
��� �
� � � �

�
	�� �������� ������� ��� �  !
"# $ %'& ( )+*-,/.10 24365+798�: ;=<?> @
A BC DE FI MU

Faculty of Informatics
Masaryk University

TOOLS DAY
Affiliated to CONCUR 2002

Proceedings

by

Ivana Černá
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Foreword

These are proceedings of the Tools Day 2002 held in Brno, Czech Republic,
on August 24, 2002, as a satellite event of CONCUR’02, the 13th Interna-
tional Conference on Concurrency Theory.

Formal verification provides an elegant approach to validating the cor-
rectness of software and hardware systems behaviour. Verification tools
have enjoyed a substantial and growing use over the last few years, show-
ing ability to discover subtle flaws. While until recently these tools were
viewed as of academic interest only, they are now routinely used in indus-
trial applications. The aim of the Tools Day was not only to present recent
development in the area, but also to give tools developers and users the
opportunity to discuss future trends and needs.

Eight regular papers, together with keynote presentations by Ziyad
Hanna and Kim G. Larsen, form the content of these proceedings.

I would like to thank the organizing committee members for their sup-
port in composing the Tools Day, and the CONCUR’02 Organizing Com-
mittee for arranging all local affairs.

Brno, August 2002 Ivana Černá
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} f\UuIkjlhbHYILK^f e HnhuMlhb~VjlK^Q�o�mnSTjlHn~7I e KgM�UbQRIFo�K^f\Ubo�Kb��rnm�I�MlhVI�QEhuw e hVrzK�UuH%o�QRjl~bH�j } |
f\UuHJIkMl�.SLUuj�QTK^o.I e K;fNhbH } o�K\H%fNK�MlK\q{K�MzhVwDI e KgGRHno�m%QRILSTj�U�Mzo�K\QRj�~VHYILK\UVs�Q?ILh�Uurnr�Ml�
w�hbSks�UuMvs�K�I e hionQEw�hbS�jls�rnSkh�qJjlHn~.I e K�h�q{KNSLUuM�Mpf e jlr�o�K^QRjl~bH�q{KNSTj } f\UuIkjlhVH�f��nf�M�KV�
G=H�r%UuSTIkj�f�m�M�UVS\O%��K�UuI;GRHJILKNM e U^q{K��zK\K\H�o�K\q{KNMlhVr�jlHn~.w�hbSks�UuMAq{K\STj } fNUuIkjlhbH�ILK^f e |
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begin

var i1, i2: {0..1}
t: {1,2}var init 1;

0;init

do <true> enter
<i2’=1>;
<t’=2>;
<i1=0  or  t=1>;

incs2:

repeat

end

begin

od

do <true> enter

<t’=1>;
<i2=0  or  t=2>;

<i1’=0>;
incs1:

repeat

end

begin

od
Process1 Process2

Process2Process1

 

<i2’=0>;

<i1’=1>;

{
"incs1" & "incs2"

P9 & P14

NO

NO

Kit Algorithm 1

Algorithm 2

Algorithm 3

� ���

Algorithm 1

Algorithm 2

Algorithm 3

.bpn2
"incs1" & "incs2"

Kit

P9 & P14

(T30, T23, ...)
YES

YES
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Abstract. Parallel PV is based on the sequential PV model-checker. Sequential

PV is an depth-first LTL-X model-checker for an enhanced subset of the Promela

language. Parallel PV is a breadth-first safety-only model-checker. It capitalizes

on PV’s two-phase partial-order reduction algorithm by carrying out partial order

reduction steps with no communication, and performs state space distribution at

global steps. This helps reduce the number of messages exchanged. Also, based

on state ownership information, parallel PV reduces the number of states that

are cached. This reduction is in addition to the selective state caching supported

by sequential PV. We report encouraging preliminary experimental results drawn

from the domain of ‘hardware’ protocols, as well as software models generated

by the Bandera tool. Implementation details of parallel PV and setup information

are also provided.

1 Introduction

Parallel processing can help speed-up model-checking by providing many CPUs that

can work on the problem, higher aggregate memory capacity, as well as higher mem-

ory bandwidth. While the problem remains exponential, the overall performance of the

model-checking algorithm can increase by significant factors. In this paper, we focus

on enumerative model-checkers which are widely used to verify many classes of mod-

els, such as high-level cache coherence protocols and Java software models, in which

models containing thousands of variables and involving global dependencies – such as

processor IDs passed around in messages – are to be verified. Such models have never

been shown to be capable of being efficiently represented or manipulated using BDDs.

There are many previous attempts to parallelize enumerative model-checkers such as

SPIN [16] and Mur � [10]; see section 2.3 for a brief survey.

Among the scores of methods used to reduce state-explosion, a prominent method –

partial order reduction – exploits the fact that whenever a set of independent transitions�����	��
�
�
����� � arise during exploration, they need not be explored in more than one lin-

ear order. Given the widely recognized importance of partial order reduction, efficient

methods to realize it in a parallel context must be explored. This topic has, hitherto, not

been studied extensively. We first motivate why partial order reduction and parallelism�
Supported by NSF Grants CCR-9987516 and CCR-0081406, and a gift from the Intel Corpo-

ration. The authors wish to thank Ratan Nalumasu who wrote the first version of PV, Heman-
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are two concepts that are closely related. We then briefly recap our partial order reduc-

tion algorithm “Twophase” implemented in our SPIN-like model-checker “PV,” (see

[22, 28] for a full discussion). In this paper, we show that Twophase extends naturally

to a parallel context – more readily than algorithms that use in-stack checking – and

also leads to a very natural task-partitioning method. We show preliminary experimen-

tal results and describe the Parallel PV tool, interface, and operating environment.

2 Background

2.1 Partial order reduction and parallel processing

The earliest identifiable connection between parallel processing and the central idea be-

hind partial order reduction (long before that term was coined) appears in Lipton’s work

of 1975 on optimizing P/V programs [21] for the purpose of efficient reasoning. In that

work, Lipton identifies left and right movers – actions that can be postponed without

affecting the correctness of reasoning. Additionally, in the parallel compilation litera-

ture (e.g., [25] for an example), it has been observed that by identifying computations

that “commute,” one can schedule these computations for parallel evaluation without

interference.

If a partial order reduction algorithm involves a sequentializing step, it can signif-

icantly reduce available parallelism. Such a sequentializing step is present in current

partial order reduction algorithms such as the one used in SPIN [6, 17]. This is the1in-

stack check used as a sufficient condition to eliminate the ignoring problem (a problem

where some process ��� may have a transition
�

enabled everywhere in a cyclic execu-

tion path but
�

is never executed along the path, thus causing missed, “ignored,” states –

requirement C3 of [6, Page 150]) Using the ‘in-stack’ check, if the next state generated

by moving a process ��� on transition
�

result in a state in the global DFS stack, an ample

set (a commuting set of actions) cannot be formed out of the enabled transitions of � � .
The in-stack check is involved in every step of SPIN’s partial order reduction algorithm.

In a parallel setting, this could translate into considerable communication to locate the

processes over which the stack is spread, perform the in-stack check, and resume the

search. For this reason, in past work, a “worst case” assumption is used to gain some

limited reductions. The assumption is that any successor state held outside the node is

assumed to be currently in the search stack. This insures that the ignoring problem is

dealt with, but may cause significant loss in reduction [18].

2.2 The Twophase Algorithm

We created Twophase after realizing that SPIN’s algorithm for partial order reduction

can, due to the in-stack check based proviso, miss out on reduction opportunities. There

are also added complications when realizing nested DFS based LTL-x checking [8], as

explained in [15] – essentially requiring a ‘proviso-bit’ to convey information from the

outer DFS to the inner DFS. The algorithm of Figure 1 can be suitably modified for

1 “The” in-stack check is a misnomer - this check is done differently for safety-preserving and

liveness-preserving reductions. To simplify things, we ignore such variations.
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Twophase()� � := � ; /* Hash table */

Phase � 2(initial_state);
end Twophase

Phase � 1(in)
local old-s, s, list;

s := in;

list := � s � ;
for each process P � do

while(SAS �	� (P � ,s)2)

old-s := s;

s := t(old-s);

if s 
� list

list := list + � s � ;
else

break out of

while loop

end if

end while;

end for each;

return(list,s);

end Phase � 1

Phase � 2(s)
local list;

/* Phase 1 */

(list,s) := Phase � 1(s);
/* Phase 2: Classic DFS */

if s 
�
� � then� � :=

� � + all states in list + � s � ;
for each enabled

transition t do

if t(s) 
�
� � then

Phase � 2(t(s));
end if;

end for each;

else� � :=

� � + all states in list;

end if;

end Phase � 2

Fig. 1. The Sequential Twophase Algorithm

nested DFS based LTL-x model-checking and no proviso bit is required to convey in-

formation between outer and inner depth first searches. Full treatment of the sequential

version of the algorithm is presented in [22].

The sequential algorithm alternates between a classical depth first search Phase-2,

and a reduction step Phase-1. Phase-1 works as follows. Each process is considered in

turn. For a given system state � an ample set is formed for process � � . If the size of

this set is one then the transition is executed resulting in a new state. This is repeated

until no singleton ample set can be formed for that process. In Phase-2 �������� º � »  
����	������� º � » . In this phase of the algorithm one process having

��� � ��	������� º � � � � » is

allowed to execute
�

i.e., all enabled moves of all processes are included in !�"�#��� º � » –

no reduction is made in Phase-2. This is similar to a global state expansion in SPIN’s

algorithm.

To deal with ignoring, references to states generated in Phase-1 are placed in a local

list. We then check this list for a successor state that is a re-visitation. Note, we have

changed C3 with respect to [6]. We accomplish C3 not by the C3 $ condition (the in-stack

check) but rather by checking against a local list, shown in Figure 1.

2 We define SAS �	� to be a set of transitions that form an ample set such that %'&�()%+* ,.-0/
%'&1(�%+* ,32./54 (�687:9+;<(�=	>@?A�CBED)F'4 ! - is true as described in [6, Pages 158-159] with condi-

tion %'&1(�%'* ,HG satisfied separately by checking against the local list. (A Singleton Ample Set

(SAS) with no check for ignoring (-I).)
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2.3 Related Work

Work in parallel and distributed model-checking can be divided into the categories of

explicit state representation based and symbolic state representation based. Only the

explicit state survey is included in this paper. The remainder of this section can be

found in [24].

Explicit State Model-Checking

Safety: Most work on distributed model-checking focus on safety model-checking. In

[27], Stern and Dill report their study of parallelizing the Mur � Verifier [10]. It orig-

inally ran on the Berkeley Network of Workstations (NOW) [1] using the Berkeley

Active Messages library. It was subsequently ported to run on the IBM SP2 processor.

Mur � is a safety-only explicit state enumeration model-checker. In its parallel incarna-

tion, whenever a state on the breadth-first search queue is expanded, a uniform hashing

function is applied to each successor � to determine its “owner” – the node that records

the fact that � has been visited, and pursues the expansion of � .

We [26] have recently ported parallel Mur � from Active Messages to the popular

MPI [23] library. Despite our relative inattention to performance for reasons of expedi-

ency, our speed-up figures for runs on the Testbed are very encouraging [5]. The largest

model we ran far exceeds the sizes run by Stern and Dill.

In [19], a distributed implementation of the SPIN [14] model-checker, restricted to

perform safety model-checking, and similar to [27], is described. Their first innovation

is in state distribution. They exploit the structure of SPIN’s state representation and

reduce (heuristically) the number of times a state is sent to other nodes. In addition,

they employ look-ahead computation to avoid cases where a state is sent elsewhere, but

very soon generates a successor that comes back to the original node. Their algorithm

is also compatible with partial order reduction, although the reported results to date do

not include the effects of this optimization. Their examples are standard ones such as

‘Bakery’ and ‘Philosophers’ running on up to four nodes on 300MHz machines with

64M memory. In [3], the algorithm of [27] is adapted to Uppal, a timed automaton

model-checker, and applied to many realistic industrial-scale protocols, running on 24,

333MHz Sun Enterprise machines. Several scheduling policies are studied along with

speed-up results.

In [11], parallel state space construction for labeled transition systems (LTSs) ob-

tained from languages such as LOTOS is described. They use a cluster of 450MHz

machines of up to 10 processors, each with 0.5GB of memory. They use the widely

supported Socket library. They obtain speedups on most examples (industrial bus

protocols) and perform analysis of the effects of communication buffers on overall per-

formance.

In [20], issues relating to software model-checking and state representation are dis-

cussed. A large number of load distribution policies are discussed, and preliminary ex-

perimental results are reported. Many of these ideas are adaptations of techniques from

their original work [19] to work well in the context of a software model such as Java.
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LTL-x: Several works go beyond state space reachability and attempt the distributed

model-checking of more expressive logics. In [2], the authors build on [19] and create a

distributed LTL-x model-checker. The main drawback of their work is that the standard

[8, 6] nested depth-first search algorithm employed to detect accepting (violating) Büchi

automaton cycles tends to run sequentially in a distributed context, as the postorder

enumeration of the “seed” states is still essential. They ameliorate the situation slightly

by employing a data-structure called DepS that records how states were transported

from processor to processor, and gathering the postorder numbering of the seed states

in a distributed manner. However, the seed states still end up in a central queue, and

are processed sequentially. A small degree of pipelining parallelism appears possible

between the inner depth-first search on the “left half” of the search tree and the outer

depth-first search on the “right half” of the search tree. Their paper reports feasibility

(without actual examples) on a nine 366MHz Pentium cluster.

In [4], Büchi acceptance is reduced to detecting negative cycles (those that have a

negative sum of edge weights) in a weighted directed graph. This reduction is achieved

by attaching an edge-weight of ‘-1’ to all outgoing edges out of an accepting state, and

a weight of ‘0’ to all other edges.

3 The Parallel PV Tool

3.1 The Parallel Twophase Algorithm

The parallel Twophase algorithm shown in Figure 2 works as follows. Basically, Phase-

2 generates all successor states for a non-commuting state. Phase-1 is then applied to

each of these successors. Only states generated for process � � since the last Phase-2

state are inserted into the list. Each thread maintains it’s own list. This is not possible in

a parallel SPIN implementation because all these threads would still check with respect

to the global DFS stack as in [18]. A uniform hashing function is applied to the resultant

non-commuting state of Phase-1 and these states are then distributed by placing a state

into the search queue of that state’s owner.

Phase-1 is the same as in the sequential version. Each node knows which transitions

commute so given any state, the next global state can be created by any node.

3.2 Implementation

The Parallel PV tool is based on the sequential DFS based PV model-checker [22]. PV

and parallel PV are written entirely in C. Parallel PV replaces the DFS based algorithm

shown in Figure 1, used in the sequential version, with the distributed BFS based algo-

rithm shown in Figure 2. It can be executed without partial order reduction to perform

exhaustive breadth first search.

By ensuring Singleton Ample Set3global successor states it becomes un-necessary

to save all of the states along the Phase-1 path. Heuristics can be applied to reduce the

number of state lookup and insertion operations along the Phase-1 path. We refer to

these heuristics as Selective State Caching.

3 As in the sequential version discussed in section 2.2
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Phase � 1(in)
local old-s, s, list;

s := in;

list := � s � ;
for each process P do

while(SAS �	� (P � ,s))
old-s := s;

s := t(old-s);

if s 
� list

list := list + � s � ;
else

break out of

while loop

end if

end while;

end for each;

return(list,s);

end Phase � 1

Phase � 2(s)� � := � ; /* Hash table */

local list;

local queue;

local s, s’;

i = owner(s);

enqueue[i](s);

/* Phase 2: Classic BFS */

while search not complete

s = dequeue();

if s 
�
� � then

for each enabled

transition t do

if t(s) 
�
� � then

(list, s’) = Phase � 1(t(s));� � :=

� � + all states in list;

i = owner(s’);

enqueue[i](s’);

end if;

end for each;

end if;

end while;

end Phase � 2
Fig. 2. The Parallel Twophase Algorithm

In many cases, Phase-1 executes transitions that will cross the boundary of the state

partition. Thus at least one, and as many as all of the states entered into the list are not

owned by the node performing the computation. Those states not belonging to the com-

puting node can, at the end of Phase-1, be deleted while preserving safety properties.

These states are not sent to their owning nodes, they are simply dropped. This technique

can be used with all of the selective state caching variants described in [12].

The list used to avoid ignoring, shown in Figures 1 and 2, and the Drop States

optimization are both implemented as arrays of pointers into the hash table. A state is

marked and placed in one of these lists when that state is created in Phase-1. If that state

is revisited, a simple state look-up is necessary. At the end of Phase-1, those states that

have been placed in the list are then set to normal hash table entries. Those in the Drop

States array are removed from the hash table.

Figure 2 does not indicate termination conditions. The search is terminated in one

of two instances. It is possible that the entire reduced graph has been generated. In this

case we detect this condition using the Dijkstra-Scholten algorithm for stable condi-

tion detection in a diffused computation[9]. A description of our implementation of the

Dijkstra-Scholten algorithm can be found in [24].

The other condition for termination is the detection of a safety violation. The node

that finds the violation broadcasts a message to other nodes requesting them to wait in

assistance of reconstruction of the error trail. When a state � $ is entered into the hash

table, a memory reference to the hash table location containing the global predecessor
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Number of
Network Nodes

Without
PO Redn

Save
All

Save
Back Edge

Save
All

Save
Back Edge

Save States Drop States

6 Processes in the Leader Election Model

1 221239 47086 33166 47086 33166

2 221239 55694 38482 24696 18578

4 221239 66279 42315 17030 14195

8 221239 73967 44373 14305 12713

7 Processes in the Leader Election Model

1 1719197 243704 169637 243704 169637

2 1719197 283219 195636 155063 117732

4 1719197 335102 214940 98328 79164

8 1719197 383172 228279 73012 63280

8 Processes in the Leader Election Model

1 nc 1243666 857554 1243666 857554

2 nc 1426706 984844 789550 576799

4 13365379 1694581 1085897 483187 381980

8 13365379 1917546 1166676 310552 266735

PipeInt Model

1 nc nc 349708 nc 349708

2 nc nc 377620 nc 260848

4 nc nc 395016 1583563 184624

8 nc 3721420 407238 679869 160936

Fig. 3. Number of states generated.

� of the new state ��$ is also entered, along with a small constant amount of information

about the state � , including the rank of the node that generated � . To construct the

error trail, the hash table is traversed from the error state to the initial state, writing the

information necessary to reconstruct an error trail to a file. If it is necessary to traverse

multiple partitions of the state space the error trail that is contained locally is generated,

packed and transmitted to the next node in the trail. This continues until the initial state

is reached. We assume a shared file system for the error trail output file. An error trail

can then be simulated in a sequential setting.

3.3 Experimental Results

Three of the models used as examples here are simple variants of the Leader Election

Protocol as presented in [6, Pages 167-168]. This model does not include the never

claim as we are considering safety properties only. The variation on this model is the

number of processes that are participating in the protocol. We model-check for six,

seven, and eight processes using the same model. The other model reported is gen-

erated by the Bandera tool. It is included in the Bandera tutorial distribution and can

be recreated using their tutorial and is included in the examples directory of our tool

distribution. We report the number of states generated, memory usage, message count,

66



Number of
Network Nodes

Without
PO Redn

Save
All

Save
Back Edge

Save
All

Save
Back Edge

Save States Drop States

6 Processes in the Leader Election Model

1 45 22 20 22 20

2 70 40 38 37 37

4 120 76 74 72 71

8 219 148 145 142 142

7 Processes in the Leader Election Model

1 213 42 35 42 35

2 226 64 55 51 47

4 276 10 92 80 78

8 377 181 165 149 148

8 Processes in the Leader Election Model

1 nc 166 122 166 122

2 nc 212 162 140 116

4 1590 294 225 157 146

8 1700 422 337 240 235

PipeInt Model

1 nc nc 168 nc 168

2 nc nc 205 nc 157

4 nc nc 261 749 175

8 nc 1730 366 478 265

Fig. 4. Total memory used in MB.

and total runtime for each model. Figures 3, 4, 5, and 6 present the statistics for the

respective reports.

A description of the figures is as follows. The number of network nodes column

indicates how many physical machines are used in each model-checking computation.

Without PO Redn indicates the statistics of a full breadth first graph search. Save All in-

dicates a search that uses partial order reduction, but no selective state caching heuristic.

Save Back Edge indicates a search that uses both partial order reduction and a selective

state caching heuristic. Save States indicates that all states generated during Phase-1 are

placed permanently into the hash table of the computing node, regardless of ownership.

Drop States indicates that those states generated during Phase-1 which do not belong to

the computing node are deleted at the end of Phase-1.

Figure entries showing “nc” indicate the computation was Not Complete. In each

of these cases there was not enough memory to successfully generate the entire state

graph. (We have not resorted to any hash-compaction techniques yet.) Otherwise the

states and messages are integer values. The memory used is reported in megabytes.

Time is reported in seconds.

Our tool release includes these examples and a script that will recreate our results.

All verifications were performed using one Unix process per network node. The ex-

periments were performed on a computational cluster of eight workstations. Each has a

stock Red Hat Linux 7.1 operating system, 512MB memory and one 850MHz Intel Pen-
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Number of
Network Nodes

Without
PO Redn

Save
All

Save
Back Edge

Save
All

Save
Back Edge

Save States Drop States

6 Processes in the Leader Election Model

2 538400 15829 18087 20208 20208

4 851143 25212 27162 28737 28737

8 945534 30600 31934 33040 33040

7 Processes in the Leader Election Model

2 4281970 80016 91325 104421 104421

4 7446183 129721 140332 149947 149947

8 8452930 167161 174620 181173 181173

8 Processes in the Leader Election Model

2 nc 396464 447182 519832 519832

4 65752911 684746 748652 809919 809919

8 77583833 830234 877647 912861 912861

PipeInt Model

2 nc nc 144377 nc 145118

4 nc nc 220052 449860 232929

8 nc 243402 242062 344934 242743

Fig. 5. Number of messages passed.

tium III CPU. Each Unix process was limited to 450MB of memory. The MPICH[13]

implementation of the MPI standard is used for message passing between network

nodes. Nodes are connected on a dedicated 100Mbps hub.

3.4 Interface

A TCL/TK graphical user interface is included in the Parallel PV distribution. This

makes available sequential DFS, sequential BFS, and parallel BFS based searches.

Models can be edited and error trails can also be simulated using the graphical user

interface. Parallel PV can also be used from the command line. All output is routed via

MPI to the master node. Please see [28] for command line interaction with Parallel PV.

The PipeInt model was generated using the Bandera[7] tool set. The subset of the

Promela language supported by PV and Parallel PV is sufficiently expressive to model-

check these models. Additionally, the Bandera user interface has been enhanced to ac-

cess both the sequential and parallel versions of PV. Thus an error that is found using

PV or Parallel PV on a Bandera generated model can be simulated within the Bandera

framework.

4 Conclusions

We have presented a distributed partial order reduction based safety verification algo-

rithm that is a variant of the sequential Twophase [22] algorithm.
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Number of
Network Nodes

Without
PO Redn

Save
All

Save
Back Edge

Save
All

Save
Back Edge

Save States Drop States

6 Processes in the Leader Election Model

1 54.786 4.006 2.958 4.342 3.256

2 46.061 3.783 2.671 3.535 2.966

4 31.158 3.422 2.847 3.258 2.913

8 20.270 4.871 4.170 4.456 4.226

7 Processes in the Leader Election Model

1 569.140 21.105 16.005 24.998 17.947

2 432.657 14.080 12.134 17.323 13.744

4 282.142 9.548 8.529 11.102 9.300

8 162.547 8.007 7.730 8.774 8.021

8 Processes in the Leader Election Model

1 nc 123.522 92.921 149.020 105.825

2 nc 77.744 64.995 97.039 75.528

4 2712.108 47.009 40.765 56.346 45.585

8 1522.699 29.693 25.716 33.266 27.820

PipeInt Model

1 nc nc 125.934 nc 142.131

2 nc nc 71.203 nc 79.407

4 nc nc 40.135 350.378 44.018

8 nc 72.904 24.268 126.410 25.753

Fig. 6. Total run time for each model.

The parallel Twophase algorithm has several advantages. It avoids the in-stack

check allowing distributed partial order reduction. The algorithm can be used with BFS

or DFS. It allows natural task partitioning and also reduces communication. It supports

selective state caching in conjunction with a “Drop States” optimization.

The parallel Twophase algorithm is implemented in the parallel PV tool which sup-

ports selective state caching. The parallel PV tool can be used from the command line,

with the included graphical user interface, or with the Bandera tool.

We have shown some preliminary experimental results using two models that gen-

erate large state spaces. The results are encouraging for their relative short run-times

and efficient use of memory.

Our future work will include application-level check-pointing to be able to suspend

and/or rerun crashed parallel model-checks, load balancing, hash compaction, and pos-

sibly symmetry reduction. PV and Parallel PV are available from our website [28].
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����,=��G±/1�¢�����L��,�'-�	�C��*=�X����7¬&2�J������$K�J�	,=/q��&F/%�¢*6&2�J���h�J���J�%\L,%D�'-���¢4���*=�X7d���=��/q3�I@,%�¢,%D��
�����L��,%'2���J&-\W�	*=�X����7¬&-�B�����B�WI��	*=����,J 

8Ó.¬,%D��Z/1�J�������C�%�B*6�J'-�	�J/��@�����L��,%'2���¢��*=�X����7¬&2�J���	��$K���L,JGx'),K/1��,�/�,%D��¢���<VX,CI^��*=����,
I^�	'-�L,%�J�Z,%�k,%D��R�%�B*6�J'-�	�J�T�X3�$C4^�J�JG¬/%3�*=Dª,�D���,Z,%D��R���%VL,}I��	*=����,Z/%������7¬'-&2&04^�R,%D��
�%���	3��J/1,%�J�n�����	 ±�g�	/%'),�'-�	��&2\��	*=�X����7¬&-�B�����B��I���*=�	�6,=/O��3�/1,e'-�^*6���J��/%�l,�D���*6�	3��L,%���BG+7¬'),�D
/1�	$5��/�����'-,�\n*=D��B*=�@�������K��,l�%�B*6�JI�,%'2���9ºc����&-\R/1D���7¬�j'-�{"i'2�� ±ÛZ.c���l*=D��������J&O*6���L,��%�	&
��3��U,%�0/1I��	*6���������%�B������4�'-&2'-,�\�»6 oV�������'2���0����,=�O��3^/�,m'2��*6�	�%I+���=��,��J/±,�D���I���*=�	�6,w�X3�$C4^�J�JG
'° �� �����,��K*����L,%�J�	,¬'F/q��4^/�,����	*P,%�B�«�o7d�o\� 

��,�,%D������J*6�J'-�	����/%'F����G�,%D�'2���	/N�����l�J�����}�B��/%'-�J�J [ D������J*���'2���J��I^��*=����,�/q���%�C/�,������J�
'-�«,%D��N�%�B/1I+�J*6,%'2����*���3��L,�����I�&2�	*6�	G	7¬D�'F*=D«/%�������B/Q��/���/%��3���*��¬.c�������J�����=��,�'-���¢ºcI+�	/%'),�'-�	�
���N�����L��,%'2���o»��	*=�X����7¬&-�B�����J$K���L,�/J [ �¢$K�����J&w,�D��K�%�J$K���o��&w��.U���B/�,��%��\	�J��I��	*=���6,=/�4X\
/1�	$5�j�����L��,�'-�	�n��*=�X����7¬&2�J���	��Gm,�D��R�%�B*6��'2���B��I���*=�	�6,¢*���3��L,����Z'2/¢�%�B/1��,Z�	*�*6�	����'-���	&-\	 
[ DL3^/�G	,%D��B/1�hI���*=�	�6,=/Q7¬'2&-&+����,U4+�h3�/%�J�W4L\5,�D��N/%���^�W��*=�5,%�=���^/1'-,%'2���tG	I��������J�L,%'2���e.u��&F/%�
��*=�X����7¬&2�J���	��$K���L,�/J 

[ D���,�7��K*=D���������&F/hºÓSh�h.c����$Ö���J*���'2���J�O,%��/%���������d�����}Sd]l�X'F*6�N���J��/��	»Q�����h/%'-$KI�&2')E
(��J�n�����=/%'-�	��/q��.m,%D���"i8�"i;Á4�3 U+�J��/NI����J/%���L,%�B�}'2�k�-����G��B]oÓ ^���X3�/1�B�@I����1,=/�D^�o����4+���J�
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data−chan in
^C2!(a)
nsb−(n),nsb+(m),db−(0,n,0),db+(a,n,1)
[0;inf]

data−chan out
^C2?(a)
nrb−(n),nrb+(m),db−(a,n,1),db+(0,n,0)
[0;inf]

send nak

C1!(1,y)
[1;3]

recv nak
C1?(1,x)

[1;5]

send data
C2!(x)

[1;3]

recv ack
C1?(0,x)

[1;5]

send ack
C1!(0,y)

[1;4]
recv
C2?(x)

[1;5]

ack−chan out
^C1?(a,b)
nr−(n),nr+(m),d−(a,b,n,1),d+(0,0,n,0)
[0;inf]

ack−chan in
^C1!(a,b)
ns−(n),ns+(m),d−(0,0,n,0),d+(a,b,n,1)
[0;inf]

last ack

{0..3}

next data

{0..3}

last send ack

{0..3}

last recv packet

{0..3}

x

b

b

a

b

b

3

b

x

a

b

a
x

0

a

y

a

a

0 y

b
b

b

b

a0
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����&2�6,��J�±G^,%D��5����,=��D�������&2'-���«'2/h/1'2$KI�&-'-(��B�@�����},%D��5*=D���������&x3^/1�lD^��/q4+���J�@�<VX,��������B�
7¬'),�D},%'2$K'-���¢�%�B/�,��%'F*P,�'-�	��/J ^"i'-�	3�����Ô0��3�/1,0/%D���7q/d.c�	3��q,�������/%'),�'-�	��/�G^7¬D�'F*=Dn*6���J��,%�e,�7��
/1�JI����=��,�����'-���54�3 U!���=/d7¬'-,%D�"w8�"g;b/%��$����L,�'2*J/������«*���$KI���,%'24�&-�0'2�L,%���%.u��*��N��.a,%�J�d��I�I�&2')E
*���,�'-�	�¢��.w,�D�� WJX Y0��I+���=��,�'-�	�tG������0��.x,%D���$ '2/¬/%D���7¬�Z'-�}"i'-�^ �Û� 

[ D���,�'-$K�K'2�	,���������&F/h���%�5��,1,=��*=D��B�},��¢�B��*=Dn*=D��������J&i�	I^�J����,%'2���tG!/%I^�B*6'-.c\L'2���}/%��$K�
$5'2��'2$���&U�����¿$��9V�'2$K��&Q���J&2�o\R�����B���J�R.c�	�e,%D��J/%�«��*6,%'2����/J [ D��«*=D^�������J&O,�������/1'-,%'2���^/
,%D��J$K/%��&-.±���0����,O*6�	�L,%��'-4�3�,%��,%�N,%D��q����&F�o\���3���,��h,�D���'2�O'2�L,%��������&X��.m� 
 ���{Ó [ D��¬����&F�o\�/
D��o���N4^�J���}*=D��L/1�J�Z���%4�'-,%�=����'2&-\5.c���d,�D�'F/¬�<V���$KI�&2��G����J/%3�&-,%'2���K'-�}�K���J&2�o\K.c�	�q/1�J����'2�����
I���*=�	�6,m4^��,�7U�J���K,�7��e������`N,�'-$K�¬3���'-,�/JG	�e*���$KI�&2�6,��q�%�	3����XE�,%��'2IC7¬'-,%D�I��	*=����,m/%���^��'-���
�����¿��*=�X����7¬&2�J������$K�J�	,h,������J/03�Ij,��{�o¹W,%'2$K��3���'-,�/e'2�R,%D��W*J��/%�K��.d���@����,=�Z&-�L/%/0'2�
4^��,�7U�J���t [ D��e7U�	��/1,q*���/%�e/%*��������%'2�K7¬'-&2&±,=�����0'2��(���'-,%�J&-\Z$����X\�,�'-$K�l3���'),=/�G��	/¬7��0���
����,¬,=�����0'2�L,%����*J*6��3��	,d.u��'-�����J/�/J 

X �m�\
��N�X��W�Z��
 JM
�V]�X�� X� �»S<�P���K�

8Y��,%D�'F/UI���I+����7U��D��o���qI��%�B/1�J�	,��J�K,�D���&F��,��J/1,Q.c�B��,%3��%�B/O��.±,�D��h�UMQ�¿,��X��&� [ D��B/1�N��&2&-��7
������'-(^*���,%'2������. [ '2$K��>�EÓ���6,=/h�����}�����Z.u�	*6'2&-'-,%'2�J/�.c���h$K�X����&2'2/���,�'-�	�}��.O��/%\X��*=D��������	3�/
&-'2����/e'2�#�}*6��$KI+�	/%'),�'-�	����&m7d�o\� t>@�����������J�JG+,�D�������D^����*���$K���L,�/�*6���L,��%'24�3�,��K,%�}���J����E
��4�'2&-'-,�\������WD�������'-���B/%/U��.±,�D����B��'-,%���B X>�E����6,�/UI������X'2���h�l���J�%\5I+��7U�J�1.c3�&+/1I+�J*�')(+*���,�'-�	�
.c����$K��&-'F/%$Z [ D��j�hv�Z×/%\�/�,���$ '-�^*6&23����J/Z/%��$K�@'2�	,������J/1,%'2���{.c�B��,%3��%�B/�GU3�/1'2���}��3^/�,��
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ack−chan out

((n#3)&(m=n+1))|((n=3)&(m=0))
^C1?(a,b)

[0;inf]

ack−chan in

((n#3)&(m=n+1))|((n=3)&(m=0))
^C1!(a,b)
[0;inf]

{0..3}

{0..1}X{0..3}X{0..3}X{0..1}

{0..3}

m
n

0

(0,0,n,0)

(a,b,n,1)

(a,b,n,1)

(0,0,n,0)

m
n

0
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ack−chan out*recv ack

data−chan out*recv

data−chan in*send data

ack−chan in*send nak

ack−chan in*send ack

ack−chan out*recv nak

{0..1} X {0..3} X {0..3} X {0..1}

{0..3}

{0..3}

{0..3} X {0..3} X {0..1}

last ack

{0..3}

next data

{0..3}

last send ack

{0..3}

last recv packet

{0..3}

{0..3}
{0..3}

(0,y,n,1)

(0,0,n,0)

(0,0,n,0)

(1,y,n,1)

(0,0,n,0)

(1,x,n,1)

(0,x,n,1)

(0,0,n,0)

m

m

n

n
0

m

n 0

(0,n,0)

(x,n,1)

(x,n,1)

(0,n,0) 0

x

bb

a

b
b

3

b xa

b
ax

0

y

a

a

a

b

b

y

b

a

b

0

m

m

n

n

0

m

n

0

[1;5]

[1;5]

[1;3]

[1;3]

[1;4]

[1;5]

0
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/1$���&2&O�X3�$C4^�J����.¬����,���&2��$K�J�	,=/� [ D���,%'2$K�W�<VX,�����/%'-�	�{I����J/%���L,%�B�j�)U+�J��/��}*6��$5.c�	�1,%E
��4�&2�0D�'-�	D�EÓ&-�J����&±I��%�	���=��$K$K'-���C'-�L,����%.u��*6�N.c�	�¬�%�B��&-E°,�'-$K�e/1\�/1,%�J$K/J 

yq��7������J�JGJ,%D��d�	/1\X��*=D��%�	����3�/w&2'-����/gD��o�	�U����,m\���,i4+���J�5'2�L,%�J���=��,%�B�l'2�L,%�0���	����\NI^���%,
��.±,%D���,��L�	&°GL7¬D�'F*=D«'F/QI�&2�������J��.c���������h��.±,%D��h���%VX,U���J��/%'2����/J [ D�'F/U7¬'-&2&!�%�J$5���	��/%��$K�
�%�B/�,��%'F*P,�'-�	��/d*63����%�J�L,%&2\W'-$KI+�	/%�J�Z���¢,%D��e3�/1�J�J 

[ '-$K�¬�g�6,��%'�����,�/O���%�d/1,%'2&-&�����,Q/%3�I�I+���%,%�J�C,�D��q/%��$K��7d�o\e&2'-�	���	����'-�����%\l�g��,%��'����6,=/� 
>}�	/1,h����,���4�&-\	G+�W,%'2$K�J�n/%'2$�3�&F��,����N'2/h$K'2/�/1'2���^ +"�3��1,�D����N7������¢7¬'2&-&g'2��*6&23����K��' U+�J�%�J�L,
,%'2$5�q/%��$����	,�'2*J/O���^�l,�'-$K��/%3�I�I+���%,m'-�K���	���KD�'2��D��J�O/1I+�J*�')(+*���,�'-�	�5*�����*���I�,=/�G�&-'2���qV�HNsO 
VX��$K�q.c3��1,�D�����'-�X�	�J/1,%'2�	��,�'-�	����.x*J��/%�h/1,%3���'2�J/U��.t���J��&)E�,%'2$K�h/%\�/�,���$�/�G	'-�^*6&23���'2����.c�	�%$���&
������'-(^*���,%'2���tGX'F/¬I�&F�������B�± 

�D�!]¥�!� �!
���>�

- x��CVIXOVIg���ktXOTfZng6l��YmsdW_/�C\bVI^b_Sr TWTWmnr 6�lumndWe��]Z]_SV wCRCmsj�6VId1x KH2���� !`K ZngOVaXOTHmsdpmDXOZ[Z]\Ww Zng
XOTWV4iVIgO^	�Wr6msXO^`Z]d�ZswQ0 - � !�_Sj�VIr@^	�Hr6m XO^bZndW_@x R7VIr TfdW^`r6mn\ gOV@j�ZngSX6l �Hmnr Tuv�VIgOV@^`r T � dfw ZngOkpm XO^D6�l
�UmsgO\7i]Z]dH2D_S_S^`VIX54J6�8:��dW^`iVIgO_S^qX<;msX_2D\befVIdhvfcfg5�hl - "="+�hx

2 x�Fax
�PVI_FX6l B x^�fg��msr746m+6�l^P%x^�Cx�DZnj�6u^`dW_@l�Nx�+\bmncWefV@\amsdHe F"xG�CV@\M4]x������������������! �" #$���
%�&  ('*),+.-/#0+1"/��2���"�3���� & -4�5�����76489-:�;+< ��= �>�>5" -�?@ ���-�'��=�A'B�;+C�D����E� ��C��-�?��F'*)D?@'��5?�G &7& ���H�> & '@# &  �EIEJ-:�.#K"L M�.#�GH N#$����O���rIX m � dfw ZngOkpm XO^br@mhl G�P.Q R:-�G0S$R�P�T x�0hjhgO^bd
�]VIg6l - "+" R x

G xU�Ymndf_^�C\`V@^`_Sr TfTHmnr 6NmndWeC�PThgO^b_FXO^bmsd(0uXOV@TfdWZhx��PZnk4jWchXO^bd
�DmQ�C^`dW^qXOV �$gOV���INZnwHmYRU^`k4V��CVIXSgO^�DVIX6x ��dWVMXY�UZ[3�\Dl 2 &+& 2 xPR7Z4msjWj�V6m g6x$fxU�Ymndf_��C\`V@^`_Sr TWTHmsrS6>mndHe]�]Zn_SVIw7RCmnj
6V@d1xL��d:K�!�dfVIXL_SV@kpmnd[XO^`r@_Lw ZngamYgOV6ms\ !/XO^`k4V�VJIuXOV@dW_S^`Znd
Znw_^�0 - � x ��d`�nZ]TWd �C^`X54J�]VIg ms\ e	l �P\`^ �1��xY�]Z]dfV@_@l$msdHe.�CVIXOVIgE�1cfr6mn_@l�V6eh^`XOZsgO_@l9a9�cbed f.g��V7�5h�G.�@� & -� i"
��>�>5" -�?@ ���-�'M�C�, ��jh�kC� & ���.#��;+C���5�lhWaY'�G.�5h� M��-�'��C�c'*)JaY' & Ee i"�`���;+H'Nh��Wm;3 & 'N?0On �;+cV7�H��"/OkHo�Ep>q'��@-:G.Er'*)paY' & Ee �"��`���;+H'NhM��b_G & '�>H��6Us &  Nt�69��Gq�@� & -� �6�k��u>j�u��E % � &�v f�f$g7w6l
iZ]\`cWk4V -�G:-�G lHjHm+�nV@_ - � 2xS1-xR - x 0hjfgO^`d
�]VIg !Ay VIgO\bm+�fl - "+" T xP x��PVIgOdHe ��g msTW\`kpmndfd1xeZz+C�c3�b
3{Z5'N'i"/O � d 2�gOdHm ��gOcfk�v�VIg5� > V6e	x F l��PZ]k4jfcfXOVIg3��^befV6eyLVIgO^	�Wr6msXO^`Z]d�l"iZn\bcfk4V -)2�P $ ZnwE�1V@r XOcfgOV �DZsXOV@_ ^`d �PZ]k4jfcfXOVIg�0ur@^`V@dWr@Vnl"jWj�x�$=$=& S $=$ G x0hjfgO^`d
�]VIg6l - "+" T x�hxU�YmndfdHm|�+\ mscHehV@\ x}3� &  ME]���u� & -/t0�@h!���~�l��> & ���@�@-�'���k���E� ��C��-�?��('*)D3� &  �":"/��"p3 & 'N?��lh�G & ���xO
- �Q��0$��0�� & 2 lhjWj�x - & PNS�- - $fx5�+\`c[oUVIgQ��r6m]ehV@k4^`r � cfvW\`^`_STWVIgO_@l 2 &+& 2 xT xU�YmndfdHme�+\bmncWefV@\9msdHe.�fg mndfrS6H�CZnk4k4VIgOV6msc1xz�U�@o��j?7+ & '��j'�G.�e" -:�.�M��-;�`�;+C��3��}X� ��5h,�����������O���0 �N� ��� "="hl�� ��� 0 -NT $ 2 lHjfj1x - "=& S 2 &=&hx 0hjfgO^`d
�]VIg6l - "+"="hxR x K mnr@^`V ]4�+ZncfXOd98[x � �PZ]k4j�Zn_S^qXO^bZndHms\ K ZuefVI\LZswaRU^`k4V1�CVIXSgO^ �DVIXO_@x � d K x �D^`V@\`_SV@d mndWe
- xL0h^`k4jW_SZnd1l�V@ef^qXOZngO_@l���>�>5" -�?@ ���-�'M�( ��5hBZz+H�@' & oW'~)43p��� & -�\��������q���i�sl7i]Z]\`cWk4V -NR 2iP Zsw� \IXkWlfjHm+�nV@_ G & GNS:G 2 2 x 0hjfgO^`d
�]VIg !Ay VIgO\bm+�fl 2 &+&=&ux"hx��$x=K VIgO\`^`d>msdHe - x+�HmsgOv�V g6x�P�V@rIZsi]VIg mnvf^b\`^qX 8NZsw �PZ]k4ktcWdf^br@msXO^`Z]dE�9gOZsXOZ[r@Z]\`_ S ��k4jW\`^`r6msXO^`ZndZnw�m�RUTWVIZngOVIXO^`r6ms\�0[XOcHe)8	x.V*b�b
b�Z &  ��C�� �?���-�'��C��'��Ik5'*)���8� & �4X
'�EJEIG.�C-�?7 M��-�'��C�Ol 2 $ Q - & G � S
- &+$ G l - " T �hx

- &hx+RUTWV��GF/��XOZ[Z]\ xHT[XSXOj Q ��� jHm gO_N8h_@x ^`dhw�ZngOkpm XO^M6	x cfdW^ !/Z]\befV@duvfcfg5�fx ehV �.� j�V@j
- - x �fg mndfrS6��CZ]k4k4VIgOV@mnc1x5a9V*a�� % G��U� & �4-:����-����� �GH?��NO �$gOZ[r]x�Znw - �_�/0.� 0�� &=&ulHjWj�x�" PNS�- &+$hx�+\bc[oPVIgQ��r6mnefV@k4^`r �9cWvf\b^`_STfVIgO_@l 2 &=&+&hx
-)2 x �fg mndfrS6a�CZ]k4k4V gOV6mnc�mndHeC�PTfgO^`_FXO^bmnd:0[XOV@TWdfZfx����N�`2 vfc��	VIgO_$^`d>TfZnX9XO^`V"_OmncWrIV]x�R7VIr TfdW^`r6mn\
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Æ ÇbÈ�ÉGÊÌË�Í¼ÎÏKÉÌÐoË�È

Ñ 40L V LQLDÒÓ6 Tx;¶E 6ÌY(ÔW3^LD40L VWÕ X 7GLÖX V0T 6G3^Y ; J�X 6 V 3�L Õ 6Ì×03 E LØ6 V 7GLQ3^XlÙ EQ; J�X 6 V J�6K6 FZÕ
4 ;GÕ(Ú LQL VÛ;GF 3�L ; ÒWÜÝ3�LOÞ2L E J�LDÒ Ú Ü Õ LQ7GLQ3 ;GF ÔA× Ú2F X EØÕ 6Ì×03 E L Õ?ß à0<�áK<5â�ã / Ñ 4WLQ3�L ; 3�L
Õ ÔÂL E X ;GF X äQLDÒåÒ ; J ;UÚ2;GÕ L ÕæE 6 VWE LQ3 V X V0çè> LQJ�3^X éxLQJ Õ¶ßqê�<5ë�ã 6G3íìæîï"ðo3^L FZ; J�LDÒåJ�6K6 FZÕ
ßdñ�ã /=IKLQL ;GFZÕ 6#J�40Lu1*òuéB1:ó ôõÔW3�6bM�L E J ßlöQ÷bã J�4 ; J¼X VWEQF ×WÒ0L Õ�E 6ÌY�Ô ; 3^X Õ 6 V 6 T 7GLQ35XlÙWð
EQ; J�X 6 V J�6K6 FZÕ /Åø 68ù�LQ7GLQ3 < Y(6 Õ J�6 T J�406 Õ L Õ 6Ì×03 E L Õ¼; XZY(LDÒ ; J7GLQ3^XlÙ EQ; J�X 6 V J�6�6 FúÕ X V
ç L V LQ3 ;GFH<U; 3�L V 6GJ±ù�L FZF ð Õ J�3^× E J�×03�LDÒ ;GV ÒûÒAXlü E × F J�J�6�Y ; X V J ; X V / Ñ 40L Õ L¼Ò ; J ;UÚA;GÕ L Õ
6 T J�L V Ò06 V 6GJ Õ ×0ÔAÔ"6G3^J*J�40Lû× Õ LQ3 X VýE 406K6 Õ X VWç J�40L Ú L Õ J*J�6�6 F-;GEQE 6G3^ÒWX V0ç J�6ØJ�40L
× Õ LQ3Dþ Õ+V LQLDÒ Õ#ÿ J�40LB6 VWF ÜÖL�� E LQÔWJ�XZ6 V X Õ#ßdë�ã�� /"ò V LBY¾× Õ J Ú 3�6�ù Õ LBJ�403^6Ì× ç 4 ;GFZF J�40L
J�6�6 FZÕ�;GV Ò EQ; 3�L T × FZF Ü 3�L ; ÒýJ�40LX V0T 6 ;UÚ 6Ì×0J�L ;GE 4¶6 T J�40LDY /��ý6G3�LQ687GLQ3 <�Õ 6ÌY(Lû6 T
J�40L+Ò ; J ;UÚA;GÕ L ÕQ<�F X PGL ßlöU<���ão<Ì; 3�L+3 ; J�40LQ3 Ú LD4WX V Ò#J�40L+J�XúY(L Õ /	�{J ç 6KL Õ ùxX J�4¾J�40L T�;GE J
J�4 ; JxJ�40LûÒ0LQ7GL F 6GÔAY(L V J X V J�4WX Õ*; 3^L ; X Õ 7GLQ3^Ü T�;GÕ J ;GV Ò J�40LQ3�L T 6G3�L¾X JxX Õ ÒAXlü E × F J
J�6�PGLQLQÔ?J�40LûX V0T 6G3^Y ; J�X 6 V ×0Ô0ðoJ�6Uð¸Ò ; J�LG/


�� øBò R � ß��ã X Õ¿; ÔA3�6bM`L E J¾J�4 ; J ; XZY Õû; Jû6�7GLQ3 E 6ÌY�X V0çS; J F L ;GÕ J Õ 6ÌY(LÖ6 T
J�40L#ÔW3�6 Ú2F LDY Õ Y(L V J�X 6 V LDÒ ;UÚ 6�7GLG/�
���øBò R � X Õx; ù�L Úý; ÔWÔ F X EQ; J�X 6 VíÚA;GÕ LDÒ?6 V
; 3�L FZ; J�X 6 VA;GF Ò ; J ;UÚA;GÕ LG/��{J X Õ J�40L#J�6K6 F ÒWLQ7GL F 6GÔÂLQ3 <WV 6GJxJ�4WL�
�� øBò R � ; ÒAY�X V ð
X Õ J�3 ; J�6G3 < ùx406Y ; X V J ; X VWÕ J�40LBX V0T 6G3^Y ; J�XZ6 Væ;UÚ 6Ì×0J�J�40L J�6K6 F 7=X ;¿;GVí; ×0J�406G35X äQLDÒ
ù¼L Ú ;GEQE L Õ�Õ /�� LB406GÔÂL J�4WX Õ X Õ J�40L�Y�6 Õ J¼L��ÂL E J�X 7GLBù ; ÜÖ6 T Ù ç 4�J�X V0ç J�40L�X VW;GEQE ×=ð
3 ;GE ÜG/ Ñ 40LX V0T 6G3^Y ; J�X 6 V X V J�40L(Ò ; J ;UÚA;GÕ LX Õ�Õ J�3^× E J�×03�LDÒ ;GV Ò¶J�4K× ÕB;GFZF 6�ù Õ J�40L

�� øBò R �'× Õ LQ3*Y�6G3�LuÞAL��0X ÚAF L Õ L ; 3 E 4 T 6G3xÒWL Õ X 3�LDÒØX V0T 6G3^Y ; J�X 6 V /��:J*J�4WL Õ^; Y(L
J�XZY(L < 
���øuò R �'ÔW3�687=XZÒ0L ÕxÕ 6ÌY(L ÚA;GÕ X E J ; �K6 V 6ÌYûÜG/
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� V J�4AX�����L E J�X 6 V�< ù¼L¿ÒWL�� E 3^X Ú L�J�40L���J�3^× E J�×03�LB6 T Ò ; J ;UÚA; ��Lû3�L E 6G3^Ò��Q/
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