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ARTICLE INFOD ABSTRACT

Article history: One of thedesired properties of distributed systems is self-adaptability against faults. Seli-
Received 21 November 2008 stabilizing protocols provide autonomous recovery from any finite number of transient
Received in revised form 1 Ocrober 2009 Faults. However, in practice, catastrophic Faults rarely occur, while small-scale faults are maore

Accepeed 4 Ociober 2008 likely to nccur, Fault-containing sell-stabilizing protocols promise not only self-stabilization

but also centainment of the effect of small-scale faules, Le., they promise quick recovery and
small effect for small-scale faults, Hierarchical composition of sell-5-abilizing protocols is

:‘:ﬂi’:‘d Histda expected D ease the design of new sell-stabilizing protocols. However existing composition
Pault ml"ﬂ':: techniques for self-stabilizing protocols cannot preserve the fault-comtainment property of
self-adapability source protocols, In this paper, we propose a novel timer-based hie archical composition
SelF-stabilization of Tault-containing sell-stabilizing protocols that preserves the fault-sontainment property
Faulr-containment of source protocols. To Implement timers, we propose a local neighborimood synchronizer that
Hierarchical composition synchronizes limited number of processes during a short time after a fault without invalving
Timer the entire nerwork into the synchronization, The proposed compositios technique facilitates
Synchranizer the desigmof new fault-containing self-stabilizing protocols and enha jces the reusability of

exisring faulr-conraining self-stabilizing protocols.
© 2009 Elsevier Irc. All rights reserved.

1. Intreduction

A distributed system consists of processes communicating with each other by communication links. It is expected to add
useful properties to distributed systems, e.g., perfornance, availability, and scalability. Large scale networks that consist of a
large number of processes have became popular such as the Internet and peer-to-peer networks. As the mumber of processes
in a distributed system grows, the distributed system becomes maore prone to faults. The effect of faults may spread over the
entire network due to the communication among processes and the whole system may be disrupted. This is the reason why
fault-tolerance is the major concern when we design distributed systems,

Self-stabilization provides autonomaous adaptability against any finite number of transient fauls (e.g.. memory crash at pro-
cesses ) Starting from an arbitrary initial configuration, a self-stabilizing protocol converges to a legitimate configuration
where the protocol satisfies its specification. A self-stabilizing protocol guarantees autonomous adaptatslity by considering
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Self-stabilizing Protocols
MASUZAWA Toshimitsu and KAKUGAWA Hirotsugu

(Graduate School of Information Science and Technology)

Introduction

Large scale distributed systems have been developed recently.
As the number of processes in a distributed system grows,
the distributed system becomes more prone to faults. Self-
stabilization [1] provides autonomous adaptability to any finite
number and any kind of transient faults (e.g., memory soft error
at processes). Even when a distributed system is corrupted by
transient faults and gets into an unexpected configuration, a self-
stabilizing system can autonomously recover its desired behav-
ior without any external intervention. Although self-stabiliza-
tion promises autonomous adaptability to any scale of transient
faults, the adaptability to small scale faults is more important
in practice. This is because catastrophic faults rarely occur in
practical environments and small scale faults are more likely to
occur. Nevertheless, self-stabilization promises nothing during
the recovery and the effect of small scale faults can spread over
the entire network. A self-stabilizing system can be contamin-
ated entirely even by small scale faults while we expect that the
system can recover quickly with small effect from small scale
faults.

A fault-containing self-stabilizing protocol [2] promises self-
stabilization against large scale faults and fault-containment
against small scale faults (Figure 1). Starting from any config-
uration corrupted by f processes or less, an f-fault-containing
protocol reaches a legitimate configuration with small effect
and in short time, i.e., both the recovery time and the number of
processes affected by the faults are proportional to f or less. So,
the fault-containment property improves the adaptability of self-
stabilization to small scale faults.
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protocols, the output of one protocol (called the lower protocol)
is used as the input to the other (called the upper protocol), and
the obtained protocol provides the output of the upper protocol
for the input to the lower protocol.

Hierarchical composition of protocols is commonly used to
relieve the difficulty in designing self-stabilizing protocols. Dif-
ferent from composition of classical (or non-self-stabilizing)
protocols, protocol composition based on sequential execution
of protocols is impossible for self-stabilizing protocols. Instead,
the adaptability to any configuration of self-stabilizing protocols
allows us to composite protocols based on parallel execution of
protocols. However, the composition technique cannot preserve
the fault-containment property of the source protocols. This is
because the parallel execution of the source protocols allows
the upper protocol to execute its actions before stabilization of
the lower protocol, that is, the upper protocol can work on an
incorrect intermediate output of the lower protocol (Figure 2).
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Containment-preserving composition of

self-stabilizing protocols

In this paper, we propose, as a novel composition technique
of fault-containing self-stabilizing protocols, a containment-
preserving composition technique, RWFC-LNS (Recovery
Waiting Fault-containing Composition with the Local Neighbor-
hood Synchronizer). The composition technique follows a gen-
eral strategy, RWFC strategy, which was previously proposed
by the authors [3]. The RWFC strategy realizes containment-
preserving composition of self-stabilizing protocols by forcing
the upper protocol to stop its execution until the lower protocol
completes the recovery from a faulty configuration. This strat-
egy guarantees that the upper protocol always works on the cor-
rect input from the lower protocol. Therefore, the upper protocol
can recover from a faulty configuration with keeping its fault-
containment property. The key to implementation of the RWCF
strategy is how the waiting at the upper protocol is realized. In
the RWFC-LNS technique, the waiting at the upper protocol is

AReprinted from Information Sciences, 180, Yukiko Yamauchi et al., Timerbased composition of fault-containing self-stabilizing

. . o L . Hierarchical composition of protocols facilitates the design  reglized using a synchronized timer at each process. Since we
protocols, 1802-1816, Copyright(2010), with permission from Elsevier.

of new protocols. In hierarchical composition of two (or more)  .onsider asynchronous systems, we design self-stabilizing syn-
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chronization protocol for the composition.

Before presenting the RWFC-LNS technique, we give the
definitions of an f-fault-containing protocol and the measures
for the fault-containment property. A configuration is f-faulty
configuration if a legitimate configuration can be obtained by
changing the states of f processes. To measure the containment
property in recovery from f-faulty configurations, the recovery
time and the contamination radius are considered. The recovery
time is the time required to reach a legitimate configuration
and the contamination radius is the maximum distance to a
contaminated process from its nearest faulty process, where a
contaminated process is the process that changes its state during
the recovery. A self-stabilizing protocol is f-fault-containing if
the recovery time and the contamination radius for any f-faulty
configuration depend on f (not the total number of processes).

We show the outline of the RWFC-LNS technique for the
composition of two self-stabilizing fault-containing protocols
P1 and P2. In the following, let P1 be an fl-fault-containing
protocol with recovery time rl and the contamination radius cl,
and P2 be an f2-fault-containing protocol with recovery time
r2 and the contamination radius c¢2. As described below, the
RWEFC-LNS technique generates an f’-fault containing protocol
composed from P1 and P2 where f’= min{f1, {2}.

Starting from an f’-faulty configuration, a process finding
inconsistency in P1 or P2 initiates a self-stabilizing local neigh-
borhood synchronizer. The local neighborhood synchronizer
can synchronize timers at processes in the neighborhood of
the initiator. Using the synchronized timer, each process in the
contamination radius of P1 and P2 first executes only P1 for rl
rounds (with stopping its execution of P2). Note that if a faulty
process p has a correct process q as its neighbor, p or q can find
the inconsistency between them in P1 or P2. During the first
rl rounds (or the recovery time of P1 for fl-faulty configura-
tions (f1>f")), these processes execute only P1, and P1 reaches
a legitimate configuration. After that, these processes start their
execution of P2 on the correct input from P1. These processes
execute only P2 for the 12 rounds (or the recovery time of P2 for
f2-faulty configurations (f2>£")). Figure 3 illustrates the outline
of the RWFC-LNS strategy.
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The features of the local neighborhood synchronizer are sum-
marized as follows. Once initiated, the local neighborhood
synchronizer makes the processes within the distance max{cl,
c2}+min{fl, f2}+1 set their timer values to r1+r2 and then de-
crease the values one by one. The decrement of the timer values
is executed in a synchronized fashion; the processes keep dif-
ference of timer values between neighboring processes at most

one. Even when started from any configuration, the self-sta-
bilizing synchronizer reaches a legitimate configuration (where
timer values are synchronously decreased) in O(r1+12) rounds.

From the above, given an fl-fault-containing protocol P1 and
an f2-fault-containing protocol P2, RWFC-LNS provides a
min{f1, f2}-fault-containing protocol. The contamination radius
of the obtained protocol is O(max{cl, c2}+min{fl, f2}). The
recovery time of the obtained protocol is O(r1+ r2).

Conclusions

We proposed a novel timer-based fault-containing compos-
ition technique RWFC-LNS for fault-containing self-stabilizing
protocols that guarantees containment of the effect of faults
during the recovery. The proposed composition technique facili-
tates the design of new fault-containing protocols and enhances
reusability of existing fault-containing protocols, which reduces
the burden of protocol designers.

The RWFC-LNS technique utilizes the temporal containment
property of fault-containing protocols while the previous tech-
nique proposed by the authors [3] utilizes the spatial contain-
ment. To implement the timers at processes, we designed a local
neighborhood synchronizer.

One of the most important applications of the proposed meth-
od is ring embedding in an arbitrary network. Ring is one of the
most investigated networks in distributed computing and many
fault-containing protocols have been designed for rings. The au-
thors [4] proposed a ring embedding on an arbitrary rooted tree
that preserves fault-containment property of protocols executed
on the embedded ring. We can execute fault-containing proto-
cols designed for rings on an arbitrary network by composing
the ring embedding and fault-containing spanning tree construc-
tion by the proposed composition technique.
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Direct visualization of secondary structures of
F-actin by electron cryomicroscopy

Takashi Fujii’, Atsuko H. Twane', Toshio Tanagida' & Keiichi Namba'

F-actin is a helical assembly of actin, whech is a component of
muscle fibres essential for contraction and has a crecial role in
numerous cellular processes, such as the formation of lamellipodia
and filopodia®, as the most abundant component and regulator of
cytoskeletons by dynamic assembly and disassembly (from Gractin
to F-actin and vice versa), Actin is & ubiguitous protein and is
involved in important biological functions, but the definitive
high-resalution structure of F-actin remains unknown, Although
a recent atomic model well reproduced X-ray fibre diffraction
intensity data from a highly oriented liqaid-crystalline sal spe-
cimen’, its refinement withoul experimental phase information
has certain limitations. Direct visualization of the structure by
electron cryomicroscopy, however, has been difficult because it is
relatively thin and flexible. Here we report the F-actin structure at
6.6 A resolution, made obtainable by recent advances in electron
cryomicroscopy. The density map chearly resolves all the secondary
structures of G-actin, such as a-helices, l-stroctures and loops, and
makes unambiguous modelling and refinement possible. Complex
domain motions that open the nucleotide-binding pocket on F-
actin formation, specific D-loop and terminal conformations,
and relatively tight axial bul markedly loose interprotofilament
interactions hydrophilic in nature are revealed in the F-actin
misdel, and all seem to be importani for dynamic fancthons of actin.

Many of the atomic models of F-actin proposed over the years™* were
obtzined by maximiring the agreement between experirmental intensities
of X-ray fibre diffraction and those calculated from a modd. However,
e the diffractiom patterns are L'-,-ﬂ-nduiallr nLn.ul.;nj Jhl”j:n:r |- i
are broadened In an asc owing be the finite disorientation. it b extremedy
difficult to obtain individual Fourier=Ressel components of the strocture
factors for three-dimensional (3[¥) density reconstruction. That is why
these analyses have been done by building many models, caloulating
layer-line intensities and maximizing the agreement between observed
and calculated intensities bo find a best possible model, except in one case
with tobacon mosaic virus®, Therefore, there is always some concern asto
whether or not such models are unique.

Technical advances in the electron cryomicroscopy (cryoEM) and
image analysis of frozen hydrated specimens in recent years have
allowed the structural analysis of helical assemblies of biclogical
macromolecules. such as the bacterial Aagetlar filament, at near-atomic
resclution by aligning and sveraging tens of thousands of malecular
Images using helical symmetry’ *. CryoEM image analyses of F-actin
have also been carried out but only up to 13 A resolution™, so the
atomic model (4 of kmited accuracy in studving the mechanisms of
actin polymerization and depolymerization. Because F-actin is a flex-
ible, ribbon-like Alament with a diameter of 100 A and a mass-
per-length of 1.5 kDa A ™", the image contrast of frozen hydrated speci-
mens is markedly lower than that of thicker tubular structures of the
flagellar filament (2304, 11.0kDa A"} and tobacco mossic virns
{(180A, 126kDa A "), making accurate image alignment and high-
resclution analysis extremely difficult. However, recent technical
adwances” have allowed us to obtain a 3D density map of skeletal
muscle F-actin at 6.6 A resclution

Key to this is our we of an in-column Q-type energy filter and
charge-couple-device (COCD) camera as well as a field-emission gun
and a liquid-helium-cooled specimen stage. A remarkable - 5-fold gain
in contrast has been achieved by enerpy filtering, controlling ice thick-
ness and using a specimen temperature of 50 K instead of 4 K (ref. 11).
We can now sec the two-stranded helical features of F-actin even at
small defocus levels (Fig. 12), The CCD camera made the collections of
high-quality images far more efficient, but to avoid undesirable removal
of high-resolution contrast by its poor modulation transfer function™
we used a magnification of 172,000 = (0.87 A per pixel). We colbected
490 such high-guality images in two days. We used a single- particle
image analysis method wsing helical symmetry'™"". Because we fully
automated the whobe procedure including corrections for the contrast
transfer function, the image analysis wis completed within two days.
The helical symmetry and the axial repeat distance were refined in the
iterative process of image analysis and converged to a subunit rotation
of — 166,67, corresponding to a helical symmetry of between 28713 and
1356 (suburdts'turn), and an axal repeat of 27,6 A. The resolution was
6.6 A ata Fourier shell correlation of 0.143 (ref. 14; Supplementary Figs
1 and 2). Layer lines are visible out 10 6.8 A in the power spectrum of the
D reconstruction (Fig. 1 see also Supplementary Fig. 3 The variance
map shows the reliability of the density map as well as the rigid helical
backbone of the filament [Supplementary Fig. 4)

Because the resolution was better than that needed 1o bdentify indi-
vidual secondary structures of actin, including loops and an extended
amino-terminal chain previously unresolved in the crystal structare
:'Ilg 2 and }:up;dm'urn:aq- Mawvie 1), we were shle to bulld a h:gﬁly
refiable atomic model of F-actin, The sitvation is analogous to protein
crystallography at 3 A resolution, where side chains can be identified
and used to build a reliable stomic model. Although the flexibility of F
actin, especially in its helical order, has been debated over the years™,
the high-resolution mag otained by wsing over %7% of the collected
images indicates that F-actin s not so flexible. Multireference align-
ment with reference 30 volumes of F-actin with different helical sym-
metries produced a narrow angular distribution (Fig. le), indicating
that the twisting variability by thermal motion is bess than ~1". This
also demonstrates the imporance of careful cryospecimen preparation
with an automated vitrification device [Methods).

To build a reliable atomic model of F-actin, we used FlexEM™,
which refines the atomic model by fitting it into the dectron micro-
scopy map by simulated annealing molecular dynamics with stereo-
chemical and non-bonded interaction terms restrained. We used the
crystal structure of uncomplexed actin' {Protein Data Bank 1D, 1[62)
as the model representing G-actin and divided it into four domains
{Fig. 3). which have been conventionally named subdomains'™, Wee call
them domains because domains 1, 3 and 4 have well-defined hydro-
phobic cores and behave as rigid, independent units on confiorma-
tional change from G-actin™ to F-actin (Fig, 3a), as indicated by the
small root-mecan-squared displacements of Ca atoms (Supplementary
Tabde 1). This in tum ensures the correctness and reliability of the
present F-actin model. The model and the refinement process are
shawn in Fig 2 and Supplementary Movie 2, respectively
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