Extende d Abstr act for

OOPSLA’93 Workshop on Obje ct-Oriente d Re e ction and Metalevel Ar chite ctur es

Designing an OO Re ective Language

for Massively-P arallel Pro cessors

|for Providing E�cient & Flexible Resource Management|

Hidehiko Masuhara Satoshi Matsuok a Akinori Y oneza wa

Department of Information Science, University of T oky o

�

1 Intro duction

Our premise is that computational re ection is a useful mechanism to construct parallel/dis-

tributed systems[19]. So far, we have prop osed/implemented several ob ject-oriented concurrent

re ective languages[13, 14, 9, 7], and have had exp eriences programming them in small-scale par-

allel systems. Recently

, exp erimental/commercial MPPs(massively parallel pro cessors) having

thousands of pro cessor elements are b ecoming av ailable. Along with adv ances in hardware de-

velopment, practical implementations of ob ject-oriented concurrent programming languages on

MPPs are b ecoming feasible[15, 12, 18], and large-scale scienti�c applications, which rep eatedly

create millions of ob jects, are b eing written[16].

One of the ma jor problems in MPP programming is dynamic resource management, such as

load-balancing and scheduling. In general, there is a following dilemma: simple management

p olicies sometimes lead to lackluster p erformance under unexp ected conditions, while complicated

ones, which are e�ective under any situation, often imp ose considerable overhead. Thus, success-

ful studies on dynamic resource management for parallel computers (1) have b een sp eci�c to a

restricted set of applications, or (2) have provided a set of simple management p olicies to adapt to

the current phase of the program or the current state of the system. In b oth cases, what is required

for programming languages is the ability to easily provide abstractions for multiple management

p olicies. Re ective languages provide such abstraction in a clean and consistent fashion.

In this pap er, we present a design of a re ective architecture of an ob ject-oriented concurrent

language for MPPs. The architecture is based on ABCL/R2[9], which is extended so that the user

can control the p olicies of the parallel programming primitives. In this architecture, the user can

build his/her own dynamic resource management system | load-balancing, scheduling, etc. | at

the meta-level, controlling the p olicies of primitives such as ob ject creation, ob ject migration, and

scheduling. W e also apply our architecture to a load-balancing system for a realistic application.

The system is tailored for or-parallel exhaustive search problems, and uses two load-balancing

p olicies according to the state of the system.

2 Dynamic Resource Management using Multiple Policies

Before presenting our re ective architecture, let us discuss the problem of dynamic resource man-

agement for applications on MPPs. An application on a MPP may have various computational

patterns for message transmission and ob ject creation dep ending on its execution phase. F or ex-

ample, the main lo op of the N

-bo dy simulation program[16] consists of two ma jor phases; one

�

E-mail: fmasuhara,matsu,yonezawag@is.s.u-tokyo.ac.jp

Figure 1: Basic Architecture

is the construction of tree structure, and another is the summation of total force exerted. In

many cases, di�erent management p olicies are b etter for di�erent computational patterns. Even

for a single computational pattern, the desirable management p olicy will change according to the

current state of the system; for example, an appropriate p olicy for ob ject migration may change

according to the number of ob jects in the system.

A general-purp ose management p olicy that could b e used for every p ossible computational

pattern or for any system state will b e marginally e�ective and/or have considerable overhead.

A b etter scheme for e�cient resource management would b e: (1) provide a suitable management

p olicy for each (p ossible) computational pattern or state of the system, and then (2) dynamically

change the management p olicy according to the current computational pattern or the current

system state.

3 Re ective Architecture for MPP

W e now present a re ective architecture for MPPs based on ABCL/R2. The architecture is

intended to provide a exible meta-level abstraction to facilitate multiple p olicies of dynamic re-

source management. In the following subsections, the basic ABCL/R2 architecture and extensions

for MPPs are describ ed.

3.1 Basic Architecture: ABCL/R2

ABCL/R2[9] is an ob ject-oriented concurrent re ective language, based on the Hybrid Group

Ar chite ctur e , whose aim is to mo del meta-level encapsulation of control of limited resources.

The ov erview of the ABCL/R2 architecture is shown in Figure 1; its characteristics are follows:

Metaob jects: F or each base-level ob ject, there is a corresp onding metaob ject at the meta-level.

The metaob ject mainly determines the structure of the ob ject.

Group and Metagroup: A group is an abstraction of sharing limited computational resources.

Ob jects in the same group share computational resources which are represented as group kernel objects at the meta-level. The group kernel ob jects mainly determine the group

b ehavior, such as script (i.e., metho d) execution. The default group kernel ob jects are as

follows: the ob ject group manager represents and manages a group, the ob ject evaluator

executes scripts of the members of the group, and the ob ject metaobject generator creates a

metaob ject when a new ob ject is created in the group.

Re ective Programming: There are two ways of re ective programming in ABCL/R2. One is

through customization of metaob jects; since each ob ject has its own metaob ject, ob jects can

b e customized on a p er-ob ject basis. The other is through group kernel ob jects; since the

group kernel ob jects are shared by the members of the group, changes to the group kernel

ob jects a�ect the b ehavior of the group members.

F rom our programming exp eriences in ABCL/R2, we can say that its re ective architecture

is still limited with resp ect to handling dynamic resource management on MPPs in general. F or

example, we have studied an adaptive scheduling system, which was programmed using a shared-

memory multi pro cessor extension of ABCL/R2[8]. F rom the exp eriments carried out under a

simulation system, the scheduling system, constructed using the meta-level programming fea-

tures of ABCL/R2 exhibited 20{30% p erformance improv ement for certain kinds of applications.

However, this extension still lacked meta-level abstractions for distributed memory

, and resource

management on MPPs (e.g., load balancing) could not b e dealt with.

3.2 Extended Architecture for MPPs

The re ective architecture of ABCL/R2 is extended so that the user can control the p olicies of

dynamic resource management on MPPs. The extension is designed under the following principle

1

:

No me chanisms of language facilities are re ective unless they are relev ant to the policy

control of dynamic resource management.

This principle is introduced for e�ciency

. With our current compiler technology

, the overhead

caused by making low-level mechanisms re ective is still considerable. F or example, in our ar-

chitecture, the mechanism of the ob ject migration is not re ective, while the user can control

the p olicy (e.g., when the ob ject should b e migrated). Once the low-level mechanism of ob ject

migration is made re ective, various implementation techniques (including message forwarding,

address translation, etc.) b ecome unusable or considerably slow.

The overview of the architecture is shown in Figure 2. There is an ABCL/R2-like meta-system

residing on each no de (i.e., pro cessor element). The functionality of meta-level ob jects metaobject,

evaluator, and meta-gen are almost the same as the ones in the base architecture. Ob ject scheduler

implements a scheduling p olicy

. Ob ject no de mgr., which corresp onds to the ‘group manager’ in

the base architecture, has several roles: (1) it decides no des on which a new ob ject is created; (2)

it receives asynchronous event messages ; and (3) it exchanges load information with other no de

managers. The pseudo-co de of a no de manager is outlined in Figure 3.

The architecture has the following characteristics:

T ransparent inter-no de communication. At the meta-level, a message transmission b etween

ob jects on di�erent no des can b e done in the same manner as that b etween ob jects on

the same no de. Thanks to this prop erty

, inter-no de negotiation for resource management

can b e easily and e�ciently describ ed. On the other hand, implementation mechanism for

inter-node communication cannot b e altered, unlike many distributed re ective languages.

1

In most re ective languages, not all language facilities can b e altered with resp ect to the low-level imple-

mentations. F or example, in ABCL/R2, the message transmission mechanism is represented as another message

transmission at the meta-level, and the underlying implementation as a function call or a queue manipulation is

hidden from the programmer.

3

Figure 2: Extended Architecture for MPP

Ob ject creation. An expression for ob ject creation may designate

2

at which no de it should b e

created. Without designation, the no de manager automatically decides the certain no de |

the lo cal no de for the default no de manager(Figure 3) and could b e altered dep ending on

the load distribution p olicy .

Scheduling. The meta-level ob ject scheduler governs the intra-node ob ject scheduling. It sup-

plies the evaluator with executable scripts in a certain order with a certain time-quantum.

The scheduler also monitors the load information of the no de (e.g., utilization ratio of the

ev aluator and the number of active ob jects), and rep orts it to the no de manager.

Ob ject migration. The user can only control the migration p olicy at the meta-level; that is,

when and what ob jects are to migrate to which no de could b e controlled by the meta-level

programming, while we disregard altering the low-level mechanisms for ob ject migration

(i.e., how ).

Asynchronous event messages. Asynchronous events in the run-time system are noti�ed as

asynchronous event messages to the meta-level ob jects. Such events are useful for resource

management to judge the current state of the system even if the mechanisms for even t man-

agement cannot b e altered. Events noti�ed as asynchronous event messages are: o ccurrence

of global/lo cal garbage collection, b eginning/completion of ob ject migration, timer events,

etc. The user may also de�ne his/her own even t via annotation.

Static program/hardware information. Information on compile-time program analysis, an-

notations inserted in an application program, and hardware con�guration such as network

2

At the meta-level, a designation is noti�ed as a parameter :at in scripts :new of the no de-manager, whose

default de�nition is shown in Figure 3.

4

[object node-manager

(state [scheduler := scheduler] [node-id := node number]

[local-meta-gen := metaobject-gener ator])

(script

;; object cre ation

(=> [:new hpar ameter i :at :local] @ r ; loc al cre ation

[local-meta-gen <= [:new hpar ameter i :scheduler scheduler] @ r])

(=> [:new hpar ameter i :at target-node-id] @ r ; remote cre ation

[(node-manager-of target-node-id) <= [:new hpar ameter i :at :local] @ r])

(=> [:new hpar ameter i :at :anywhere] @ r ; default: loc al creation

[local-meta-gen <= [:new hpar ameter i :scheduler scheduler] @ r])

;; Asynchronous Event Messages

(=> [:timer-event time] : : : )

(=> [:global-gc-start] : : : )

(=> [:global-gc-end] : : : )

.

.

.

)]

Figure 3: De�nition of the Default No de Manager

top ology

, are av ailable for meta-level programming. Such information is supplied as (1) asyn-

chronous messages, (2) prop erties of metaob jects, or (3) �rst-class data (e.g., the network

top ology).

3.3 Discussions

Currently

, the design of the extended architecture is not complete yet, and following p oints are

still op en considerations:

� Design of the scheduler ob ject. Currently

, the internal structure of the scheduler is not

concrete. F urther design is required to a mo dular metaob ject proto col for schedulers.

� F acilities for reusable meta-level programs. T o ease meta-level programming, go o d language

facilities for reusablitiy are essential. The metaob ject proto col design is of sp ecial signi�-

cance.

� Introduction of Concurrent Aggregates[4] as a language facility

. In meta-level programming,

inter-node op erations such as broadcast and reduction are frequently used. With Concurrent

Aggregates, co de fragments for such op erations and for resource management | currently ,

they tend to b e intermixed | can b e clearly separated.

4 Example Applications

In this study

, we will b e examining a variety of parallel OO application to validate the e�ectiveness

of our approach. Below, a dynamic load-balancing system for the or-parallel exhaustive search,

which is one of the most basic class of parallel application where e�ective load-balancing scheme

is required, is presented.

4.1 OR-Parallel Exhaustive Search

OR-parallel exhaustive search is one of the b est-known examples where go o d dynamic load-

balancing p olicies are e�ective, b ecause of its high-degree of concurrency and the simplicity of

the algorithm. The algorithm simply creates ob jects as search subtasks

3

.

3

In this pap er, we call a node on search tree as ‘task’ or ‘subtask’ to avoid confusion with pro cessor elements.

5

[object search-task

(script

(=> [:search-start hinterim state i]

(if hit re ache d to a goal i

[host <= [:found han answer i]] ; rep ort the answer

(let ((children hgenerate next interim states i))

(dolist (child-parameter children)

[(new search-task) <= [:search-start child-parameter]])))))]

The load-balancing system must decide: (1) how to distribute tasks to all pro cessors; and

(2) how to do so with minimal overhead. The load-balancing p olicies can b e classi�ed into

centralized[5] and decentralized[11]. In general, centralized p olicies can obtain go o d load bal-

ance, but task distribution is slow. On the other hand, the decentralized p olicies can quickly

distribute tasks to all no des, but it incurs higher ov erheads to obtain a b etter balance.

Here, we prop ose a dynamic load-balancing system that appropriately switches b etween these

two p olicies according to the current state of the system: (1) when most no des have enough

tasks, the centralized p olicy is used; and (2) when many no des are idle, the decentralized p olicy

is used. F urthermore, our system uses the notion of generation [11] to reduce the frequency of the

monitoring pro cess for insp ecting the current state of the system

4

.

Load-balancing is mainly p erformed by the no de managers, whose pseudo-co de is outlined in

Figure 4. The b ehavior of the system is as follows:

1. A message start-new-generation is broadcast to all the no de managers. In resp onse

to this message, every no de manager (1) up dates the generation counter, (2) replies its

load information (e.g., number of tasks in the no de) | this information is collected by

the answer-c ol le ctors (parent-load-collector and load-collector in Figure 4), and (3)

places a sentinel

5

into the scheduling queue.

2. After all the load information is collected from all the no des, a global p olicy of new generation

is determined. In the case of p olicy change, a message change-policy-to is broadcast.

When the p olicy of the next generation is :balance, no des that have enough tasks are

noti�ed IDs of no des that are (nearly) idle.

3. The b ehavior of default ob ject creation (script new) changes according to the current p olicy .

When the current p olicy is :distribute, a new ob ject is created on a remote no de at some

rate, and the target no de is chosen randomly

. When it is :balance, on the other hand, a

new ob ject is created lo cally except when there is a designation to create it on a sp eci�c

no de.

4. Eventually

, a sentinel is scheduled at some no de (script sentinel-found). The no de then no-

ti�es the ro ot no de to start another up dating of the generation (script go-next-generation).

5 Related W ork

5.1 Distributed Re ective Languages/Systems

Several re ective languages/systems have b een prop osed for distributed computing. Although

there are similarities b etween such re ective architectures and ours, the meta-level abstraction |

what can b e altered at the meta-level | is di�erent. Our architecture is designed for exible

control of the dynamic resource management on MPPs, while they are designed to provide exible

4

Roughly

, the interv al of the generation up dating, which invokes the monitoring pro cess, is prop ortional to the

number of tasks in the system. Detailed discussion on the genertaion can b e found in [11].

5

The sentinel is a b oundary b etween generations. When the customized scheduler schedules the sentinel (i.e.,

all the tasks b efore the sentinel have b een pro cessed), it noti�es the no de manager.

6 mechanisms to implement abstraction in distributed environment, which involves heterogeneity ,

fault-tolerance, etc.

� In AL-1/D[10], the mechanism for ob ject migration can b e altered. In other words, the user

implements the low-level mechanisms for ob ject migration such as message forwarding. On

the other hand, the p olicy of migration, which is given as a list of constraints, is restricted,

although it can b e altered by the user to some degree.

� The design principle of RbCl[6] is to make as many low-level mechanisms rei�able as p ossible

for maximum exibility

. On the other hand, it is not simple to control p olicies of the facilities

implemented by the user using the low-lev el mechanisms. Since such p olicy control op eration

is represented as a collective b ehavior of low-level mechanisms, the user must implement

his/her own p olicies without con ict. Such discipline could b e enforced by the metaob ject

proto col, but MOP (metaob ject proto cols) for RbCl is not completely de�ned.

� In Op en C++[3], no distributed facilities are provided in the default (base-level) language

mo del. As a result, all such facilities are provided by the meta-level programming; i.e., they

are implemented using the low-level mechanisms at the meta-level.

An interesting feature of Op en C++ is its optimization. Co de analysis makes a metho d

call in Op en C++ almost equal sp eed to the one in native C++ in the b est case. This

optimization is suggestive to the compiler developmen t, although such co de analysis would

b e di�cult in many re ective languages, which has more elab orate architectures.

� Ap ertos[17] is a re ective op erating system for distributed environment. In Ap ertos, ob ject

‘migration’ is a change in its meta-sp ac e , and is a primitive op eration. The di�erence is that

the purp ose of ob ject migration is for using di�erent OS services, and not for load-balancing

on MPPs. Moreover, inter-no de migration mechanisms are op en to the users.

5.2 Distributed Shared Memory

Some systems for the distributed shared memory provide several memory coherence proto cols and

use an appropriate one for each shared ob ject[2]. Moreover, some systems can dynamically change

the coherence proto col for a shared data.

5.3 Thread Scheduling

By providing an interface b etween the OS kernel and the user-level thread scheduler, p erformance

improvement can b e achieved[1]. Although this has similarity to the re ective system in terms

of incorp orating the user’s p olicy to the kernel, there are several di�erences: (1) the p erformance

improvement is mainly gained by the reduction of the interactions b etween the user-level and

the kernel; (2) p olicies that can b e controlled are implemented only by a �xed set of call-back

functions.

6 Conclusion

W e have prop osed a design of a re ective architecture for MPP based on ABCL/R2, and extended

so that the p olicies related to the dynamic resource management are easily controlled. W e also

presents a load-balancing system, which uses two p olicies, implemented at the meta-level of our

architecture.

This work is still in progress, and we are currently working on the following problems: (1)

re�nement of the architecture as discussed in section 3.3; (2) other examples of dynamic resource

management; (3) exp eriments with examples on real MPPs; (4) integration our re ective archi-

tecture to an ABCL compiler.

7

Ackno wledgemen ts

W e would like to thank Kenichi Asai and Je� McA�er for numerous discussions. W e would also

like to thank Kenjiro T aura and Masahiro Y asugi for the daily discussions on ABCL compilers

and parallel OO application programs, which inspired us.

References

[1] T. E. Anderson, B. N. Bershad, E. D. Lazowsk a, and H. M. Levy

. Scheduler activations: E�ective ker-

nel supp ort for the user-level management of parallelism. ACM T r ansactions on Computer Systems,

10(1):53{79, F eb. 1992.

[2] J. K. Bennett, J. B. Carter, and W. Zwaenepo el. Munin: Distributed shared memory based on

type-sp eci�c memory coherence. In Pro c e e dings of the ACM SIGPLAN Symposium on Principles &

Practic e of Paral lel Pro gr amming (PPOPP), Seattle, W

A, Mar. 1990.

[3] S. Chiba and T. Masuda. Designing an extensible distributed language with a meta-level architecture.

In Pro c e e dings of Europ e an Conferenc e on Object-Oriente d Pro gr amming (ECOOP), 1993.

[4] A. Chien and W. J. Dally

. Concurrent aggregates. In Pro c e e dings of the ACM SIGPLAN Symposium

on Principles & Practic e of Paral lel Pro gr amming (PPOPP), pages 187{196, Mar. 1990.

[5] M. F uruich, K. T aki, and N. Ichiyoshi. A multi-level load balancing scheme for OR-parallel exhaustive

search programs on the Multi-PSI. In Pro c e e dings of the ACM SIGPLAN Symposium on Principles &

Practic e of Paral lel Pro gr amming (PPOPP), volume 25, pages 50{59, Seattle, W

A, Mar. 1990. ACM.

[6] Y. Ichisugi. A Re e ctive Object-Oriente d Concurrent Language for Distributed Environments. Ph. D.

Thesis, University of T oky o, Mar. 1993.

[7] H. Masuhara, S. Matsuoka, T. W atanabe, and A. Y onezawa. Ob ject-oriented concurrent re ective

languages can b e implemented e�ciently

. In Pro c e e dings of ACM Conferenc e on Object-Oriente d

Pro gr amming Systems, Languages, and Applications (OOPSLA), pages 127{145, V ancouver, B.C.,

Oct. 1992.

[8] H. Masuhara, S. Matsuoka, and A. Y onezawa. A meta-level scheduling mechanism in ABCL/R2. In

Workshop on Object Oriented Computing (WOOC), Hakone, Japan, Mar. 1993. JSSST. (in Japanese).

[9] S. Matsuoka, T. W atanabe, and A. Y onezawa. Hybrid group re ective architecture for ob ject-oriented

concurrent re ective programming. In Pro c e e dings of Europ e an Conferenc e on Object-Oriente d Pro-

gramming (ECOOP), 1991.

[10] H. Okamura, Y. Ishikawa, and M. T okoro. AL-1/D: Distributed programming system with multi-

mo del re ection framework. In Pro c e e dings of the International Workshop on New Models for Software

Archite ctur e (IMSA): Re e ction and Meta-Level Ar chite ctur e, pages 36{47, T ama City , T okyo, Nov.

1992.

[11] R. Satoh, H. Sato, and K. Naka jima. A di�usional load balancing scheme on lo osely coupled multi-

pro cessors =LLS-G=. In Joint Symposium on Paral lel Pro c essing, pages 363{369, May 1993. (in

Japanese).

[12] K. T aura, S. Matsuoka, and A. Y onezawa. An e�cient implementation scheme of concurrent ob ject-

oriented languages on sto ck multicomputers. In Pro c e e dings of the ACM SIGPLAN Symposium on

Principles & Practic e of Paral lel Pro gr amming (PPOPP), 1993.

[13] T. W atanabe and A. Y onezawa. Re ection in an ob ject-oriented concurrent language. In Pro c e e d-

ings of ACM Conferenc e on Object-Oriente d Progr amming Systems, Languages, and Applications

(OOPSLA), pages 306{315, San Diego, CA, Sept. 1988. ACM.

[14] T. W atanabe and A. Y onezawa. An actor-based metalevel architecture for group-wide re ection. In

Pro c. REX School/Workshop on Foundation of Object-Oriente d Languages (REX/FOOL), 1990.

[15] M. Y asugi, S. Matsuoka, and A. Y onezawa. ABCL/onEM-4: A new software/hardware architecture

for ob ject oriented concurrent computing on an extended data ow sup ercomputer. In International

Conferenc e on Super c omputing (ICS), W ashington D.C., July 1992.

8

[16] M. Y asugi and A. Y onezawa. T owards p erformance evaluation of an N-bo dy problem algorithm in

an ob ject-oriented concurrent language on a date-driven parallel computer. In Workshop on Object

Oriented Computing (WOOC), Hakone, Japan, Mar. 1993. JSSST. (in Japanese).

[17] Y. Y okote. The Ap ertos re ective op erating system: The concept and its implementation. In Pro-

ce e dings of ACM Conferenc e on Object-Oriente d Pro gr amming Systems, Languages, and Applications

(OOPSLA), pages 414{434, V ancouver, B.C., Oct. 1993.

[18] A. Y onezawa, S. Matsuoka, M. Y asugi, and K. T auro. Implementing concurrent ob ject-oriented

languages on multicomputers. IEEE Paral lel & Distributed T e chnolo gy, 1(2):49{61, May 1993.

[19] A. Y onezawa and T. W atanabe. An intro duction to ob ject-based re ective concurrent computations.

In Pro c. 1988 ACM SIGPLAN Workshop on Object-Base d Concurrent Pro gr amming, pages 50{54,

1989.

9

[object node-manager-for-exhaustive-search

(state � � �

[current-generation := 0]

[current-policy := :distribute])

(script

;; generation updating

(=> [:start-new-generation new-G] @ parent-load-collector

where (= (1+ current-generation) new-G)

;; if it is not a leaf, continue bro adc asting

(let ((load-collector (new answer-collector :parent parent-load-collector)))

(dolist (child (children-of Me))

[child <= [:start-new-generation new-G] @ load-collector]))

[scheduler <= [:get-load] @ parent-load-collector] ; rep ort current state

[scheduler <= [:put-sentinel new-G]] ; put a sentinel

(setq current-generation new-G))

;; end of generation

(=> [:sentinel-found g] from scheduler where (= g current-generation)

[(root-node-of Me) <= [:go-next-generation current-generation]])

;; start for generation updating

(=> [:go-next-generation old-G] where (= old-G current-generation)

[Me <= [:start-new-generation (1+ current-generation)]

@ (new answer-collector :parent Me)])

;; rec eive global load state

(=> [:load hload information i] ; from answer-col lector

(cond ((and (eq current-policy :balance)

hmost nodes are starving for task i)

hbro adc ast ‘‘change policy to :distribute" i)

((and (eq current-policy :distribute)

hmost nodes are satisfying i)

hbro adc ast ‘‘change policy to :balance" i))

(when hpolicy of next generation is :balancei

hinform nodes that have many tasks of starving nodes i))

;; policy contr ol

(=> [:change-policy new-P]

(setq current-policy new-P))

;; object cre ation

(=> [:new hpar ameter i :at :anywhere] @ r

(if (eq current-policy :distribute)

(if hat some rate i

[(node-manager-of hrandomly chosen node i) <= [:new � � � ] @ r]

[local-meta-gen <= [:new � � � ] @ r])

(if hstarving nodes are spe ci�e d i

[(node-manager-of hone of starving node i) <= [:new � � � ] @ r]

[local-meta-gen <= [:new � � � ] @ r]))))]

Figure 4: De�nition of No de Manager for Or-Parallel Exhaustive Search

10