedup (Figure 6.3). Simulation of ten-pro cessor computer predicts a sp eedup of b etween 66 and 77% of linear sp while actual runs show that the prediction is o� by only 0 to 1%. Simulation a twenty-pro cessor computer predicts a sp eedup of b etween 53 and 69% of sp eedup, while actual runs show the prediction to b e o� by only 0 to Utilization and redundancy �gures display similar trends. Utilization of SP

AC-1 high, but not as high as for the SP

AC-2 algorithm (see Section 6.2). Utilization SP

AC-1 simulation is ab out 90, 81, and 78% for four, ten, and twentypro resp ectively

. Utilization of SP

AC-1 actual measurements is ab out 90, 81, and for four, ten, and twenty pro cessors, resp ectively . W e observed that the of work p erformed by the SP

AC-1 simulation is 2 to 50% higher than AC-1. redundancy of work p erformed by the SP

AC-1 on the BBN Butter y is 1 to higher than A

T able 6.4: Pro cessing Cycles of AC-1 and SP

AC-1 Algorithms for a Hybrid Mac

Measuremen

20 V

40 V

60 V

Sequential A

Simulation, 4 pro

SP A

BBN TC200 0, 4 pro

SP A

Simulation, 10 pro

SP A

BBN TC200 0, 10 pro

SP A

Simulation, 20 pro

SP A

BBN TC200 0, 20 pro

SP A

Figure 6.3: Sp eedup of SP

AC-1 over AC-1 for a Hybrid Memory Mac

6.2 Results for SP

C-2 6.2.1 Shared Memory A comparison of pro cessor cycles for the sequential AC-1 and SP

AC-2 algorithms the simulator and Sequent Symmetry is shown in T able Simulation of SP

AC-2 for these networks on a four-pro cessor computer predicts sp of b etween 80 and 94% of linear sp eedup (e�ciency),and actual computer executiindicates sp eedup within 2 to 5% of the simulated sp eedup (Figure 6.4). Simtion of a ten-pro cessor computer predicts a sp eedup of b etween 68 and 82% of sp eedup, while actual runs show that the prediction is o� by 6 to 8%. Simulation of 20-pro cessor computer predicts a sp eedup of b etween 60 and 75% of linear sp while actual runs show that the prediction is o� by 1 to Utilization and redundancy �gures display similar trends. Utilization of SP

AC-2 quite high; we never observe pro cessor utilization b elow 76% for SP

AC-2. Utilizatiof SP

AC-2 simulation is ab out 97, 93, and 90% for four, ten, and twentypro resp ectively

. Utilization of SP

AC-2 actual measurements is ab out 91, 81, and for four, ten, and twenty pro cessors, resp ectively . W e observed that the of work p erformed by the SP

AC-2 simulation is 5 to 55% higher than AC-1. redundancy of work p erformed by the SP

AC-2 on the Sequent Symmetry is 4 to higher than A

T able 6.5: Pro cessing Cycles of AC-1 and SP

AC-2 Algorithms for a Shared Mac

Measuremen

20 V

40 V

60 V

Sequen

A

Simulation, 4 pro

SP A

Symmetry

,4 pro

SP A

Simulation, 10 pro

SP A

Symmetry

,10 pro

SP A

Simulation, 20 pro

SP A

Symmetry

,20 pro

SP A

Figure 6.4: Sp eedup of SP

AC-2 over AC-1 for a Shared Memory Mac

6.2.2 Distributed Memory A comparison of pro cessor cycles for the sequential AC-1 and DSP

AC-2 on the simulator and Intel iPSC/2 is shown in T able 6.6. The \F requency" represents the sp eci�c frequency of v ariable up dates, as discussed in Section The simulation data b elow shows pro cessor cycles for these frequencies.Only arc-based message frequency was implemented on the Simulation of DSP

AC-2 for these networks on a four-pro cesso r computer sp eedup of b etween 72 and 85% of linear sp eedup (e�ciency), and actual execution indicates sp eedup within 1 to 2% of the simulated sp eedup (Figure Simulation of a ten-pro cessor computer predicts a sp eedup of b etween 51 and 67% linear sp eedup, but actual runs show that the prediction is o� by 0 to 4%. Simof a twenty-pro cessor computer predicts a sp eedup of b etween 42 and 58% of sp eedup, but actual runs show that the prediction is o� by 0 to Utilization and redundancy �gures display similar trends. Utilization of DSP

Asimulation is ab out 91, 82, and 79% for four, ten, and twenty pro cessors, resp ectivelyUtilization of DSP

AC-2 actual measurements is ab out 90, 80, and 75% for ten, and twenty pro cessors, resp ectively .W e observed that the redundancy of wp erformed by the DSP

AC-2 simulation is 8 to 95% higher than AC-1. The of work p erformed by the DSP

AC-2 on the iPSC/2 is 7 to 102% higher than A

T able 6.6: Pro cessing Cycles of AC-1 and DSP

AC-2 Algorithms for a Memory Mac

Measuremen

F

20 V

40 V

60 V

Sequen

A

Simulation, 4 pro

DSP A

V

Simulation, 4 pro

DSP A

Simulation, 4 pro

DSP A

V

Simulation, 4 pro

DSP A

Pro iPSC/2, 4 pro

DSP A

Simulation, 10 pro

DSP A

V

Simulation, 10 pro

DSP A

Simulation, 10 pro

DSP A

V

Simulation, 10 pro

DSP A

Pro iPSC/2, 10 pro

DSP A

Simulation, 20 pro

DSP A

V

Simulation, 20 pro

DSP A

Simulation, 20 pro

DSP A

V

Simulation, 20 pro

DSP A

Pro iPSC/2, 20 pro

DSP A

Figure 6.5: Sp eedup of DSP

AC-2 over AC-1 for a Distributed Memory Mac

6.2.3 Hybrid Memory A comparison of pro cessor cycles for the sequential AC-1 and SP

AC-2 algorithms the simulator and BBN TC2000 is shown in T able Simulation of SP

AC-2 for these networks on a four-pro cessor computer predicts sp of b etween 80 and 94% of linear sp eedup (e�ciency),and actual computer executiindicates sp eedup nearly equal to the simulated sp eedup (Figure 6.6). Simof a ten-pro cessor computer predicts a sp eedup of b etween 68 and 82% of sp eedup, and again actual runs show that the prediction is nearly equal. Simof a twenty-pro cessor computer predicts a sp eedup of b etween 60 and 75% of sp eedup, while actual runs show that the prediction is o� by 0 to Utilization and redundancy �gures display similar trends. Utilization of SP

AC-2 quite high; we never observe pro cessor utilization b elow 86% for SP

AC-2. Utilizatiof SP

AC-2 simulation is ab out 97, 93, and 90% for four, ten, and twentypro resp ectively

. Utilization of SP

AC-2 actual measurements is ab out 97, 93, and for four, ten, and twenty pro cessors, resp ectively . W e observed that the of work p erformed by the SP

AC-2 simulation is 5 to 55% higher than AC-1. redundancy of work p erformed by the SP

AC-2 on the BBN Butter y is 5 to higher than A

T able 6.7: Pro cessing Cycles of AC-1 and SP

AC-2 Algorithms for a Hybrid Mac

Measuremen

20 V

40 V

60 V

Sequential A

Simulation, 4 pro

SP A

BBN TC200 0, 4 pro

SP A

Simulation, 10 pro

SP A

BBN TC200 0, 10 pro

SP A

Simulation, 20 pro

SP A

BBN TC200 0, 20 pro

SP A

Figure 6.6: Sp eedup of SP

AC-2 over AC-1 for a Hybrid Memory Mac