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Q-Chem: Quantum Chemistry Software for Large Systems
Peter M.W. Gill

Q-Chem, Inc.
Four Triangle Drive
Export, PA 15632, USA

and

Department of Chemistry
University of Cambridge
Cambridge, CB2 1EW, England

Introduction

The1998 Nobel Prize for Chemistry was awarded jointly to Professors Pople and Kohn
for the development of computational methods in quantum chemistry and, in particular,
for the development of density-functional theory (DFT). The award acknowledges the
enormous strides that these men and their disciples have taken during the last three
decades and celebrates the revolution in chemical philosophy and practice that their
ideas have wrought.

Quantum chemical calculations are being utilised by a continually increasing range of
computational chemists and, facilitated by impressive improvements in computer
hardware, they can now be used to solve much more complicated problems than one
would have thought possible a few years ago. Furthermore, it seems likely that these
trends will continue in the coming years: computers will become faster and cheaper and
the algorithms and software of quantum chemistry will be radically transformed as
researchers strive to apply first-principles quantum mechanics to problems of biological
scope and complexity.

In this article, we will review both the classical and DFT approaches to quantum
chemistry and we will discuss the theoretical and implementational problems that have
restricted the application of these approaches to small systems. Finally, we will describe
some of the progress that the Q-Chem collaborators have recently made toward the
solution of these problems.

4 http://www.nimc.go.jp/cicsj/




Wavefunction-based approaches

In 1926, Schrédinger introduced wave mechanics, proposing that any physical system in
a stationary state possesses a wavefunction ¥ and, for many years, the goal of classical
quantum chemistry was to obtain useful approximate solutions to the time-independent
electronic Schrodinger Equation

HY=EY¥Y (1)

The resulting models (Hartree-Fock, configuration interaction, coupled-cluster and
Mgller-Plesset theories) were the standard methods of the ‘70s and ‘80s and were widely
used, especially by academic researchers. It is useful to express the total electronic
energy E as

E=E.+E +E, +E (2)

where these terms are the kinetic, Coulomb, exchange and correlation energies,
respectively. In wavefunction-based approaches, each of these four energies is
calculated as a functional of the wavefunction. The Fock exchange functional, for
example, is given by

1 1
EX =Y Y [[wieow, 60—, @, () dr, (3)
i j 12

Density-based approaches

In the mid-60s, Kohn and his collaborators proved that it is theoretically possible to
calculate E as a functional of the electron density p(r) and, thereby, to avoid
consideration of the wavefunction entirely. This was an important discovery because p(r)
is a much simpler object than ¥. In Kohn-Sham theory, the kinetic energy E is
computed from the orbitals (as it is in Hartree-Fock theory) but the remaining terms in (2)
are calculated as functionals of p(r). The Dirac exchange functional, for example, is
given by

3

- 12) 0 @

Many exchange/correlation density functionals have been developed.
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Cost and Accuracy

As 0f1998, the most sophisticated wavefunction-based methods are more accurate than
the most sophisticated density-based methods. Nonetheless, it is believed that roughly
90% of modern quantum chemistry computations use one of the DFT schemes. What
is it that makes DFT so attractive? ’

The answer lies in the cost/accuracy ratios of the various methodologies. The
computational cost of the very sophisticated wavefunction-based methods (such as the
popular CCSD (T) model) increases extremely quickly as the system grows. In fact, the
cost of CCSD (T) scales with the seventh power of the size of the system and, not
surprisingly, CCSD (T) can therefore be applied only to relatively small molecules. This
has been the key weakness of wavefunction-based approaches and even spectacular
improvements in computer speed will not significantly improve the situation.

In contrast, standard DFT calculations typically yield errors that are 2—3 times larger than
those from CCSD (T) and yet their cost grows only with the third power of system size.
To a pragmatic scientist, this combination of reasonable accuracy at a modest
computational cost is irresistible.

The Q-CHEM Software

Although DFT leapt into prominence in the early ‘90s and was quickly adopted by the
majority of computational chemists, a number of significant problems remained unsolved
and, in1993, Q-Chem Inc. was founded to address these. The company is currently
owned by Peter Gill (University of Cambridge), Martin Head-Gordon (University of
California, Berkeley) and Benny Johnson. The Board of Directors is growing but
presently includes Dr Gill, Fritz Schaefer (University of Georgia) and John Stott (Eastside
Holdings Ltd).

It was recognised from the onset that there were many reasons why it was best to plan
the Q-CHEM package from scratch, rather than basing its structure and design on earlier
programs. Modern software engineering practice argued that we should adopt an
object-oriented programming language but the retention of FORTRAN was favoured on
the grounds of compiler efficiency. As a result, the code is a mixture of high-level C++
and low-level FORTRAN routines. The code was designed to function efficiently on
vector and superscalar architectures and, although the initial versions do not run on
multiple processors, we were careful to employ algorithms and data structures that are
well suited to the parallelisation efforts that we are now pursuing.

6 http://www.nimc.go.jp/cicsj/




The first major problem that the Q-Chem collaboration sought to solve was the so-called
Coulomb problem that arises when standard algorithms are used to compute the
Coulomb energy

_ 1 [ pr)p(r2) (5)
Ey = 3 J.I —————‘rlz drydrp

Since the density p(r) is usually represented as a sum of gaussian functions,
straightforward methods for the evaluation of (5) involve a double sum over all pairs of
gaussians and therefore scale quadratically with system size.

Q-Chem Inc has received funding from the US Department of Energy and the National
Science Foundation to conduct research into the design of radically new algorithms that
compute E; with a computational cost that scales only linearly with system size. These

research efforts have been successful and, in 1994, the Q-Chem collaborators published
the first algorithm, the CFMM, that computes the Coulomb energy of a molecular
electron density in linear work. Such algorithms are known as O (N) methods. More
recently, the Cambridge team has developed another O (N) Coulomb method, the KWIK
algorithm, that can compute exchange, as well as Coulomb, energies.

Q-Chem Inc is also involved in the development of local correlation methods. This
research, which is supported by the US Air Force, is attempting to develop modified
versions of the sophisticated wavefunction-based approaches (such as Mgaller - Plesset
perturbation theory) whose computational costs grow with system size more slowly than
the original versions. The Berkeley group is devising well-defined localisation schemes
that will recover a large fraction of the correlation energy to be in a small fraction of the
time that a normal calculation would require.

Another of the problems associated with conventional DFT algorithms is their reliance on
numerical grids to estimate the difficult integrals that arise when one uses any of the
standard density functionals (such as B-LYP, PW91, etc). The Cambridge group is about
to commence a major investigation into the development of “gridless” density functionals,
that is, ones that can be integrated without the need for a molecular grid. This work will
be funded by the National Science Foundation.

Density functional theory, in its original form, was a ground-state paradigm. However,
there is great interest, of course, in methods that enable molecular excited states to be
studied. The Berkeley group has been conducting ground - breaking research in this
area and is also currently working on the development of appropriate extensions of DFT
for excited states.

~CICS¥ Bulletin Vol.17 No.1(1999) 7




The development of new, more accurate density functionals is one of the most important
areas of research in quantum chemistry today and Q-Chem is playing a role in this
unfolding story. Two years ago, we introduced the G96 functional which, although much
simpler than the popular Becke 88 functional, yields similar model chemistries. More
recently, in collaboration with Prof Pople, we have developed the EDF 1 functional which
is superior to the widely used B3LYP functional when used with a basis set of medium
size.

Inorganic chemists, who need to understand and predict the chemistry of metal -
containing systems, require quantum chemical software that offers a highly efficient
treatment of effective core potentials (ECPs) or pseudopotentials. The Cambridge group
is currently developing a new algorithm for the calculation of ECP integrals, using a
suitably modified version of the PRISM algorithm for two-electron integrals that they
introduced some years ago.

The first parallel version of Q-CHEM is now in use and has shown impressive speed-up
efficiencies on SGI Origin computers. Continued development of this aspect of the code
is currently being supported by the National Institutes of Health and we expect that future
versions of Q-CHEM will be fully able to exploit the enormous potential of modern parallel
machines.

Q-Chem Inc. has recently released the Q-CHEM 1.2package and it is expected that Q-
CHEM1.3 will be released in the summer of 1999. Important theoretical breakthroughs are
being made every few months and the Q-Chem collaboration is building vigorously on
the solid foundations that Kohn and Pople have laid.

Literature references, timing benchmarks and other information can be found on the
Q-Chem web pages at http://www.q-chem.com
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Figure 1. Concept of the ONIOM method.
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Figure 2. Potential energy surface of Pt(PR,), + H, by
ONIOM2(MP2:MM3).
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Figure 3. Optimized TS structure on Py(P(t-Bu),), +H,
by ONIOM2(MP2:MM3).
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2,587/ — B3LYP:HF:MM3
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: Z’“.“;“:"J“‘I:\S}l {D’G

Intermediate Model
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2.093/2.117

2.23912.238
Real System

Figure 4. Optimized parameters of TS in the Diels-
Alder reaction by ONIOM3 and the model of system.
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Figure 5. Optimized parameters of testosterone
derivative by ONIOM2 (HF:MM3).
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EERETELEN. -COHDK IR EREIZIIE
FRISHREEBLUEHEL XIVBLETHSZ
LERLTWS, Table 1 1Z7R LAERIEDEHE(L
IxNF—2RBE.TIFIIEIITIMM3I TEN
A, -COH #iZI3P< EHHFU LD LX)V

Table ‘1. Activation barrier (in kcal/mol) for the
Diels-Alder reaction by ONIOM3.

High:Med:Low 2-methyl 2-t-butyl
B3LYP:B3LYP:B3LYP 19.2 16.4
B3LYP:B3LYP:HF 19.1 17.1
B3LYP:B3LYP:MM3 18.3 154
B3LYP:HF:HF 18.6 16.6
B3LYP:HF:-MM3 17.8 15.0
B3LYP:MM3:MM3 21.9 18.6
HF:HF:HF 41.1 39.7
MM3:MM3:MM3 42.1 399
CCSD(T):MP2:MP2 19.6 16.9
CCSD(T):MP2:HF 19.9 18.9
CCSD(T):MP2:MM3 19.0 17.2
CCSD(T):MM3:MM3 24.7 22.6
MP2:MP2:MP2 12.7 10.1

MUETHEHD I ENIN5. FIAE.
ONIOM3(CCSD(T):MM3: MM3)& D &
ONIOM3(CCSD(T):MP2:MM3)D 75 8 full BALYP
WEDIEWEEGZ %, ZDXDIRTZATLD
DEIEFHEL N)ORBRRUL, FHEHEICTHEEFIC
FEL. EEICEETHS.

Table 2. Excitation enrgies (in kcal/mol) of
testosterone derivative by ONIOM2.

n,m* ,u*
HF 423 44.0
HF:MM3 38.2 41.5
MP2:MM3 87.6 82.7
MP3:MM3 759 74.5
MP4:MM3 76.6 74.2
CCSD(T):MM3 73.9 73.0
G2MS:MM3 80.1 78.5
MP2:HF 88.9 85.1
MP3:HF 77.2 76.9
MP4:HF 78.0 76.6
CCSD(T):HF 75.3 74.4
G2MS:HF 81.4 80.9
Experiment 74.5 73.4
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KEBUTVE, TNOOHFEORERN =2 -FNVRy FT—2 8, OIRBRE, EMLV-LVTH
h, P2 HRE, BROLEBIEXERICL, FEOFEFEANL 2 CTHRAKRLEBRNICHER
TEBIENS, BLOFTHFTEANRALN TS, LEALEIS, KEEOFFICBNTY, &
B EERFTED S OB ER LFENTOR, & CIEREEOMB B E 725
VL OPREENTE:, ThOEOFERTFT—ITA V7O ELLTAEATHELEILNS,
FNL T, HHEOFTFTRELLFEERIHN TSI/ =V TELRY, Fh605 5553
BEOKFEL LY DT THAMAL, Brown DRRET— 5 "“O#AKROBROAF R LT3 A
EHOXHEIT.

2. BHEOWMR
CITRUTOIEBEOHKINT— 9~ = TEOBME BN 3 . CHAID(CHi- square Automatic
Interaction Detector) & ?, SPAN (Search Partition ANalysis) & » ¥, MARS (Multivariate Adaptive Regression
Spline) & . ThH6DFFEIRVTNRG, BB LHAEEIRT L2072, Wb 2EBEOF— 512
BAESNE. B, ThOLOFEOKBHRE LTHANLZSERBIFECUBSIOhs0V 2T
4y 7ERAFED ENHITE., BOICIEEOMAN T -y <A =V TEOBEMERBNT S,
CHAID ¥ : ZHIAMRT &) i, HALEMOXEERERET2-005ERL LTRHRE W, £
DOFERIHBPEHROL VB LEICETTTF— 7 2BEHIC, EVICHRICR2 X ICE0s7—
FIFETHIELORD, TOFEIMO AID L ZMOFENDFER CART 0L & b ICRRH
FHEsEEL LTabh TS, BENRESEEOHEIIRBIBICT -5 1 5HT2RB0EKS 3
ViGEOEIEEETRINTZ I EMNTE S, CHAID RIS EN Y T I —EHTE5 IO N4 %
FICHRELTBY, FHERIHIA 2EREDDETH Y, TASFTSOEEKREI Y L/ PEITh
oL, KXiThIgELELT 5.

SPAN & | 77— 4 %2 2O TS AT 2HETHS. TORCHIFHNEELBRELTEE
NTELLRTEHRICED LIS, Thbb—FTR—BIINEL, bI)—FTII—RBIcKkE{ 25k
IICHTEN-VEREL, BELRSEHNV-VERRTIILTHS. BOLUARGT—Fidn{oHh
OBF TNV —TTHEEMTONE, ZZIC, BNV TREHERICHT 2MESOERTEBLE
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NEH, BEFI/NV—TREVIZETEZLTb L, 2F VG 7 NV—TIZEWICEELHoTD L,
VWWH R BE, SPAN BT - RE2 MBIV —TOHBREOERNTEATS. TOEKRT
SPAN BEI3 BRI R HETHI LV B,

MARS 3 1380 AID #: & SPAN ISt EORE S IZEEMICEIT2ERICL 08 X@IcTH L
THo, O RAFRBREFBIITE Vo EBFbiH 50, FHTHEBIIOVTIEED
REFIZZoTLEY, SHEAOEBETHUICHRT 2 ENTERVEV AR HS. MARS
BEREESHEOT VN T) A2 2 ERICL, X754 VHELFETS L THHATORERYE
E#L7-HETHE. F—F XTI VHBEOME L TR EEREORMIICL - THIAZSH
%. MARS B3R E TS 2 L THAEROEHRICOER LT 2. BEHRES SRR
BICREERCLPAEBL TRV LB THS Y,

3. BHFEOEREROLK

MO T— A=V FTEEERNZOV AT 1 v 7 ABSHEL I RERE LB ~
NRFEBOTF— % VCHBAL, EHETT—FOBEN L0 L) KIEBI WGP 2REITT S, £0Y
UER T — ¥ Tit, HYRERED) O AHEBICEELRIZTIVAIEFEERET LD,
MR E SIMERRIC, XB(+, —), ATFAV(+, =), ZVALAF(+, =), BE7+ X7 7
¥ — ¥ (ACP), 4EM, VU HEBOFENIBHIhTH, 22, [+l @& -1 ickLTiFE
L 2WBERRT. ACP LERIIERBETHRASIN TV, T2 T CHAID X @ T 5720,
ZFLCTHOYAZEFH2ETHASATVAEI NS, HE - %8 22y, L DI 60 kik(—)
L 60 BE(F)D2F— 2 ELTENREo7:. ThHD 60 LWHYMEIRIOFT—FIxT 5
Brown" DB BETTRBEN-bDTH S, 2B, VU HEBLELED ) OFABIZER TN 33 H1
(62.3%) & 23 $1(27.3%) TH o /-,

3.1 OV 54 v 7AW

UIRF 4y 7EARANELERT 2 CH720, )V UONEEBOEELEYE, SHOBRYAZET
PHHABKELZ. COLE, YUHEBOLRZLEO L, URAZAFO-%0, +% 1L
o, OVRF 4y VERAEOBBHRERER L ICEHTS.

Rl. oV 254y 7 ARMTEORAME
VRAZRF IEL 7% R 2 mMME A 2%HMHE 2 pE Ao XH

Yk -2.8086 - - - -

X# 1.9991 0.8234 5.8953 0.0152  7.3830
ATAY 1. 3867 0.7762 3.1921 0.0740  4.0020
JVAF 0.7083 0.8167 0.7521 0.3858  2.0300
ACP 1.6285 0.7965 4.1809 - 0.0409 5.0960
i -0.6505 0.7468 0. 7587 0.3837  0.5220

K1 OpHEIABBRYENELOIIELVETIRERHERELALLEOERTHY, pEI/NENY
AZ7AFIRY UHEBOEEICKELRIZLTVWAEBRTEXS. #1556, X#, ACP, X574
AT B pEXVT LR A EAKE 0.05 1ISHEVI &, FLTpEOBL/NEVXHHY 8
HEBOEEICHEDLEVBKELRIZL, RVTACP, 274 VOEICKEBERIZL TS Z LAURRE
s, Ay AP L1, HAEXBIIBVT, XEX+THIEREQ) UHEBOY A 713—T
HEBEICHRTHTAREERRTE S,

ZDXIRUT AT 4y 7ERSEZEATAICH o TR, EFNVOBEERE LT CHIB
EFNVORYUMEIHALTBILPEETHS. HAERED pMEIZ0.4365TH Y, EFNVITHE
LTWBEEZTHELIARY., LEALLEYMS, LROBITREVRAIEFOIHREOA LML
2b0THY, FVAZAFHOREERBRFHIA T2, BEEREN» S EIHROADORIRE
FNTHoTORUTHIRKENBONATVEN, CAHBEOEBEFTNTH S LEIIBEL RV L
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CERLEY. BREYAZEATFHMOREABRZERLETNV, AXEXBRXAT M V2 BHBAERIC
mzzEREFARIIEF LA b Laky, REFHLEOTREOEBETVERKTEIZL
BEB TR, RFERE2LELTS. uVAT 4 vy JARMNERBHAETH L KEEF—50
BHCLLAVONEN, F— 7 OEMEIBET 5 ICRBIREAM A VEEILNS.

3.2 CHAID ik
CHAID 4 #BT 5 1cdh-, SEOEEEETHLERKEL 0.05 & L. ZOHBFITIRY 28
HEBLERELYVAIJEAFO2EATIT) —OMAEDRIESTTE@H) T 2SETL LT
2X2PEIRAERTES. ZO2X2HHRICHTINA 2RRELIToL L BRSNSV DIE
2537 2A7AFCEM)F—F 2 08T S, 27°L, TRTOVAZRFTpEIFEOFEEK
EIVAZTNTEORST— ¥ OSEEEILT 2. CHAID BEOBAREREEXE 1 IIRT.
H1o#ITERL-BSRSEORT LAY T—F2RLTwS, B1IZBWT, BRAICT—
FIRIXMT2EOBLT— 7 ICREEN, XB=+DOBFT—FRELIATAVTHEHIN TS,
ShiY, [XB=+D222F4 V=+|OBHTF—FTOY I GBI 90.0%(9/10)TH Y, X
BEZFAVHOTRL+THIT, )V UNRBEBO VA OB 22 LB ENS. f1h, X
B=—0D®F>F—VIXACP, 7L A F, AF4 YTHERISFERTEY, {X#R=—222 ACP=—|
OBWFF— 7 L | X#B=—2D AP=+D2F VLA F=—22RA74 V== OWFTF— 5 TDY ¥
HEBRIZ TN TN 10.5%(2/19) & 11.1%(1/9) Tho72. ThE D, XWE ACP BV TFhd—ThH5
», ACP A+ ThHoTdh, XM, A7/, FLA FFTRT—=ThHNid) Y GFERBOY X7 &
W EMNREEND., ACP L7 LA FRXBN+THIMAT— S OFHTEHL T2V DIIRL,
XA —THIWA T = OFEIBHELTVEILICERLZV. ZhHIZACP L7V A FOER
OHEXBO+E—LTREZ2BIERERLTVWS., Zhib, VIONRHFEBOFEICHMLTY R
7 RFMORERBOFEDN) Phbhb.

1581 | + : @] |vrumess
73.3%

1. CHAID 0@ F#H#

3.3 SPAN &

SPAN B4 BET 2 ICH-h, F—3 % 20HT2-005HXKYL LT, REI2MHTHLI LD
5o 4 2 FMEE L V7. SPAN OB B R H 2 1SR T. EBRICIE, SPAN DOREE TH % Marshall
PER LAV Iy 2TEMELTEY, H2REFOHDO—DTHS. K2 0EMIZY V1 HER
ROBEPo WA TF—F 2R LTEY, SITREFREATEBRETZLICTS. 7% AlX2
BOERTREINTWLZ b5, B 1OFENERORBII ADEMBFTICELLNT
By, BE10ERIE [XRAY=0] , T42bbX#i=—t [ACP=0] , T4bb ACP=—%[FRICH
TBEOREERLTVS, [N=19] BZOREICRTHBERN 19 THBZ , p=0.105 i3V
YNRETEBEN 10.5%THB - EEFREFRLTVS., BE20EBIAMTHS. Chb50HER
12 SPAN 5T #5370V —T7] LBRENTVSE., ARIX#B=—P2OACP=—| L {XATA V=~
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(STAGE=0) 2 L 4 F=—(GRADE=0)| ® 2 ADEZ 7 V—T7OHMKEL LTEBESH, ACRT
LZHREMIINZHATHY, VU HEBERITI2.%THoz. X#B=—D2DACP=—, TLRZXATAY
=—P27 VA F=—0WnFhhriHK-THRED) YNHEBRIIENC EWRBIND,
H20EHILY) Y HEBREE P o BEF—F ERLTVS, CORFT—FIZADOHESIC
BHIERL, TITRENE A TERT S, ABR4BEORF I V— T (ER) THREhTEY,
BES TN - TOBRROHFIZADBELRAZETHS. AR THIBERII2ITHY, V) Uitk
BEIIT6.25THo7z. AD1OFENER, Tobb(XB=+22AT7AV=+|OW5 7V —
FJICRTAEER, oM EBOIBOEELDEROEBE,S, VLA F=+BXU ACP=+T
HDHZENDLS. CHAID ETH {(X#B=+DDAF 4 V=+|2%) Y HEBROE I o 23857 —
FLLTHBENRTYEH, FOMOY R AFICHTAREI TIRBEA T2V LICEEL

1: p= .105 1: p= .800
N = 18 = 10
XRAY = O XRAY = 1
ACP. = 0O STAGE = 1
2: p= .085 4: p= .818
= 21 =
STAGE = 0O ACP = 1
GRADE = O GRADE = 1
2: p= .875
N = 8
XRAY = 1
GRADE = 1
3: p= .7086
N 2 17
ACP = 1
STAGE = 1

) U NRBEBRIED o 2 F T — ¥ (A) ) Y HEBEAE o ST — 5 (A°)
@23$MN&®ﬁmﬁ§

3.4 MARS &

MARS X2 ETT 57200V 7 by 2 T IEIREEFE D Friedman DFTRTHRAY 7+ — FRKEZEDH A b
2*65 FORTRAN 77U /5 AL LC¥ v u—FT&5%, MARSEDH#EBICH/2), ud x5 4 v 7[H
BMETFTNVOBE LRI, BEL) ) NHEBOFELL, )V UNRHEBORLIZO, HhHiCl s
Z, SHALEZSBOBHYRIEFLELT, —i20, +i21 %527, MARS B #A#&ARIZ 1M
DEEBEMTUTOLH)IIEBShS,

y=0256+0644 X - ATAY
S, XMEATATICIZ0D 1 OEMPANENE I LICER L. TOETVRDLXME R
FAYN) UNGEBICEEERIZLTBY, CO2@AOY R IAFORMICKEBORET AL
MRBENDL, MARSED /O VS A%2ETT2E, SHATHOMEMNZEEENEETHIESNS,
EEFEIRLEELHELHE Y100 LTHHENEN, CZTCORBRIBIXBEAT A VAL HIZ100
THY, TOMOIVAIAFOREEIZPUTH o7, MOFETTFBRENLZS L A FR ACP ATV
UNHEBICRIZTERIE MARS B SRR SN oz,

MARS BRI R EXERADRIFARICRHTEZ LHFIhL L2 L, Rizbid, wEZ
DHFEICRDBVAREFETVE, LPLEIS, ZOY URHEBTF—FI2oVTid, thokFik
WKHLUTRBE2ERIB O Erof. COREELT, MARS BRidB/h 2 A ERICL TS
P, VINHEBOEEL VO 2T Y ICB/A2RERIB LT RWwI LEZ LN, B2
FEORLYICBAEEYERBIC LTV 22 BBTEF -y 0%y L Y EYICIRBTE
3L B THAI) LEILNS,
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4. BR

Z ZTIREREOSHH» HIRE S Wiz CHAID i, SPAN i, MARS ¥ BBt 7 — ¥~ = FEEL
MY, ChoDBEY) Y AHEBT -7 ICEBLAREHECH LA, BRENRES#HEO
CHAID i F— ¥ ¥ BB ICEVICER RS 77 1208352 226, SREBMOREERA, ¥
hbbF— Y ORI EZBEMEBRBTIOIANTHAEEI NS, ERIZ, )V Uy HEET—5
KT AHEATIR, Y UNRBEBRYNE,oL, HEVIEIoLBGT— 5 OREIT TR, V)
U NEERBERI 50%H BV IE 40%E Vo7, VDWAHFRETH- I T — 5 ORELHB L T
2. Bz, X#E+THhoTh, ATFAVH-ThHNI, XMEATATBTIRL+OBHEICHE
RTCEDEE) Y MFEBRIVNE L, 2502 BBTES. T0O LS 28K T, CHAD ®EiZ7—-% 0
BHAMBIcblo THIHMTS, W23 L7—50 [BE] CBLIZAETHH LS, L
LS, F— 5 2BRBNICEVICELRBS T — 7 CAE LBRICETHTTF— 7 02KB2BD
BEBMRLICCWEESMEZS. iz, VU HEBT—FICBVWTH, X#=—%280H37—
FI2id) U GEBENE N0 0B NITEI oL Db HolD, XD U EES I
THEMREEENICBRTE 2V,

FODL)LEBNEEASHEOBR EORE S AT & LT SPAN 2P RR S . ) U K
BF— ¥ \OHAZKETIR, VU GEBROB» o B F— B4 BORF T V—TTRASH
TBY, ZORLST— 5 OREXSEHICHBENRTVS, T, 4ABEOWI V- T TT+D
YRAZHAFTEREN, U UNAHEBRIEDL - BITF— 5 OWF> V- TR TRT-DYRIH
FTEREINATWAZEREELLY., S22, VURHEBOYVAIHEIAZRFO+TH
{, — T 2BLtvo-@RE52 5. SPAN #i2, CHADD EOBERERDO LI ICZEI A ZRFD
+THY UNHEBDOY R I BEL REEENHD L) BRYE, 2V, ZOEKRT SPAN B
CHAID LR L), ANV — T BB LEEVAZAFOEEL IR L LTHBTAZ LT
5., ZDOT kXY, SPAN BEix7F— 7 0K 2E6NICIEET S, Wk rdLTF—-50 [BH] *
BRLHFETHEHLVEE O,

MARS #i3 Y Y &R 7 — S ~OBHATIIREO W HREG 2 2d o /o, EHRLERXEMAE
YFRICRETA I EMNTES, Wk 5 LBRW(25K%) L BB (RS £ HatNICRETE 24
BERELTHRERMERE LTEBLTYWS, BB TIIMARS 2 EfTT5V 7 v THERE R
Ty, ZORKBE+MCFEETE TV WA, 1999 4 8 A IC Salford Systems # A S S h 2 FE
DOV7 TRV THERRRERAERVWEEITWS,

CHAID #: & MARS #, & {|Z CHAID I EHBRMXME LT 5. ERBRIRIIB TN DO
DAXEHTS., LIL, BENL»o2bDICEHTAIETHOA M- 2BETEZL LD LA
BV, FPLTED BT LT3V OPDR - TERTEZ) ThH5. CHAID EIc#L TN
BIROMRE % & D PR IZ Doyle and Fenwick' %> Watababe and Tasaki'?% L CHR LU SN T3,

EROHIN T -y =y TR LR, TR SERBINEL LT, KEtE0SFCRA
OUI AT 4y 2 ARFHEL L VBT, EFNVCETLBFRIEIULNT— 5 0RE 5K
B3 X2 CFOFABRERETELEZONSY, WOYWAIREEFVICHET 2 X TICRTHER
PETHILICES. BEEFVOERICITRL 2 BRPERZEBRHREShAZ LiIt25T
H5HD, FOL) ERLREBRNTSICERIA T RTE, BN TF -5 <A = TETTRR
ENLTF— Y ORBABATTVOBRRIEI T LOELORD,

5. &K

ZCTENBITIMINT - FA =V TEERETTHICRY 7 by 2 TORBBERITRTH S A,
CDEIRVIIIzTRELLIERTEIRBICHZ LIZRL 2V, LEALEYS, 7— 50K
BF—OEMAENY FY TR EPLLBELICREEEMLHS. HE - BH PRISER2MET—
FEV—TFAVITHEILILEY, F-—r0OBEY L OBETITIRBTCEXI»ERELTVS. 2L
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T, RALPDOFEIC L 2BITRERITENOBREL TRATELLRELT, ZOHREAET S
FEFRELTVS, BELY - VERAVWTT- 7 E0L0 2 EBEPOHRDTALI LT ¥
AV TOMBEICRDIITTHS. '

£

1) Brown,B.Wm.,Jr. Prediction analysis for binary data. In Biostatistics Casebook, ed.by Miller,R.G.Jr.et
al.,3-18, John Wiley & Sons,1980[REMAF LR, 27— & OFRMIT. EZHITERBEHIL.
MPC, 1982].

2) Kass,G.V. An exploratory technique for investigating large quantities of categorical data. Appl. Statisit.,
29,119-127, 980

3) Marshall,R.J. Partitioning methods for classification and decision making in medicine. Statistics in
Medicine,5,517-526,1986
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tPEENRELAET 271227

MR AFERA T4 THREL VY~ BEF
okada@kwansei.ac.jp

AT AHEEHEER P IRTEEETRYVIRIFEB T, T—IvA =V T LD/
BT #MET 2, vA U FHEEE LTI, BEET L 7— s R—RIBELL
HiEMN S, CASE VAT A, BHREIOS5 IV 7, HEV-VEBITEN) EiFs, T2
KBRETF— % LOMRT, chdbnhEE%HET 5,

1 BRUBIC

F—y A=V T HHVIIHBEROES, I IBEREICEHYEDTVE, £ THASATY
BHEDL LT BAFE LTIE, SEEBT. —a—F kv bT—2, Ny — Rl ATHRE 7
— IR ERHITONDN, HERROBRLELE DI, AV TOMRELDIRBET—FX—R
AFIATEI 2 > TEFZENEB SN TWAELREHRTH S ) (LFEOBBRICBVWTHRZFELL LT,
AYEFPYFAFIARNIENLAN=T v + - A== 7 (HTS) PERLSh, BRERLT
BATICBWTH, KEEF— 7 2D IR) LEISAE L TV 5 DIRBIREY,

FIFEDOMOTETHASNBEE L OFEE, FDIREALVRERYE | BREEOM TRAENLRERD
Fe¥ . BHVET—F Y ATy b F—F DI H I T a v BRDT - TH B, —HOIL
LHEY MR L LTREITETOBE. ROBSEIVAOREIIIE E 723 XFFIThIUL, HEOERICE
WCEALZRAO£MIE 2V, BAMSPLEMICL > T, BLRHEL BRI I IV, ZOBE, &
YRR FOREIREMICEEC 2 5DRYRTHY., FXMEEONESRIESNIFTTHS, T
TIZIREAR rough set BH ¥ VAN ZHITOR TV B Z L 2IERH T 2ICHD 5,

ABTI2. HBERD D VIE3RTHEEL VAT AXEEN IR BFZE. ks LTOATHERT— %
R ZDNFRTRBLTELLDIZR-T, FOREELBAT 5, T, BELHVEIBETLIFA
Ne b AFADEIIC, BRAROM#EE LTHEEY 5L 258RBNA L. Wb RHERICR- 72,
HEEL LT, BATIHEDITE A LD AEERENY R OWEEHARICET b0 2oTwh, 2B,
RIEFF— IRV 2 hoDF— <4 =V FHROBRAFEICRAITDOR TS, Hikd LTIEET
BLDLEL . FEOREKLBNETFRENLD, EEORNDORSELIA TR EVD, —fh Ty
FARTR R Tl O VAVATAR-F A%

1).2), 3)

2 CASE, MultiCASE

BEDL)IF— 24 =Y VR EDBUE LS. 7T TRES N—BOEHRED LR
A AR L D LT ATFEAW C oMThNT A7z, £ CLUSMOL, DNET $4REL T&724%
R FVEE I (B S gV TV A AT, Klopman 12 & % CASE BIROMANEETH S ),
CASE 1385585 &5 IR EE T 3-12 O &L TXTYIH H L. FHSEEEICH L OLEWRT
EROEENRE>TVEHEIERARD, 12770, B T8 &SP MO R VEFFIE Ehilf
ETLERBIELNTVD, L XIESBEFRRIKZEORY VL TIR, B1ED 2EOMWE
(EHBE) 2EBAEVIRTHEEE LT
(Bay reigion (ZX}IEG). BROMEEE R >
PR IHT 2HEEE L THIT %,

COVTry T RFECHEMEELS 7N Ty ANy
HLd, EANICERTVEDTHA g N i A
5, BIERBEROY 77T ELTK
ED FDA ZETHHEHINTVE L) TH 1. BFMICEET SEEE
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%, MENSH B LTHUE, BEEL LTI B2REANRONTE ), ERLBELALAT BTN D
BETHE, L L, BRMHICIATETL, ERMIILER SN -ERLRBMEEDORTS 2id L T
Wb EEZ LIS, %8, CASE DN ILEZEOBREZLIKETHASINS D, ThEERLE
SRHBOTTREELL ) ET2RAbHB,

.

3 I24MERIE 705 3 >4 (ILP: Inductive Logic Programming) D75k

3.1 mBREIOISILTERD

Prolog® & ) %iEBEIORE 707 T I v V2 RMIERIIFRL L) LT AHRBBTH 5, I,
K2 0EDRZDEZ2 5 (AGORDLYIIBFEEAVTVE), TORRHTOBFERZ6 B2 LN
DFEND parent BEEIC & D ATIREIHEE LTEREA L. & 51T grandparent ibEE (RFEDFRIZ—YEZ L)
OEFI4BIE AHE LTH 2T, HREOFIIRLZ L) (CgrandparentiR EEDOBER L FF S ¥ H 2 LT
X2, ZOBITIE. [XAZODparentTH 1), »DZHY Dparent T 5 %2 51X, XidY Dgrandparent TdH %, |
PV RBRLEIH LTS, HRORBBIETURLRETOS I ATHE,L, ZOHERITE
SFHSOHBTO ST LERTH 5,

s
p)

2. EMmETOS7IT

BTHRANEE
parent (1, 2).
parent (1, 3).
EMR
grandparent (1, 4).
grandparent (1, 5).
FERR
grandparent (X, Y) :-
parent (X, Z),parent(Z, Y).

Bt B EOHRR AR TLAERE TR, L2 E9TF a 1 C=0 E2FH O LE2RTDIC,
carbonyl(a) @ & 5 (2 AR Atcarbonyl & V) ibiE (B 25X 2LENH 2, M. —HREREL ER
CFTARMBE O ATIE, M302EORELZE#RL. Tho AL TAHRAMRE AT ITX
Vo BT, BHEEBOBRYOREIX, F a AD 1 BEOEF a_l 3TE C THHLERL TS,
F#C 3BFBOREIR. HF a AD1EB L 2EBHOBETHICHES double PHLETHZLERL TV A,
ZDEICLT, HRETHITRTOFTHDOER
FBIUMErmR LaiRmikE LTE52 5, T72,
ILEWHF a HC=OKIIHEEDARY PV EHFD
Z & % diEyellow TR L, {LEWRELESI L ABIC

Y
atom(3F, BT, TH).
bond(F, BFFH 1, BFHH 2, 61,

FITEZ B, ZOER. FF S hizyelowEHED
A5BIZiE, carbonylk W) EEII L L L, C=0%
HWEORBHBAICHET I LAWRFTE S,

ZOEHIZLPIR, ATV FEOBESER
BT&sZ e, F-aitmike LTid, EOFEE
E2h Th, N RENEELRT SO 74T
LHELNYADLZ ENSHB L H I, FEFICE
BERBANEH->TW 5,

Srinivasan, Muggleton 53, EEED L) B ANH»
CEEFTREETHNTLIP VAT L%, BN
WZBR LTV 5, 4512 Progol I3 EEIZ X DR
ZEOERGRERET A LICEII LI, &
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CIp I
atom(a, a_1, C).
atom(a, a_2, O).
bond(a, a_1, a_2, double).
1EI
yellow(a).
FERER
yellow(X):-
atom(a, a_1, C), atom(a, a_2, O),
bond(a, a_1,.a_2, double).

3. H#ERoid L ¥
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AREOHEOMERML I ENTESL, &) B, BMREBTOSIIVTEVoThH, HEREREZR
EOL LT 2biITir% <, ERCLEREDERES LTI L 2 ERSHEDOIL 2, R
KNARBAENIZITOBEBE AN—F B, RROCRRIIEEOFIEL Y bED, FOL(DFH
PFVRHS. BAREROERETo TV A, ThHDMBARIIEIL ILP LV oTh, HAIAT A
I BE-TWD, 2780, (EFEECESE LV XV TTANTY) XARER L TWAEDTIE R, &
WIERRIEA B OO L VAT AE LTRBEEN TV S, HEo T, {LFHEEDOREIEM L1235
& BEOEXFICLIYEDL IV AT LADIRLFVHED L LTI LIS VRRIZED 2V,

3.2 ERBRMOFH

Z® Progol ¥ A7 AT & B{LEEER D Bl %
BTaHL o ® 3R Debnath &5F SAR BFED# >001
S L Lo EEKR= b O{bA 230 KT 5 Ames ®
test \E AEREMT—IThHb, ? LB, HER
VAMZ Quanta TEHE L 7-#B2EM b EFREEICH
D ATV 5, BT Debnath 5 I2HEV>, 188 FED
ER B UL s 42 BOSHA BEEO _e —®
LSBT TITbiLlz, Bo N m#EidR 4 12 5
TR IERROEETH D, PO LEFIRL5 1

DL, 188 BOBPLBOLNIMRTHE, 8<0.005 /

16 % FCRAE AWM+ 5 LS R VC) =2
SERFEHNTERR=2—F V2 b, BEKRT w—x

AT LB L RREORETH 70 LAL, £ 4. TREMICISEI 7 B

Bt 2Eo 2 Eroik, ThITicamshT
W WETEROEREENS LN, FOTFRIMERR
oWFhoKEZ S EE-> Twiz,

3.3 Pharmacophore DI atom(ml, c10, al, 0, 2, 3,43, -3.12, 0.05)
IRTCHEEZHRE LIIBMIERDOBIE | bond(ml, a2, a3, double)

LT. ACE (Angiotensin Converting Enzyme)

1EMERAE AN pharmacophore HEE 1Z Progol % Molecule A is an ACE-inhibitor if for some conformation B:

BRI LRI RBAT 5o ' Mayer 12 281k A contains a hydrogen acceptor C,
PN A contains a hydrogen acceptor D,
SHizxt LT, 1 f&8 D pharmacophore %*1& the distance between C and D
FELTWa, 'V AL LT 3Kk within conformation B is 3.236 +/- 1.0 Angstroms,
7513 Mayer & DFRLALEWEIITL T, A contains a hydrogeré acceptor E,
> SRS — 3 the distance between C and E
% 12 AT ;f‘ VE=IT T AT within conformation B is 3.970 +/- 1.0 Angstroms,
YERHLTFZ T2, ~ the distance between D and E
HERBIIN 5 LwoOMREE aom TELEN within conformation B is 2.227 +/- 1.0 Angstroms,
5o ZHUIDF ml DFEFal HEETH. A can bind to zinc at a site F,
B b e - . the distance between C and F
s‘p2 AT 5)% = \t » 3120 10 HHOS within conformation B is 5.472 +/- 1.0 Angstroms
¥7A—=A=aY cl0 ATDal Dx, y, 2 the distance between D and F
AR REOIHTRFEL TV D, EHII, within conformation B is 7.144 +/- 1.0 Angstroms,
hydrogen-donor, hydrogen-acceptor, zinc-site 7 the distance between E and F
w3, EFRE# D H %, pharmacophore within conformation B is 8.501 +/- 1.0 Angstroms.
IR 3ETFULOBESLE, FE0Lh% ©5. ACE pharmacophore OEEAER:

BRI EEIAAT, FHEETHIZ LK

%+ %, Progol i2& V) 2D pharmacophore A%

WHENE, ZHSDHD 1181 Mayer HIZE N BONTWVE LD LR —THh o7, 5 DTEIZHNE
B 1 BIETRT. B, BHEICS > T, EOFAREZ 10A ICAEL TV,
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3.4 {OrsAG

Progol Y A7 Ald, TNETIZHRRLXH I
EE D TH B, (LFEOME~DOEHIIE
EZOmMBRY 0% L, PC omr ARY PV
25 OMEEME. P %AT 5 NTP O
B o rFAT—SRMNE Y SIER
EhTWHRELRDLIS,

. FERORRIZATHY., 1) P T
BN SR T 2 EREBICIY AL, 1Y
Q) EREaGTERMEME LTE2, BRX
PL—LOBBEZL LTI RAL, 'O 0k
31D FEE L iAS DY LERMTFREAD

If molecule A has:
a LUMO value L1 of at most -1.35, and
a carbon atom C in a 6-membered aromatic ring
with nitrogens around, and
a LogP value L2
then its expected activity is -2.92* L1 +1.499*L2 - 12.72
Else if molecule A has:
a carbonyl carbon C with partial charge at most
0.608,
C is connected via a single bond to some atom D
then its expected activity is 1.38
Else if molecule A has:
a hydroxyl oxygen
then its expected activity is very low.

BEEHLTVS, 3.21087 42 {LAWEE

6. Pharmacophore DHEEAHR

OERBEHIT 5 HEORERER6 IR T,

J5 s MR E LB —IViRSR

<=2y MR F v AR THVSRHEEL - VO FER, KBEREDT— 7 IS L TRELEH 1T
2B ENHLNTVS (KIFETOEBEROBEN T ER), ZOHEORMIT. 771 ARDEZEL AL
FEACEIH itemset % 3RD., THERDO L OVOESAERERC, B FRE LTHYWARIZH S,

Dehaspe i, '7 HedllAa L LTIEHRIEO ILP 2 V25 bV —LOKFEEZRAL, &L VE
12 itemset \ZfSHBEF YT T HER LT, {LAPRICHEMNLEREMEENORRERAT, HREL
725 = F 13RO NTP I X BRA T~ 5 R— 2 337 (LEWTH B, AL LT, HaEXHEHRL
HUZIZEWEN T A MEROAZE) ANTWV 2,

WODERERICEDL, 71 ADEL LN
FTCERRELEN, =7y ATy batrkid
B b, BIRYOHMBIINEVEITHE, $/-4&
BL75 74 ANTIZ, BF % LT 518
FIZRWEETVRY, LML, EWENT AL E
HASbELBEICIE, ARICTRT 2HEORT et
LB B — LASRE SN, TOFER., B B5. Pharmacophore DHREAER
YR ILP RBEE - TV ADS, Hitl itemset DHIFR, BH A EZEL 2V EHRZ 5720, Progol 12X
BZEBRER D LIZ—F L%V Progol I2 X AEREEMEBEAZEEN L (Hh, M50#RI) LEN
TWwB LR B, LAL, EFIZ, BEORIR, BHAMNLVHEOERNEL L EERTI, 4
FIHBEL—VEIDO Y AT AOBESIEIBHINTLHEEZ TV, -

TR, THOIGRERB TR /I 7ERRRATAHEICLY ., 7T 7THEEDHBL — VIRE
AT AR LTz 'O (LEBEAOIGRIRELEZENTWRVA, HTS THHShAIKET— 5 D
FIZHDMETELREATH D, SHOBEMNPRIND,

4

cytogen_ca(C, n), sulfide(C, S) —>non-carcin(C)
support: 0.06 confidence: 0.86
atomch(C, A, X), X<-0.215, salmonella(C, n)
—> non-carcin(C)
support: 0.27 confidence: 0.62

TEH

9. ChITOMTIENSNE» oV DDPDHEEENT 5, 3KRTEEO—HE Ny 27
FTAREDNER SN TV S, 72k 21X Wang Hid. BRIEEOEBA 2 —FICET Ny Y aliEdHEL
TV, ' 4% 3RTBEREL AUV AT LAOEEHM L LTEBIL 25 TR H S, FH, JTH
& GBI 2© % Cook 5 SUBDUE 2" 1%, 75 7#Eds b tho0Eis 77 7ML, £h%
BRALTOEDYS 72 EM L TIRET 215430, L% 5 7I1CbEAWTEET (SUBDUE TRIELE
Blpsh ). BT 2HIEELRNTES, LHd, GBI TIIEHIFEEICEETHS, L2rL, 77
L ADEIEFT T 7DOTRTRFET B b TR WH, (LEICBAHERMIIRIEFRHATH 5,

5
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K [E 7 National Toxicology Program D—H& L T2 X I &M & L72RF W ROFHEIITHOA TV 5
(http://dir.niehs.nih.gov/dirlecm/pte2.htm)o = DT — ¥ ix, SRLLEWE EUHEEHABICB VT, &
BOHER HBRETAOOERT— 5ty beholtBIH D, EHEOHFVHRTS, LEKFESCY
BRI DT — s _R— 2%k R e LIZMELITo TV b, TDOF—%+t v MZxfL, Srinivasan #5"The
Predictive Toxicology Evaluation Challenge" %32/ L T\2 %, IEThOEMOBTH L ETNVOMELHIEL,
BWEBIEIP ) CRAAVDBFOFEEZNRE LT, ZOKRLUBTELLHIIL TS, BETTIC
N HOHEFZENTBY, FOFUILPIZLEbDIE b HAA, ILP TAR L AELBFIZ X HRERK,
ARZII LD ETHREHIFEDRER L EVEETN TS, WWW LTRSS TVE7ORFE—FERT
Wi & 72, (hitp:/fwww.comlab.ox.ac.uk/oucl/groups/imachlearn/PTE/) o
AAREMIIC BT, HEEEEHB R LHEEOB Y V2 LRI, B - BLDICHELIE DR
STWh, 7z, HHRHEFICBOTH, BHEER T — 5 X—2AOMAIZHER L XVOMEZHEEL TV
3o LA L, ABTHY LI 7-BRABTIE, MEBRSHRENIA VI IBbh S, $TIC 15 £
DEoBERE RS, —fE0HEs Sy r— Y OoP AR T MED TRERTE X, {LEOFIBA~EAH L X
I LT ARENEE ALV LI THA ) Do 5124, HTS DR BRI S R TRRL.
FIvrFH¥A v ENVHBEOET BT, KBET— <A =Y FOFERIARIARTHS ). TO&
BEADPENTEORBE LT, FMERL T THITIEZEDOEVTH S,

BT ARBEE ThH7o Tk, KED AAAI Spring Symposivm DF % (it 'O i3 0ho—#R) %, FTRO5IA

KBRABLEICRWIIBE L L, FRELTBEVLBRERORAKLEIEHLET,
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DKL

JEALRRTE (BK) 2> EBa—F—HA L2 X(CS)E hA HiC

SENS BFREEREREERLOREZTACMATOWEEE L L, BEREL, X7
FTUORBERBRDEZDREF SR> TVBREBROTIMN, SHEEBLALIBENLNEL
E3x

EIF, §TIEFACE2—F YL T ACS)ERMEL. MD ZiIC L 585 FREED
SHEEARLLTBOETHN DLIOMETIR. Kidhid, RexE, BROEH TER
BTLZ. ThTERLOKR “BE5-ES” REBEBEOTVWEDTITH, EREZLTWVS
LEDH, HHER ERVER) IALRESHKAMEZLTBOELE. HFOHMEEIC
BEETHoRIEDLHD., ZOHFARRIRIDEL EBRICES>TRARDERBELZHOTL
7zo BE, WOMBTERREVS LI IHABETIRENEL, REH. TORODI LN
fANDBEITRDMR. EEN, YEBORREBEVWHLTAELE,

CS ZEIZRZA. AIIHAFRICBIDHSMRRO Y 1 F 3 7 2 2 BELKCHEMBILIC
SOAELTBDELEN, YUEHEBIALKAFATHRTEIZ LB E>ELSBIATHE
BATLE. H2H, BANETFHEMETEMBEET. hETE->L<BEINTLRNL
& (M%) 2HOX3ZLCRILELE. LAL, BRITEEHO0. RESD “Z
NBEEEZRTVWZON?” EVoRRRANEICHD. ALRERETIFRIIZVNE, /1
O—FIEB<5NEITNELE. ZOBIZIZT— NP KADEEE T TEM RICRX
TEELE. TARK, BRSSO THEEZEMELTNSH EHRAREEZT I RACEEN
FLEDT, UTOXShbitEEEa-oTHELE,

1. Boh-ERERTEM )%>3a2L—2a > THRELTHRLL., (BTKL

2¥9)

2. ERTHOSNBZWVWESZHEL THRL N,

ZTORR. EREVR—FI2HBHERENESN. B2 > T TEM BROEREREXRT
BT ENMHEE LS. "

IOHLRERT. 3HE (BH) HE2EMEInTVREHIIBSTH—HRVWTWADTY
M BE BRHF0—BIZ-oTLELELE. TLT. BICERENSHRERITDUEH
ERVELE. AR BETH?) BELSEBOT, 4TI “ERTS < LM RVLEEETHM
DHBEAEND “LRHEIELEDBLTVET. LORRTIE. Z5LE" BoTW
3 “F=IDEINREBHALEN. BRERNTEIOTL X548, X, 3D
BEERVESZREZITLLONS, 4%, BOREBELTLMRITNERD EHA. 5%
EBHTHEDIIELALIBEVLWELET,
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Computer-based materials science education, is this a lesson for all of us?

CORonald D. Sanderson University of Stellenbosch
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BECHZEZOBEGREHOMNITAEDICRLIADTHEEM) EMSIETETINZANVEST
B FEOMD) D L BEOS I AL -3 EMAWE, HBIEBEOTBEO M2 A2, i
REO-DICRMENBICOVWTHEIE L. FROKRIE, fEhRISATEEEENSE
X BTFOEEN, HALHAREOEIATARIIHMNLEZ, Zo5AEHIE, ERICBT
3 a-AfgOmENtA D B S FENINT B, Tz, REEREREIL. trans-k T3t iENBE
LEBORENESNN, cis-EKTI, EBICHRFOENERERZ .

127

ProteinDf IZ&2¥ >NV BLBTFHRELET XY L ViBE

Offcik X &S AHEL AT AERT
HEE R LLUAB 2HD AT AEHT
W Ih BATE VWEB AT AERT
A ¥ IR F=hdHE AT KIERL
FH EH—B DITE LAVWESS AT KERT
ER E A5 ¥l & AT KRERT
Bk &) EEXFE 50 AT KIERL
=ik T XED &HC ATKERT
i b N NLbHE AL AT KERT

AREZSHMEICHTEL - Gauss BIEEMEKIC X 2BENBEE 0 5. (Proteindf) %
AWTY NV BAORBFIHEEET L, HE, BBREOYNIBOHEINMKT L. Th
Bhy TS ADOKBIEEIBETH D, RETIRISKAKBMOFEZERIIONTHRETS L EHIT,
FUNRTENEFBHODI Il —2a iZDOWTHHRET S,

J 28

BTl 7 hOo=g AMBONA F—F—TEF F > — B8 DAFH

OAfR A <E BbU RILKBEL
FRZE #hR Wizl > a< RALRBEL
INEFIR 2 BODMPE AL KBEL
R EhBgnng FALKBE T
=A ARHEHES RALKREL
Jli R =] b &xal WIKBHREGHET
EHA KXLbELEDHD RIRBE 5B

A e ZVWHEVTHEA Bl iR RS E MR, R T K6t S

BAMIL Y hO=7 ZAMBOERERELI 2L —2a T3 &Nk THHFIHES
0% 5 A MOMODY ZBAR L. BB OTES F 2 —REBBORI 21T /2. Mg0(00D) XE L
12 Mg0 MIE % AL L = B8 1I3 00D ERID 2 RTLEY F 2 v LREVHER S NI L. Y
TJ74 7 000D FELEIZFRLU < Mg0 BEEHRE LIBT3 KT TF / By MEBEOERN TRl
Nz, . Z0OF ) By "7 EN 7 7 ARTRAZLERMSEZHERELTBD (IDERTLE
FELICHRET B ZEbHOMNER STz, EHIY T 74 7 (0001) i & Mg (111 B FE
BHIIK 8.4%bH BT EMH M0/ H 7717 (0001) RETI DR ZRBFERILEENT S
N A—F—ITEIYFL—HENRI->TNBEHDEEZISND, TIT. ZOBEEHEIZDON
TREILZEZ A, Mg/ H7 74 7 (0001) RED Al JFHFH4~5BMLONT LF T)VisEihr
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MELEDHIET, MA—F—TEIFI—PERINTVDIENHSNER T,
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) AR B 2 IS RHEDFRAL F IR

Ol 7% LEE 2 FALKBEL
2= <Ahb V&L HALRBEL
Hik 9 ANED HES RALABET
BR eind s AL KRB L
AR AH <iE bBU FILKBE L
B4 W APbE HED AL KB L

YA STNA ADWHIL. BEBICHEN, 42— DRI O ERLAET USRS E 2B S g
EOMBEHEIBE SN TN, IFE. BIELBEEOMNEREISAOREICLD., 75 XL
BoOBYICIIBI R0 ISH EFERISHIDIRLBRI SN, T THERE TR, BIBRE
BREOBAECERET H-D12. DT HFEM)EEZITIo 2. MEHEIZIINST #oBRF L&
Cerius2 ZRW=, Si(100)EHEEIC I~ BOBILEEZER L BLEHMEE RO, £i=, X
Fv T EERBLUEETIICOVWTHREETR> 7. RF > >+ I Universal RT3 v )L %
Rz, FMEREEOBA LIV, ZRAROHMBERNES I, A—/S—)LD b (¥ 1 <7—I
AT & c B (F A R —ICERE) O SIEHMNBR AR EFOENHATE S, /2 bEhd c fo
HMOBDSHEDITEI SRV IEH. KRICEMRSHP BRI N,

130

Y7 7 7RR BT B GaN EIEL)HRR R Ot REAL AR

OBt 22 BOD EhpE HALKREL
FR3E iR wiziE waa< AL KRR T
BR =mH b RAL KBt T
AR Bl <iEH U HALABEL
BA W ARHE HES FALKBET
Fii # WAbBEM RTL ERALF
AT MR A =kl ERLE

[1I-V 28R TH S GaN 13, BHHOER LED PEHRINTHD, BRTOEEREL—
F—RIBOEBRAEN S, KHRD DVD AIKFEE L THHFEIN TS, LirLiahs, Zof
BB THEBEICEEELE X TS M/ ERAR COMMEE I OVWTIR L+ BRIE
S5NTWARN, FITEAHRTIE. HFEHEM)EEEENBEEZEERANT, Y7710 7HK
O GaN O FREBRICEEE 5 X TVS, AT OREOMIEEIC DOV TIHRELFHRE R
MERIIL7Z, DETEORKELD. NETIZA BT EE<HEERAL. TEERE<HERLLR
Mo feht, Ga BEFIIERERE 2T 2HEMMBRSNZ. ZOZELD. RETHE AN
MANERWTHDEEZONS, 3512, KB TGN BEERKAES R, BTy =—V) >V
T252E12E5T. CaNEFDOERAMMNED L S REBEZITHEINIDVTHRINL &,
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JP 01

BILF S AT L C6S DBAFE (9)
ER 4RI S TOER. FEL. MHEERBBIVT—IRX-ZOHEIIONT

OWEF 1E5A vF/ wHen AAERILFESATLX

2000 FELLEDIEE 4 KT S5 704ER. FEL. MHHOREBEB IR EHERIIOVT, B
T3, SiSAEMY SA, SEMEiRL 0 s#E,. S aBAREEO Resolution, HimkET 57
BOME. FT—IR—Z{tT BRIV ERBRESRERECDOVWTHRET 5,

JP 02
ZHiEN T T 71k D TUPAC DR

O BT LA L5 TR T ke KB 3%
BER RBIE AUz Lazx< LR MIE=T T N RIS

APIRORKRBEED [TS(EBEEE) TR IKRIERBIATLOBETH S, COTATALT
12, ITS #EaENSHMHBLEHRA TS 72ANSZEIED. Kb, £ERMBIUORIGIE
BIEEHLTRBEEDDZENTES, AR, ZORKBIATLADY TS AT LELT—
WDILZRISI IUPAC RIS ZEF5T2HEORIMLZEMNELE. 5. HE5MCDRIEAND
Mo TWBIL¥ERIEE SEARIGY N —TIHEL. BERIEO TS » S )y — TEH O ZHif
BNTSTERETHTOTILEERLE. RIZ, TOXIRXLUTHEEARIEOT—5 &G
AHEHORIEN S BEEHHRAY 57 EE#RBETHIEICLD. [IPAC KIbAEFE5TH 700
SAEERLUE. TORE. ZHBNS 75 720 T—HRRIEZME. RRTIFIEOELEL.
ZFORAEHASMITLI,

JP 03
XyMML (XyM Markup Language) —®ERDIAI =4 —a>0kdOY—r7 v T EiE
Omkm EIE AU LAEL FLER T MR R T3

A2 —%w RRBFHROYERICE S-S T LEXEOTBENDH 572D THREIT/E> Th b,
LIz, MERDIAI 2=y —a iEL TR, EEERICAZBOBRRINTH RN, E
#1, TTCRBERDY M Ty T4 VAT LAELUT IyMTeX 2L TS AL Z OfMHER
FAEXSIZIIEL T, XyM 22k (yM Notation) ZIREL TW3, SEIL. K#loXxy bI—0F
EHEIAINTWS M KEATAIEEZSHIZBWLWT, #BEX0a322r—23>070D%
— 27y 7EEE LT, XyM Markup Language (XyMML) Z#RET 3. X512, SGML D DD B&
U LlaTeX RS2 AL——HDT74NIY—70F 5 LEERL. XyMML »S5HFEL T, IRTFAD
FTYLRTIREFIVATFLARERLEZOTHOETHET 2.
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JP 04
AR AT LA T PHO S IZBT 5 EERERAL O B SRR FED R

Ol &R rmish HEB FRILFTH
i A SIED EHE ERERK

AFETIZ. LHASA LBDEL DI AT LDBRETH 2)— bOLEUL 2B IHT L, bhb
N NETHRL TE-AREmMB SRR 704/ 5 L AIPHOS (Artificial Intelligence for
Plannning and Handling OrganicSynthesis) IZDWTH —4w MoHEEMN S5R# U /- BRI ERAL
DEBRNBANTICONTRELZERIZDOVWTRR S,

N— OB (1 A5y 7 T1OEDDORREITO L, 5 AT v T TOI— MEEMNREK
W1 0D 5FEARBIRK) KDVWTI. SHET. MHTZLDORADBFENHE VMRS
nNTWiaholz, FIT. SERL ZENLEYOPRHEED SR U 7 8Eg ERAL O B NEAL VT
IZOWTHRE L. ZERY, TROICROES 2012, BEORIGT—F X—AN 5 OFERD
FHEERF L. BENICIE. RETF—IR—ADERROMEREK L. BEBAMTOMNSRE
I DERRRERAL Z )NS5 A—FLL. HEHRM L 2O EFERE Lz, T I 5HE5 NI AERIEE
PLOFEE T, ARSI — N SRERT I ERT 2 &AMk, GREGENL : & RRATRARE
18 % 8 < BROEREE T 0 & BERAD

JP 05
BB A RERET > A 7 L AIPHOS-KOSP DBAFE (2)

Oftki% $t7 &S IS0 B
g DA D EHE BEERK

SRS 2 5 I KOSP (Knowledge base Oriented system for Synthesis lanning) IZHIRKET
— I R—ZLDEHFEAINHBAR—2EZFALZH LY A TORBRR I AT LTHS. BE
CEOEBREENBRCBNT, TOMREIC S NBIUMEREERE LA, —BREO¥E
Bl — RBRUNMTRZ Mo, 4, convergent synthesis DEEEES AT LICHEAL, %
BYPE S RIL— MEEETIRRE LD THETS. £/, Gl bRLEXEEZOTHE THREZT
5.

1P 06
LEMEERREEBT —F X—2
O Futd LS M Rl iR AR

FIFRAHEREEN (JST) Td. ChETI STHEEL TELEmEEE. 2t &
BARY N, @GS V- RO AYT—7 & ENIERSRMEEMAHR. ELRE
FFeRr, TREMBER T¥TERMMER. BILERRROT —FIRX—ALZES 25—y k
FTEROI =Ry NT— I HBRULEM T —IR—ADER AT L ERRE L AMHEZRAEL 2,
ZFNENOF—IR—Z IS BETHEICHARIN TV HDTH M. LFEMEOEKREZEIC
BT AMESEOEHENET—IRBOD—AIHETESE LD, LAYFEERSEI > /F—&
THZEIELVHEMICRIATESLSICL .

FIAZIZL >y =%y FETI STOWWWH—=NIZHERT 2 2 &K DILEMARR, (LER,
W, AXY MVE—7BDORUENSILEMERERRTEIENTES, £LT. TOKRE
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HRE, SBEOTF—IR—2ADT—FICHEBEIRZ I EMNEEEL> TN,
1P 07

{LEMEESRE TR AT LDRTE

OB B— DAED ZH50b {L2RREBSR. KX
WA % Fibe LIFHT BEX@AMIATFLATIOD=FU Y
Kulg FHM hR LULLIZ L2 RRERS
AEE A LS DEd KBRK

A 2% —%v b ETHRATREZCENEOFIINBEN IR (£ HOTF—FX—2&Th
EERLESRYETRL AT LAERARE L, AAT LI BENICY Y 0—-RaND JAVA
Applet ZAWTHEREANTZ ZLickD,. HEEVHOFERUHHICHE T 2R (LER) )
DWMEMIC L DN RERBRT —IX—APOWEEZRE (BoMEE-R35%2—8) THIEM
T&E3, T—IR—ACBRBHROILENT —F WEELIBZWES, AhIN/z#EXnS 106
FEEOMAHEE S I BEOFEFECRERED FRO AV iERR U TP TREH - Xt
HHSEREBMICEHEI N, RRUEZARLLATFHIO-F v— FEZRBREFSEZAN
T HETEPEARBAR D S £ 2 TRIL TEOHKRZENT 5,

JP 08

EYRBRKE T — I R—A AT LDHE
—FLWRBICE DW= A EREEE -

OfEH *#& A2 BE BT RA IR
W AR FEND ©E -5 R E R ]
BH B EXZE TDAS Vil i S
B BT Wk HEZ B3 TRAIFAT

5 ) ARENED D, KBICHEH X N2 ERT — 5 OMRNLEEE - SIMEOBRBENRNNT
W3, LALBRRTIRERFOI T A MCEET—INEBERFICEEL THD, £ZikED
EORTF—INNHENTVEIONEHB I EIZHMLVWRRICHZ. IS5IZTNS OEYER
AL OBEMAFIZER—HICES =) D7 ERICED L, AT EHE L TR
SORAXEH#HLY., ZOLIRTF—FDHAEBRONEBNERBETHI0IL. £EMEFROETH S
73 )EOBKEORFIERE —BICETIEDOTES D, ARITWIE T4l XHEDZHOD
MEELTVRWED THEEEZOND, FITBRABIOHIZER L., BEYNEFRIC T4A1)
EOBHEEZERLUE, COAEEZAVWIE, BELTOWSERN S BRIV ERBEROALZ
INETHZENTEDLICRD, SEIIAEEFALET I RXR—ZABELZ LDV THHN
73,

JP 09
S0k - AEMSEBILAYMOMBFE—AL bOTF—FX—ZERE (FiR)
Ouiig 7 DEIE HEDS AREEK

LIAT& 0kt L TEMET . SEMKEARSBLEY. BRUBEET HEAM TP 4> ML
OFBFE—A> POEREDT—¥ %, MEOMAEORANES LB EZBRLT. N
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—YFNALE1-FAHORBICBREL TELD, BEXTOMBLE=TLI—-REIENE
e, Z<OKEBOBRSNBZ LB, BROT—IELHREOHICIOBMOEE - "D
BRBERERNEFENTVDILIETHENTH DN, HEDIXHBEDOARERDODPNSHELS
N5bOEFELETRRITHORBEELRAGBLIGEONS ., HEHIRBORN T EEEREL
TF—y 2%, AIAZEOEEZEXTRIIAT 4 =)L FOMIICAERORD DEIEREZIT>
2o EROIMIIZT—H N—R T 7 ANV EFMADDSEELFOVRAE KB THLADIA L MEH
WL, LBOESRD2BEOZHDEREL TS,

JP 10

STARALSE O BRI 01— RILEOBRE E O R — D5

OMEF RE LD DAY E HRt
ik BT IES OB FIAENIRA R S Z AN 21
findt YA SIED EAHL BREAX
wBE W 5&H Lwh i
HE & rminie eiEL Bt

VAR EFEOBRIID THEZTED ETHEHEREZERTH 3. FICRIGRET - THIS NMR L%
T RNFRIZICBOTIE, BEOFIEALORE D DMK LEEEDZBEOEL S HEEZEN
BIENMMBETHD. CNETIALEAa— YLD TOMBERE TR R FEAEDUKILESE
BT B HEIIREINTNSD, HNRZABEFRE—-BENOICRTIEOELINS, LKL
2EREE MR O 7 b FRISICED, BESAM S OIS EREFROHAEN I —
RIEIERWEFBERINTORY, FIT, MK EEEREZBREENICO—RMET2H LW FikE
BRLE. SEZET, a—-RMeoFks, xFEICEDa—-RMeLAB2z OEBLEMET —
HAR—Z{L, A2FA— a3 > OEMEMBEZLZERITDODNWTRRS.

JP 11
Circular permutation ZERDW|S T LD TEIHERMT 51 > A2 Rk

Okgits M5 VAN I=hdHE Mo F LE
- WL &S VAW E W F L0

EHHEOBFOMAEELHBELTTY 51 A 2T, MEBRT 91 A2 MER, ¥
TN FA4FIwy - TOaFSI272RNT, 199 34IZC. A Orengo & W.R. Taylor i2&k D
I TS, LML, TOHETIE. Circular permutation DBHRICH HEHEDT 71
AT RRIFICIITONRWEENH - 7.

ZZT. B4z, BABES LG Z &2 9550 structural nvironment % Circular
permutation ICEBINSTWRICEMEL T, MERT 51 A MEITDIHIEEZHRFEL.
BaxOFEICED EHED Circular permutation DRI NWEBHEIZIDEAADZ & Circular
permutation DERICH DBHEDT 51 > A2 b HRIFIZITD T EMHEIRITIR o T2,
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TRICARBE IEIC K B FR BB T — & Ot

O &8 T 0nd BIBHAIK
EHOER  A0EPL OXEL  BTRE
MES 3K B 0TO< BIRHRIA

BB LBy Hrik: (Thermal Desorption Spectroscopy) i3k Z FiEEL ., KIS B HHEEH X
FEBAWTAODNETH S, COFEEIREFICEENIRBUBOFMYORBICE ) 2 RiET
3, LML, H#ROFMMIFE CIRE (HDNLEWEE) Thit — 2 2492848, choz
MExOPWEELTRBETHERBRETH 2.

AR TIZZ OB ORRIC RITHBED HZERNWD Z L 2EA. REEZ/(EOTHRET 5.

JP 13

BTLFEHEICK DY F U LA T BB ORE

Oma g iz MFEL YE
A & EFOHE el L=
Eig £ BMLE 5 ARL RS

UFI LA > ZREMIFEHEFES ) — IRV ACBRECERINTNSA, ML, KRR
fLiz & ORER EARD SN TNS., ZITYF UL T ZREMOBERN ELZBEL T, A
B DRFEMEANDY FI LA F > ORBOWECREZENAT DD ICBTLFEHBIC L 55
WETo k. UFULAF =57 74 ROEFTIRIZDONWT, 7055 L Q-Chen ZAWNTI
RROD TREGEZITV, ETNYA XORBRELZER L. TOKR, ETINYA XICH
LTEDLOTHEKFEVERNA SN, REBBOREGHTHMCESZELENTEL.

JP 14

S4 )4 NANBEAEDT7 0 0 LaABO)TEIH¥#HE

OXH Kk i LiFm LB A
K AR £RiE THEK JEEKRE
Mgl F58A SHPE OTHE JEEREK

BROXERFRTHD51 ) T4 NVADONBREHEIINES 00 ALWSEXRBRBROSF
E£H5AKTHD, BICHNBIOEEF2RE. ERT 2750 TERL. 917 U4 IV ADORKRG:. B
Bl THMBEEZ DD, BAZ. BIZBIEHEAOEE EHBOA =X LOFEHZBENEL
T, BRADHRELEEEAFEEREELEVIHBEDOFEICED., 51 /74 VAONBRERE
D700 CIARORFEHFHEETO. COXIBEADFEAAKDZDL D L EMKMGE
30w, FORFHHFHEORTEHOEMMED LI, HROLSRELOEAEHEDE
tod, BLA, ABRBAETTEEAENEOI DI, BEEOESHE L THINITES
#HT. TOEMEBHOMFTZITO/. TOHKRID. 51/ 74 NVANBREAEN TR ZHA
ITHHrZERLT.
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ko4 RO P—IZHEY B EHECERHE

ol & Lwd RALRBEL
A Bz D5 OB E RALARBE L
R Teid g FALRBET
AR Ea] <E BHL AL KRBE T
A 9 HPbL HES HAL KB T

BRI EO/NUYESBHITEDIC DN, FF. 2T L XIVOBBEEORBAINRD TN 3,
LML, FSAROD—MEORBREER. 207G 7R, RE. WOEE. AaNZEICK
EKFEL, —ROFEREZEMN TRV, TI T, ARETIR NS ROP—EOHT
b, ROEEREBANS TORGZEEL T 2 FEHNEEEEALRLRH TR, HTHER
HIHRMEADTORAMBIZIBI B FIv VAR L. T, mEMERROEUIE
DEMAZEDLBRENOFERFEZM LI EH2DIIF, @B AR MBRIOREERIC
DVTHRAVBLETH S, I T, BENBEKER OFD KA B RERTFL¥IHEE
ERAL. @EFLEEELTOREOEBRLLAYVORELINF—ERFLE. AHFRICELD, £
BOICRR#ETH > LBBMD TFORTREETDOT 13 v 7 A3 5 ITIEBERKEZE OBR
ERSNITEHIENTE.

JP 16

Dual Ensemble Molecular Dynamics (DEMD) FiXDRREETH 51 FMHEICL 2K EDBEADIEH

Otk #RI ZERL 2T0D RALKRBE L
HFE X9 bhE UOTHE FALRBE T
Kt #E— BB Z50B HRALRBET
R ehd g AL RBE T
AR B <E BBL FRAL KB L
BA B APHLE HES RALABET

ESS AL ERIIA BRI AR TROLEE O FZNRZEENR WD, BREMERZ E» S
INDEBOHEH AN S OEE_BILRESBEANOISHIMRIN TS, A FIal—a
CEFRBESBE T O A TORMAEDOER - IEEEICET2MENE s NS0, ERICERAT
HB. BETIX. 752 B0 ZhIVaFEH%¥E: (GOMD) EFEIEN 2 8 L WA T8 /%% MD) i
BT SHENTHON TN S, GIMD HEIZEFHREN DB T TOKBEBRE DRERD NVT 7 >4
TN TIREDED T EMNTERVIEEEBREEWMOPED ZEMNTELIFETHD ., BBER
NOBOSNIBEBRREKEZEEEHTEZLNSHENHZ. RABEHDEZBEHELER
HEOBEB I 2 L— a L iaEDIEFEE MD AT X 5 Dual Ensemble MD FiEZEHREL. ¥4 51
MEICE D —BILRENES Ial—a z2fTol.
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FONVENBTBESST74 v

ONIK #& MLbHE AL
ek iR LS AHEL
HE R LA 7=2dD
fi& Th PHEE WEH

LM HE DA IehdpE
fREA H-B DTE LAWVEAS
R & A kI

Bk ) EEXE S50
ik #T LS K5

AT KIEHRT
AT KERLT
ATKERT
ATKERT
AT KERT
AT KERLT
AT KERT
AIKBEHRT
AIKIEHRT

ARFESIIEENBAEEICK 2 KRES TYESIE 70/ 5 A (ProteinDF) ZBREL. Zh%
BORICHEIUL L=, ATOT S5 AENERRERLTHZ 70074 NIAI—DAY VEE
REHDFHBEROANLY NV EDETIREFSEISHA L.

JP 18

HUNVEBEETFEE OS5 ProteindF 2B BF Ty MgmEh &4 B L

O& K & LLOA 72HD
e X2 TED SHEL
A i MmLbE OBL

ATAHRT

ATKRERL
ATKRERL

REESIIY ONIVBEOMECRIGHEZEFL NNV THEHMR TSI EZ2EMIC, AU A BIH KA
ZRAW-EERBEEGEICE DL TFHEE T OS5 A ProteindF 2% - RRIETER, Zh
FTOHET, READHKOWNRTHEY NI E (BHTFHELL) OLETFIHBE~ERT SR
5iF. 10~1006 FLOPS REDSHEHRNMNELLRE I ENbh>TWS, ZOHBRENE21ES -
HDIZ, BEOT—I7 A5 —a > (F5) OFEEeEl. Fy N7 —J oBE@E{LEEHBIZ, WS I FA
ZIZ X BN HAFINE S 2T ANDEH 2% X T ProteinDF O FHL2i7> TE . BWUIFETIT.
FT7T s NMEMEE CHEERALNIULETo = T0 S5 0%, V—URAT—a l5RY
FTEFEERTREOY NV EOLETHEEITo 2. BETIRAEIUED=DITHW=AT
Dzl MEMMRBIEE I DN BEOR2BTFHEORRIIDODLWTHRETATFETH S,

1P 19

ITI-V RIEY R L B DK RIBEICE Y 5 8t R L RO

OfRE #hR Wizl w5 a<
INEFRR B2 BOT MY E

ER = Hhng
AR B <iEH U
BA B ARHE HES

RALKBET
KB T
RALKBEL
HALKRBET
HALKBEL

2R FLEBARCLZERRENT (A — FCLED T, EHEELUT InGaN 2RV S, AJ#R
ANSEANETOREEAIN-TIRARTHEELTEAEN TS, LML, 977147
AR EIZHRE L7z InGaN BT HFMETIE In fIEROREG —LPRRRMERL E, £ ORKEE
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B U TR EN SN, T TEFETIE 11I-V 5 GaN R ORK EBRICE U TS
THEERWTRN 2170 2. FHIN DFT B AL EIZTIZ MST £ CASTEP 0% 5 A ERW/=,
BRT >y IV BXOFmEEREE MW, HEABEMHEEMIC DWW TIE Perdew & Wang 58
FLIEbOEANS, InGaN BROETFNEERL. TORETEHEE h—F I ITXIINF—%5
BI3HEICL > T InGaN ORI DOV TR ZEITo /=,

IP 20
ANTZ T INL B D8 Jahn-Tel ler ZHF D MCSCF %12 & 2 fdft

O%8m Hi# L&z HTEB IEXEE
/NBE SRR ZH&E LAS ZEKRT

IR B RACKFIATHET 28R FHEE T, 8 Tahn-Tel ler ZYR OB R0 S BKAF =1,
B - EROBENSOMAINTE 2. BI. AbRBHEITFEZHRITLU T, EMHRTEH
BOREADEBIZDOWT ab initio RHF & MCSCF MO IEZAWTHRHMNLZ. BHOIERER
LKFEORT, NTILOANTI TNV O FHEER. EFEETLASELRFEERICC
BHEAGHBELL TS ZEMNNR AT ML XBERBEFTCE > THSMZEN TN S,
FHFFETIE. # Jahn-Teller IROYEHHEEASHICT S0, DED. FTHEMEDRE
COFEEERT DD, ANTFTIUNL ERD LT, FE#EED S ETVEMENDOD TR
HOBRTIFSTIRTEMATS, BEMICIE. FEaxdFEE 02h) BITEFHEZ DL,
C2v, FL T C2h #EDBFAIFEMR/NT A—F—% ab initio MCSCF MO (6-31G(d)) EZANT
BiEtL. ThThOBRBICBI22IF)NF—%, TXNF—REEICE DV TERMNT
FIL TS .

1P 21

B—RHAEICLBHRAY ) — )V ERAIE O E R

OKE 1B Ihigs x&EL AL KB T
=ik 9 AED HES HALARE T
BR W f=ha g : BN
Belosludov Rodion RATBELR A TuBh AL KRBT
Zhanpeisov Nourbosyn FTARWVWES DBIEFELA AL KRR L
AR BHF iE bbHU LA
BA H AOHE HES AL KRBT T

BE, T3XNF—FHAOENRLEEBEGHOBEAL S BRIMNRBOERNHFEINTVS,
B AREREID—DTH BV AFII—F I KR TOAY ) —NVAERNBRREETH 5.
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