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Institute for New Generation Computer Technology (ICOT) is the research center of the Fifth Genera-
tion Computer Project in Japan. ICOT has developed and applied its knowledge processing technologies
based on logic programming into such things as a parallel computer, PIM: a database management system,
Kappa; a deductive and object oriented database language, Quixote: and various knowledge processing
tools. In order to evaluate the effectiveness of our technologies, we developed genome analysis software
such as protein sequence analysis programs, a protein folding simulator and an integrated protein knowl-

edge base.

1 Introduction

The Fifth Generation Computer Systems project
(FGCS project) started in 1982 as an eleven-year
project supporied by Ministry of Internalional
Trade and Industry. The purpose of this project
15 to d’E“-'t]DFI inffa_ﬁ-l.l'ilﬂt.un:s foop kngw]gdge infor-
mation processing in the 1990s. Though com-
pulers have hecome smaller and become fuster,
serions limitotions are still felt when develop-
ing knowiedge information processing systems
(KIPS). To develop an infrastructure for KIPS,
a wide range of basic research into hardware, ha-
sic soltware, and knowledge processing techniques
and the like 15 needed. Institute fur Now Genera-
tiom Cumnputer Technology (1COT) is the center
for researcl in the FGCS projeet. 10O has de-
veleped knowledge processing technologies based
on logic programming such as a parallel com-
puter, PIM: a logic programming language, KT1.1;
a parallel aperating system, PIMOS; and various
knowledge processing support tools. We applied
these technologics to the feld of molecular biol-
ogy to show the effectivencss of logic program-
ming and parallel inference,

In Zection Two, overview of FGCS project and
the architecture of PIM are introduced. Tn Sec
tions Three and Four, a parallel protein sequence
analysis progran and a parallel prolein folding
stmulator are introduced, In Section Five, the
knowledge representation language Quixote and

its application to biological databases are intre-
d.LI'CEfr.

2 Overview of FGCS

Project and PIM

There are various approaches Lo realize KIPS. A
significant feature of the FGCS project is that
“predicate logic" is adopted as the underlying
principle because predicate logie s a convenient
tool for formalizing human knowledge processing
and human reasoning. ‘L'he machine languages
of our computers are based on predicate logic.
Therefore, we call our compulers “inference ma-
chines”, :

In the first stage of the FGCS project (1982-
1984), [COT developed o sequential inference
machine P51, a logic programming language
ESP and an operating system SIMPOS. Using
these tools, ICOT developed knowledge process-
ing technologies based on logic programming.

In the intermediate stage (1985-1088), ICOT
has developed an experimental parallel inference
machine Multi-FSI, a paralle] logic programming
language KL1 and a paraliel operaling system PI-
MOS. A Multi-PSI has 64 processing elements
(IEs), each of which consists of a processor, a
local memory and a communication unit.

In the final stage (1989-1092), we developed
five tnoalels of the parallel inference machine



- PIM/m, PIM/p, PIM/k, PIM/c and PIM/i
[1]. They employ different hardware technolo-
gies. Figure 1 shows the architecture of PIM/m.
PIM/m is composed of 236 PEs with the PEs
connected in a two dimensional network.
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tigure 1: Architecture of PIM/m

In addition to the parallel operating svstem,
PIMOS, a database management system, Kappa,
fllll.] kl'lﬁ'ﬁ‘lf'!flgﬂ r'."iH"‘?h‘Si]lL‘. :H(?I!- 'iI.H.'.II Aas l!]L‘-
arem prover, & constraint solver and a knowl-
edge representation language have been devel-
aped on PIMs (Figore ?.:I To show Lhe elfectjve
ness of these technologies, the genetic informa-
tion processing group (M. [shikawsa, M. Hirosawa,
M. Hoshida, T Toya, K Onizuky and H Tanaka)
developed a parallel multiple sequence aligner, a
paralle!l protein folding simulator and experimen-
tal protoin knowledge bases.

3 Protein Sequence Aligner

We have developed a multiple alignment system
for protein sequence analysis on PIM {2]. The
system consists of two components: a paralle! it
erative aligner and an intelligent refinee[3]. The
aligner uses a parallel iterative search for align-
ing protein sequences. The refiner uses condition-
actton rules for refining multiple sequence align-
ments given by the aligner,
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Figure 2: Organization of prototype system

3.1 Parallel iterative aligner

We developed o parallel dfleralive aligner in order
to improve the quality of antomatic mulliple se-
quence slignment. The algonithm of this parallel
iteralive aligner 15 based on the Berger-Munson
algorithm.  Firstly, we introduce Lhe B-M algo-
rithm, and then we explain the parallel iterative
aligner.

The B-M algorithm features a novel random-
ized iteralive stralegy so as to generate a high-
score multiple sequence alignnent (Figure 3). 14
works by randomly dividing the initially aligned
sequences into two groups, By fixing the align-
ment of sequence members within each group,
we can optimize the alignment hetween the
groups, using two-dimensional dynamic program-
ming {DP). The resultant alignment, in turn, is
the starting point for the next alignment of a
different pair of groups. Each iteration that im-
proves the alignment between any twe sequence
groups will also improve the global alignment.

T'hes iterative strategy often results in much
Letler multiple alignments than those obtained
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Figure 4. Parallel B-M algorithm

by conventional algorithmes.  In Figure 5, (k)
shows the performance when this B-M a.IgnriLhm
is applied to seven sequences. Lines {1 1), (h-2)
and ({b-3) are different in respect to random num-
bers. The quality of the results is superior to thal
oltained by 2 conventional tree-based algorithm,
which is shown as herizontal line (x). However,
the B-M algorithm needs large amounts of time
as the number of sequences grows.

We can reduce Lhe execution time when a par-
alle] wachine is availahle, Figure 4 shows the al-
gorithm of our parallel iterative aligner. Every
possible partitioning into two groups of aligned
SRUETIOES G e rt"_%;]El:ti\fEl}' evaluated b}' Lwo-
dimensinnal DF in a parallel way. In each iler-
ation, the evaluation is executed in parallel and
the alignment which has the best score is selected
as the starting point for the next iteration. The
perfarmance of this method is shown as line {c}
i Figure 3, This shows that the parallel itera-
tive aligner performs better than the original B-M
methad in terms of execution time.

Furthermaore, we have developed an effective
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Figure 5 Performance comparison

heuristic search, the restricied pertilioning tech-
nigue. Applying the iterative sirolegy, we real-
ized that the number of sequences i the divided
Broupy 5 ij'[]tlfl]tﬁ.l'lt. As pﬂ.r[.j[.iﬂlﬂing divides N
sequences into & sequences and N — & sequences,
a smaller k tends to provide o larger improvement
when using two-dimensional D, The restricted
partitioning technique preferentially sefects par-
titionings which have a small k& such as one or
two, U'his can restrict Lhe scarch space and reduce
Lhe execulion time remarkably, Parallel iterative
aligners with this technique can manage more s
quences at the same Line than those without.

3.2 TIntelligent refiner

The objective of multiple sequence alignment is to
identify the biologically important partions of se-
quences. However, an alignment with an optimal
geare is not necessarily the best alignment for the
purpose. The intelligent refiner iteratively refines
the alignment produced by the aligner and gradu-
ally identifies the biologically important portions.

Alignment experts refine alignment by using
their alignment know-how and knowledge on bial-
ogy. We interviewed cxperts and extracted their
koo liow anid knowledge. Then, based on this



extrasted information, we implemented an initial
version of the intelligent refiner.

The overall framework of the intelligent refiner
is shown in Figure 6. The control module itera-
tively modifies the alignment by calling rules (rep-
resented using KL1) stored in the refinement rule
base and produoces a biologieally optimal align-
ment, The refinement rules consult with brologe-
cal knowledge base whenever necessary.

Coniral Module

lul I-uu

Refinement Rule Base

J:nnﬂull

Biclogical Knowledge Baso

Figure 6 Framework of Intelligent Tlefiner

4 Protein Folding Simulator

Felding simulation s a research topic that has fas-
cinated hundreds of theoretical bio-chemists for
a quarter of o century, The molecular dynamae
method is, theoratically, able to solve folding sim-
ulation prablem. L'he method precisely simulates
the movement of each alom driven by kinetic
forees. ITowever, it I'Pf|lli|_135 such |1ug|: anounls of
computational time that aztual folding simulation
problems cannot be solved (it can simulate pico-
second movements of o prolein whereas the whele
folding process takes a few seconds or more]. Tu
make the computational time tractable, we have
to seek effective approximation methods,

We iutroduced a water-counting model Lo ap-
prosimate folding simulation concisely and to
[ormulate lolding simulation as an optimization
problem based on the model [4). The water-
counting model employs a latlice representation
for protein and water.

The maim chamn of an amino acid serves Lo

connect adjacent amino acid. The relative loca-
Lion between two adjacent amino acids is like the
move that a knight in chess makes, but on a 3
dimensional [attice (Figure T), (£3,£1,£1). Ev-
ery main chain of amino acid occupies 27 (= 3%)
lattice cells.

LY

Figure 7: Representation of a part of protein:
main chains(shaded) and side chains(unshaded)

The cnergy of states is a function of hodrophe-
hicity and nurnbers of adjacent cells occupied by
other amine acid. The cnorgy can be reduced
Both by increasing the amount of water around
the hydrephilte amino acid and by reducing the
amount of water around the hydrophobie amino
acud. “The manimization of energy lias the effect of
inviting hydrophobie amine acids toward the cen-
ter of the protein where there is less water and to
oust hydraphilic mmnino acids to the surface of the
protein where water is ahundant.

As a trapsition from one state to another, we
introduce two classes of transition - rotational
transition and translational transition {Figure §).

After o now slate s ereated by the transilion
seleciad, a collision check @ executed, I in the
next possible state, there is no multiply occu-
pancy of any lattice cell by different parte of the
protein, this state is acceprable, Otherwise, the
stale is discarded and new transitions are tested
until same that is accepted is found.

We formulated folding simulation as the prob-
lem to search for the minimum energy in a so-
lution space. We emploved temperature paral-
lel simuiated amnealing as an algorithm to find
a global aptimal solution. Temperature pacallel



facused aming aoid

Figure & Rotational transition (left) and Trans-
lational transition (right)

simulated anpealing is an algorithm that can cir-
curnvent a schedubing preblem of simulated an-
nealing (5A), by introducing the concept of par-
allelism in temperature.

The outline of the algorithm is as follows. Each
processor maintains one solution and performs
the a:mcal]ng process m]murrer:tly at a consfani
termnperature that differs between processors. Al
ter every k annealing steps, cach pair of proces-
sors with adjacent temperatures performs a prod-
abilistic exchange of solutions (Figure 9}

The prebability has Leen defined such that so-
luticms with lower energy tend to be at lower tem-
peratures. Hence, the solution at the lowest Lem-
peralure is expected to be the best solution so
far, The coaling schedule is invisibly embedded
in the parallel execution,

5 Biological Database

In this section, we briefly mtroduce the effec
tiveness of knowledge represeptation language
Quixate{i] in representing biclogical knowledge,
as well as the efficiency of the paratlel nested e
lational DEMS Kappa-P [T}, and the plan for a
privately integrated knowledge base[5].

When we Lhink of the analysis of the relation-
ship mimong protein sequences, stroctures, and
functions, for example, & protein knowledge basc
to help it should contaim al least existing pub-
lic protein databases (PIR, PDB, Probite, ELI:'..},
private databases of experiments, and their cross-
references.
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b ko a cooling schedule for the
! K sequential simulated annealing
Tz Ks
) e
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Figure 9: Temperature Paralle]l SA

Moregver, we have to develap the way to repre-
sent and utilize data of structures and functions,
and biological knowledge to define similanty of
structures and (unctions. It i also important
to distinguish public knewledge and personal hy-
potheses in a knowledge base.

In our system, existing databases are stored ef-
ficiently in Kappa-P, while other deseriptions are
represented in Quixote, Here are small examples
of 'motif" representation in Quixate,

Examples in Quwixely

(1} zinc_finger /

[furceion="nucleic acid=binding structure"};;
(2} zine Tinger / [patzern = Y1;;
{2} zimg _finger [subname = X] ¢ [parrerm = ¥]::
{3} zinc_finger [functies = "eaception_1”] J [...1::

As shown above, we can write several attributes
separately (see (1) and (2)). The abject terms
{the left-hand side of '/") are regarded as object
identifiers and the properties written in the right-
hand side of 2" are collected. We can also add
properties in object identifiers {see (2) and (27)).

— § e



The chject (2"} inherits property ‘function’ in (1)
according to their implicit order. These facili-
ties are suitable to write knowledge briefly and
to cateh up up-to-date knowledge. Moreover, ex-
ceptions are represented as (3). (2°) only shows
the scheme of the object. The facts for (27) are
as follows.

PraSite 19 zinc Ainger motif

zine_finger[subname="C2H2"] /
[pattern="C=x{2, 4}-G-z(12)-H-%{3,5}-R"1.;
zine_finger [subnamasCancs") /
[pattern="C=x=H~x-[LIVAFY]-C-x{2}-C- [LTVH]"] :;
rinc_finger[subname="GATA"]} /
[pattern="C-z-F-C-x{4}-T-x-L-W-K-R-z{3)-G-x(3}-
C-E-a-C0]
zine_finger[subname="Foly (ADF-1i tose) polymerase”]
[pattern="C-K-x-C-x-[EG] -2 {3} -K-x{3)-R-x(16,18) -
W=[rH] - H-x(23-C"] ;.

Funetions are represented as follows. We have
to provide a content retrieval facility, though it is
nol implemented vet.

zine hnger matil [functions)

(1) zinc_finger / [functisn="'Timc finger® domains
[1=5] ars nucleic acid-binding protein structures

firat idantified in the Xenopus transeriptiem facter

TFL1Ia4. These domains have since been found in

pumersus nocleic acid=Linding proteins...."J;;
{2} reference [id="TWXL3"“, me=1] f
[keywardas = {, .. ..},
suthorss = {"Ginsberg & H.", ...},
jourmal = “Cell (18984} 39:475-485",

abatract = " v T

G Conclusion

In this paper, T gave an overview of TGOS tech-
nologies and their application to molecular bial-
ogy. By using PIM/ i, we were able to olitain
high performance, and we were able to use com-
putational models, such as parailel simulated an-
nealing, whick can't be employed on sequential
comnpulers. By using Kappa and Quixote, we
showed that these are useful tools for developing
untfied biclogical databescs.

1COT started to develop Lhe KL language pro-
eessor om bhe UNIX system. Therefore, our saft-
ware tools will be available on UNIX machines
next year.
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