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Knowledge-Based System for Automatic Design of Glued Laminated Structures
Systéme expert pour le calcul automatique des structures en bois lamellé-collé

Wissensbasiertes System fur den automatisierten Entwurf von Glulamstrukturen

Zvonimir ZAGAR Z. Zagar, born 1931 received
Prof. Dr. his Civ. Eng. degree at the
Zagreb University Faculty of Architecture, Civ.

; Eng. and Surveying of the Za-
Zagreb, Yugoslavia greb University in 1957. He

worked from 1965 to 71 as
senior lect. at the BT, Faculty
of Arch., UST Kumasi, Gha-
na. He holds the Chair for tim-
ber structural design at FClI
Zagreb.

SUMMARY

We have developed a knowledge system for cost optimisation design of two and three hinged
glued laminated framed 3D structures. The system incorporates all the necessary standards
and codes of practice. On the basis of input building’s clear-area-height dimensions, the geo-
graphical location and current prices of material used and the past «learned» experience, it de-
signs the optimally priced 3D structure with all the details included.

RESUME

Nous avons développé un systéme pour I'optimisation des co(ts des structures en bois lamelle
collé du type ferme a deux ou trois articulations avec la possibilité de minimisation du cout glo-
bal du batiment. A partir des données de base, représentées par la portée, la longueur du bati-
ment, la position géographique ainsi que le prix du bois et de I'acier, les resultats fournissent
le co(it optimal du systéme & trois dimensions. Les résultats sont conservés dans la base de
données pour une utilisation ultérieure.

ZUSAMMENFASSUNG

Ein Expertensystem zur Kostenoptimierung von 2- und 3-gelenkigen raumlichen Brettschicht-
tragwerken ist entwickelt worden. Die entsprechenden Normen und Vorschriften sind dabei be-
ricksichtigt. Aufgrund der Innenmasse der Gebaude, der geographischen Lage, der aktuellen
Baupreise sowie der friiheren «Erfahrungen», entwirft das System eine wirtschaftliche Tragstruk-
tur in allen Details.
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1. Introduction

We gradually embarked upon the development of the knowledge
syetem (KS), wuntil involvment at the present stage. First, some
team mepbers {(under late Frof. br. Sablic) had developed programs
for  aubtomatic glulam beam table generation for the timber

dustry in Yugoslavia. Fig. 1. L2317 €121, In the seantime the
(the Standard Scecitication Uftficer updated the JUS {10

standards for wood structuwes: JUD U Y. Zaa, and JUS UC

valid From 198, 0153, fAlso we were involved 1n writing
standeards, we recognise the shortcommings of  these standarde:
they bhave Lhe “old form” and the oddly srbitrary naming of the
variables, and some 10 accordance with internationally accepted
standards. Some of us bhad the ldea aboul witing the standards in
magdular  fore switable tor direct computational use: i FORTRRAN,
F Ak, BABIC ete. Thise could be then distributed with the usual
standard written torm Lo varliows legal wusers (350, D341, [RE7.

But  ULhis idea, based on woek of prot.  fFenves and obthers L9,
Lilad, Liid, L13). was rejected at that Ui

1 made an attemt Lo write some parbs of Lthe standards in wmodul ar
tormse sullable for direct computer use, But thizs was  pot done
stematically. {he 1dea oFf optimization was actually olad  and
dJated bto the times when we did some considerably complex  optimn-
zaticn  of very large and complex structuwral use 1n the realm  of
archltecural planning, Dased on generalilsed Linear oodel 2k
cotimization of planning based on the works oFf Agulrlar . delMewrvi-
Lle & Statford and stark & Niechols &3, Lod,  LE5d, LE@3. We did
it oon the then Interdisc. lotertacuity irsdfro and Transportation
S o the Zagreb iniwversity whers | lectuwed on struct
CER71--1980 . in those works we jusl assumed that the r
: shructure was ady rationaly designed, and the model
vk ) opred took 1nto account moeltiused tacilities and considered
realistic design constrains suoh as zooning and parbang regula-s
Cions and reguir ements, space use, rentals of +loor areas (depen-
ding on Lhe use and archit

i

SO Al guals by ano mar ked preferen
construction costs,  budget angd the maximisation of pratl

ton

L.d:j‘.j«
There wag & considerable disapoloatment, hecause noszody From Lhe
attthorities responsiible for planning and investments w 1rt e e
fed  in The uge of the madel. this was done in Iy arrg wel |l
described Ladd i %S Ihe computers were rare and Lhe e
ledge Lo use 1t mastly limited just 1oside universities. Later at
the Faculty ot Civil Erngimeeraing (FCEY 1 made wwith the help of
(03 students) sume  aptimization programs Tor planar  waodern
structure design based on the JUb standards. We developed some
simple  programs for ratioinal design of two and  three hbilnged
giuvlam arches, giuiam ivariously shaped) beams, some steel
structw al parts, foundations elc., aome wirltten in FURTRAEN and
wsome Ly BARIC Ui7/7d, Li4d, CA/73, g3, LA%1.

-y

2. The +irst steps

fhe appempt  to wiite an Eb or EB as a rather elementary  oF
primitive version was a tempting toundation base for more elabo-

rate systemns, lhe idea to start to wite an rudimentary

wasn  born at the time of the Zagreb Universiade games {in
whiern we ot the contract to desiqgon bthree (aver SEom
glulam rootse ovey sports hells. S 1 made & program
optimization oFf planar glulam roor structwes and then started to

s S I

nared)
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develope it into a rudimentary KBS [E%3. This immediately hig-
hlights the fundamental problems of ES: that they are usually
guite knowledgeable about a limited {(in that case a very narrow)
domain, but have no knowledge of wider world. It should be noted

theat we always checked the obtained results. with parallel
computations on  the mainframe computer using FEM and the ICES

It

RUDL 2 system L1571, We latter even checked some assumptions
and theories of glulam beam behaviour (Mohler, Heimeshoff), and
the theory of spring beack effects—initial stresses due to  manu-
facturing processes of streight and curved glulam members and the
"slre etfect', eto.

Irm  that then written system the various embodied theories, the
standards and the codes of practice couwld be revelled by the use
of various HELF routines in graphical or printed/written forsms on
the CRT devise. ihe system +or the design of spatially braced
glulam planar structures could do the optimization guite indepen-
derntly Horm the structwral engineer, the "man in the link" was
accepted to give some explanations, details of codes and  the
theories used, Just to give him the feeling of a master over the
program L5, 073, CRZ23, {293,

We have recognlised the shortcommings of separate unlinked Lo
Linked) optimisation programs as well as the 20 towards the 32D
comprehnensive approach in design, &nd the role of the partialisa-
tion of different architectural forms in the design of timber

Wi

A small program which was able to find the 20 optimal solution
among  several predeterminated 2D fores bhad shown that an aptimi-
ration should include comparission of architectural forms and  as

well &g materzals on the price basis, Thig program was able to
coampare the structures ghown in fig. 2. 71, L
5 63 S

J.The efftorts of
powork and some of the student diploma works were coricial
for the development of such system.

It was enlightening to run this progress for  different  spars,
building heiaghts, bearing capacities of soil and different prices
af materials ainvolved. In running 1t § learned much of the design
decrelon making  and was abile tocbhwerve the generation of the
Thambi-rul es. b my  suprise the, with the program gained =
Tutions, were the same &s the stated 1n books and known as “thumb
il est, gained in practice by healty workmanship and past econo-
miCal gains.

Ze Development

We were geghing to develope a model for writing a real EBR  which
could  be gradually expanded Lo more complex one, In the case of
timber design we were aguanted with the Basic wood design  for
minicomputers Lidl., We developed on the past experience a EBS +or
wood desiagn on the 3D (spatial) design basis which we are trying
to enlarge Lo other structuwral forms. One part of the syetem js
aperational and this is represented here .

4. The KES for design of framed glulam structures

Such  systems embody the accumulated -technical and  technologycal
krnowledge, the contemporary state of standards and codes  of
practice, the past "thumb-rule” esperience, and the new knowledge
abtained by the use of the svstem. In this way the knowledge 15
gradually  increased, but  because ot the limited scope of the
narrow  active area (the one bay space system? there i & limat
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Fig. L. The early approach to optimization of glulam Deams.

tor the growth of the knowledge oase. This fimit 18  oabtained
guickly., The scumulated knowledge saved i1n the data bank could be
applied by practical design of glulam timber structures.

Fhie  well kpown JTCES BTRUDL system 1s very close bo this  defind-
tiar but the searching of the U2 data base vile (where The past
experience could be saved) is unpractical witnout an intelligent
intertace +or  revival of the, only to that  speci+ic problem
related, data.

There have been some sporadic attempts to solve some opbimisatlon

proglems 1n design ( For examnple o solve the guestion of optimsal
design of simple structures: glulam two hinge arches, ot L 2 s
tion of purlines, design ot sample glulam beams, reintc s}

concrete one bay frames) LizZd, Lisd, L%, Laid, i

A L.

Lael, L35, 'he described avtomated program for ZD optim iyl
wf  wne  bay glulam framed uwildang could learn and  the learned
edperience  knowledge 18 saved 1n a data base which could bpe
e panded by i1nterpolation or Jand by fuwrther learoing 10 fuatuwere

FAATTE .
bl have in this program esthablished Lhe "man i the Link" to:
i) help 1n re-education of users (students, str. @nglrneser s
Lid ta force Veuxperts® to critically review thelr K
and  thought processes,  which than could  lead to new ide
miare ettective solutions to problems,
fi112 to put & point to the role of  contemporary  structwral
B L NEer s,

It was a policy from the beginning that the role of the progeamn

HEEFS Was & supperticial roale only, bul this shiouwldn © bhe appa-
rent  to  the uzer. fhig 18 4ar +rom deskilling the role ot
atructuw al desigrner ot we are on the way to do jus it

it could sound unbelievable that the first steps were dong on
bVl 'Hoand then trantered to and developed on gt ATl
where the FRS

2
L,
1s now operational. MNow 1t 1s transtered to CONVEZX.

the steps described, are the total minimouwn cost optimisation ot
an architectw aly prediscribed one bay conventional gluwlam  time
ber A0 workshop buildings based on two- or three- hinged glulam

frame stuctwes. o be able to start with this we have to rewrite
i digital forms the relevant Design specaifications, specifica-
tiorn tor loads and code of practice. Therefare we have proposed
the writing of the "new generaticon’ of design codes and specifi-
cations 1n a way of verified subroutines expressed in  different
languages: Fascal , Forbtran, Forth and why not MocbBasic [83, (P13,
Ligl, Lidid, Liid, L1353, LEED, LA473, 223, These subroutines
shouwld be the integral part of the new code representation of the

KNOWLEDGE-BASED SYSTEM FOR AUTOMATIC DESIGN OF GLUED LAMINATED STRUCTURES %
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Frgae.ce An early 20 optimization approsch to different

Fructural syatems.

JUn codes and standards [1321, closely related to IS0 standards.
Wi have imagined the whole builading standards codes as a svstem
of dirawers in a cupboard. The old outdated rules scould be taken
cut  and  the new rules pushed in without affecting the whole,
These standards shouwld be distributed to the prospective legal
users on floppies and Suplemented by textual parts. They could be
wsed  An various programs as modules. fhe standards should be
constantly upgraded and distributed to legal users. “4n 1nsti-
tution should be in charge for testing, distributing and upgra-
ding the rules.ihis work is closely related to the selection  of
variable s names, the choice of letters (notation) used etc.,
which could be obtained only by mutual agreement at the level of
the Yu Standard specilification Office. U this level there has not
beern much interest, nor financial support. S5c we were forced to
dip the task to write some of the parts of such a system in  hope
that somewhere in the futuwre the 575 {(Bureau for hational Stan—
dards) will accept the whele idea. #After that we have started to
write the maln managing routines for structural calculations,
code managing, stability checking, price optimisation, and opti-
misation of muatually interlaced building parts etc.

U the basis of the architectural cholce of the main outside
dimensions of the building. the geocgratical position inside Yugo-
siavia (governing the snow and wind loads), the choise of supo-
s10n to wind loads (closed, open, partialy closed building eto.d,
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the type of roofing (and the roof's slope), the choice of timber
iglulam, sawn timber), the class (lst oy 2nd) and species of
timber J{soft or hard), the environmental esposure (pH level),
the choice of supervisions (and the level of meintenance) , the
proposed duration of the structure, the current prices of mate-
riales and some other choices, the optimisation process starts and
atter a while the optimal solution will be obtained (¥ig. 2. The
described data colection {(input) is done in a converstion mode
and  there is no chance left to omit any question, There are
several  choises to input the data for wood classes and SRECIEs:
this couwld be done by the user or could be left to be decided by
program according to price levels of materials used.

Starting from the purline distance the spacing among the frames,
the woptimisation of the steel bracing system and i1ts +form, the
choice of the glulam framed system (the two— or three- hinged
glulam frames), the system longs +or the minimum priced feasible
AL building. When the global economy is obtained the details (the
circular dowell connection between post and beam etc,) are opti-
miged (fig. 3.3, and searched for the most economical solution.
Up to the last bolt, dowell and nail.

The optimal scolution is saved in the data bank. This data bank io
searched first, when & new run is started.

In this way the data base 1s growing and accuwnulating  knowledge
about such systems. Atter some number of runs, there is enly @&
sporadic need for new runs of the whpie svstem. It is clear that
the various dimensions are dependent of the geometry, the gecgra-
tical position of the building and other parameters, but mostly
tram the current prices of the material used. The to day obtalned
ecanomical solution, if for some time not realised, might not be
economically erected by another future price relation. This is by
the way the current position with us. At present., the system 1
"learning'.

There are some shoritcommings which we are trying to correct now.
Une is the intelligent search routine and the range of economical
decisionmaking in a stabilised and an inflatory environment. But
the hewistic search should include such realities. ot present we
are  trying to develap the hewiustic search and lagical save
rowtines  and  to embody in the program  the typical truss
structures supported on "1Y steel (201, and/ or reif. concrete
calumns o surrounding walls (with or without OpEningst . This is
being done as a FHd and & MS5c thesis and should be finished in a
YEar o .

For  the intelligent heuristic search routing, we did among us
some brainstormings to discover how an experienced structural
engineer should use the past experience.

fhere are some problems in the (by us) hectically inflating
economy:  the prices are rising, but the relations of prices of
different materials are changing too and are not constant. The
second  schortcomming is threefold: - the interface language co-
mmuniication, — the JUS standard embodied, and — the various wva-
riable s names (reflecting our language ). For the language
(for  interfacing the program with the outside worid) 1 feel that
it should be written i1n english as a standard language. But
there exists among us a strong feeling to use native croatian
1 anguage. The wvariables should reflect the IS0 {by my qpinion
outdated) recommandation and this could bhe changed easily. The
JUS  standards are outside the program i{as a module’ and could be
changed and updated to level needed.

Farallel to thizs work we are developing an epoxi-glued with four
HTE perpendiculary prestressed corner joint for +ramed structures
instead of the expensive and time consuming circular bolted



A 7. 7AGAR 245

Fig.i%, a) The ocutlines of the building, blr, <} the twoe and three
hinged glulam frame, d) the top Jjoint of the three hinged frame,

@) detall of the support hinge, t1, ) details of the generated
circular bolted corner joint {one or two ringsi.
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connection already included in the EBS.  This corner doint is
being tested in lab and the results compared withe a large 3D FEM
simulation including the anisotrophy of the wood and the epoxi
glue layers, done with the IBM version of ICES STRUDL 2  aystem.
This recent development (which could be econeomically feasible)
should be then included as one of the possible solution of the
carner joints.

As  shown by this development, a number of experts with some
degrees of understanding and expertise in this technigue have
been increased significantiv.

We do hope that the glulam timber industry will be interested in
turther development and in the use of the developed systaem.

AL the present time they are not very interested in Jjoining such
praoject and this is guite strange knowing the present econgmical
aituation at home.

In the described KBS the structural calculations are done inside
the program in a close form solution modul. For the intended
inclusion of truss structures we are using a outside routine
u%ing some common programs.  Unly the preliminary dimensions  for
the structural calculations are as "thum rules” embodied in  the
system.

9. Discussion

There is one question sticking oot in the discussion: the obvious
deskiiling of the structural engineers and the changed role of a
new bred structural engineer s generation, also the seape of
their education. What of the future? The new generatlon of
canputers  will manage knowledge and therefore be capable of
making decisions on the ground of guantity, and maybe guality
o, Such  svstems should give expert assistance rather than
replace compietly the human thouwgth and decission processes,

fs the first runs of ouwr system started {(with all of the subrou-
tines  debuged), we have discovered & system bug sa  that  the
system was giving us plausible but strange solutions. We disco-
vered  the bug in the system on the sole basis of the wnly past
design  and manufacturers experiences,the past esperience  and
engineering logic, at the end the diploma candidate told me “"the
Germans bhave been vight".

This poses & question of how to debug ES or KBS in the future
when experience will be based on the past experiences gained by
ES  alone and not by experignced professional structural engi-
rear s,

How far then can we Lrust the system {(with uncovered bugs in  the
systeml, and whose 1is the responsibility? How much trust we
shouwld have 1n futuwre expert systems? Should we be cautious 1in
the use of expert system, or try to verity them when still there
is time left and experts around? dAs kriowledge erocdes the effort
should be made to obtain good experienced structural englnesrs,
wapture their knowledge and educate makers of such systems as to
avoid wndiscovered bugs in systems on the sole basis of their
past experience, until it is not too late [313.

It s=seems that the guality assurace of the ES should be admini-—
stred by appropriate professional and learned societies or by
institutions which can be eptrusted with the task: exchange,
validification and updating of data banks, programs etc. This is
necessary  but 1t seems to us that it will not be dome until  an
outery demands it. We reported the problem through various papers
and also notified the 575 authorities to take charge of i1t on
higher {even international ) level.

As for the development of the described system {which is operable

&l
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an FCY» I am not very optimistic. The progress 18 by us slow and
mastly not financed or is financed symbollicaly.

Confronted with economic crisgis lack of hardware, {( CAD systems,
CAD  stations and lack of plotters), an inadeqguate and virtually
nonesistant information network, the lack of research funds, the
diminishing standard, that [ clearly believe we do not have much
chance to go fuwther from this described first step -~ the very
beginning.
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