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R HRUYPISTIC PROGRAN TO DISCOVER SYNTHESES FPOR CONPLEX ORGAMIC MNGLECULES
T. INTRODUCTION

Organic chemjcal synthesis is found to be a suitable problea for
devcloping machine .tclligence where the resulting systes prcaises to
he nf genuaine utilitv. The challenge of the work of progyras design
arises oit of the complexity of the task of synthesis, the large base
of scientific knosledge and vocabulary required, and the abstruse
rtiles of reasoning employed by the "experts” in the field. A previous
paper (9) described tho problea, giving a general approach based
on the techniques of heuristic search for solutions and some interesting
exanples of the results produced by the prograams.

We wish to descrihe in the present coamunication, details of the
proaram design.

1.1 PROBLEM DEFINITION

Synthesis ip practice involves i) the choice of molecule to be
synthesized; ii) the foreulation and specification of a plan for
syntheasis (involving a valid reaction pathway leading from coammercial
or readily available compounds to the target compounds with consideration
of feasibility with regard to the purpose of syathesis); iii) the
selection of specific individual steps of reaction and their tesporal
ordering for execution; iv) the experimental execution of the synthesis
and v) the redesign of syntheses, it necessary, depending upgon the
experimental resalts,

In contrast to the physical synthesis of the solecule, the activity
ti)} 1bove can be termed the 'tormal synthesis®. This development of the
specification of syntheses involves no laboratory technique and is carried
aut mainly on papar and in the minds of chesists (and now vithir a
compnter?!s sesory!). PTormal synthesis is our ounly concern in this
Froject.

1.2 SPECIPICATION

The proarams and results described herein represent the cospletion
of the tirst phase of an ambitious research joal to design a
system vhich takes as input some representation (nov the Wisvesser
linear pame - see Pef. 4) of the target coampound together with a
list of conditions and constraints that sust goverm the solution
of the probles. The program (see Fig. 1) has at its disposal a
list of cospounds, the "shelf library”, that can be assumed
available with sose inlication of cost and availability (avail-
abhle or-hand or in industrial, pilot or laboratory guantities) and
so on. The proqrams use a reaction library containing generalized
procedures fotr the synthesis of functioaal groups amd structsral
features 3ingly or in cosbination. The output is to be a set of
proposed synthesis proceduores (notimg the absence of a theoretical
"bast™ or “only®™ solution). BRach proposed syathesis is to be a
valid reaction path- way from the available cospounds amnotated
vith rstisated yields for each step of the procedure together with
by-product predictions and target solecule separatioa procedures
(vith estimated separation efficliency) for each step. The
syntheses are to be rated ad hoc on the estisated degree to which
each procalure satisfies the conditions of the problesn.

1.) CHARACTBRIZATION

The reader can readily resalize that such of our effort
vas directed into building up a chesical structeure representatioa and
a large vocabulary of chesical terms defised upon the structuce
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representation. Perhaps the more fascinating challenging facet

of the problem wvas that of constructing a rational basis for the
reasoring process involved in dnsijning syntheses. Syntheses are not
brought forth in a flash of understanding but are developed one step
at a time. The Adavelopnent of these steps are highly interdependent
and occur with general techniques which can be learned. We have
vatched and interacted with a chemist, Dr. Prank ¥. Powler, while he
dev-loped syntheses., We attemptel to isolate useful components® in
Dr. Fovwler's problem-solving activity. Some of his techmniques have
heer. incorporated as heuristics within the synthesis search algorithsa.

ssec chapter 2 of thesis for a discussiom of this.
IY. ONVERVIEW

We have approached the design of our system at two levels:
concopts and implementation. The conceptual divisions are the heuristic
program, overall methodology, the reaction library and its use, the
information store and its utilization, and the list of available
cospounds. The isplemantation of these on a substructure sade of a
systen for information representation, storage, retrieval and manipulation,
will be revieved here tirst. Readers wishing to skim, may safely go
on to gsection i.2.

2.1 THE SUBSTRUCTURE SYSTENM

The principal aim in the design of this system is to facilitate
crumunication with the computer regarding chemistry. Based upon a con-
venient structure representation we have built up a vocabulary of
chemical terms and concepts about chesical structures. There is a
separately designed representation of reaction schesa and manjpulative
transforaations. The interface between the library aof reactions and
chenical structures is a question-ansvering package. Another important
part of the implesentation is the inforsation structure used by the
heur istic progras to record partial discovery sequences. The prograaming
suppnrt systea for information representatioan aand sanipulation is the
subiect of a Doctoral thesis in preparation by A.J. Hart (Ref. 2).

2.1.1 STRUCTURE REPRESENTATION

A representation is designed for basic chesical eatities like
atoms, ions, free radicals and compounds. These motiomns are inseparable
from their cheaical structure. The strectere represeatatioa therefore
provides for the actual topological properties aad the stereochemical
datails ot the cospound. The structure is sade amenable to inmspection,
andification and manirulation. A linear aand caaomnical name is
indispensable for indexed lists of coapounds and for coapouands to Le
comparel for equivalence., The linear camonical aotation developed
by Wisvesser (Ref. &) is wsed, with our owa sodifications iatrodeuced for
expedience. One notevorthy feature of the Uisvesser npetatiom is that
it preserves full structural inforsatioa (although this information is
not handy for sanipulation). Therefore algorithsic intercoaversion
o€ the linear notatiom and the topological notation is feasible and
has heen prograssed to tramslate a large class of aotatioa.

Bach topolirgical description is accompanied by am attribete
table of interesting atoss, boads, groups aad riags, which serves ia
two major capacities. Frirst, it forms the basis for aasveriag several
questions directly and for buildiag aaswers to coaplex questions.
Second, it provides bhandles to specific groups and atoas of the top-
ological description and thus helps the reaction selection rostises aad
structural transforsatioa rostines.
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2.1.2 CHENMICAL VOCABULARY

Starting with basic ideas such as the number of unshared electroas
in an atoa, the number of hydrogens connected to an atoa and the degree of
linkage, we have developed a vocabulary of nearly 150 terss. Exaaples
of some of the higher level teras are ¢ uasaturatioa, acid sen-
sitive, dejree of sensitivity, strong electroa-releasing groups, base
sensitive groups.

2.%.3 QUESTION-ANSRERING PACKAGE

The heuristic program requires ansvers to maay questions about a
structure hefore it decides on the class of reactions to attespt, and
requires sany sore ansvers as individual reactions are tested for
validity and side-effects. These guestions are answvered fros the
attribute table, the Wiswesser name, the structure description or fros
an cctended attribute vector derived for the structure. The guestion-
answer package is concerned chiefly with *‘yes~-no® gwestions.

2.1. 4 REACTION LIBRARY

The reaction library is a collectioa of reaction schema grouped
into several sets. All schesma in a set synthesize the same structural
feature but may use different reactions, reactants aand reaction
conditions. A reaction scheama consists of a rule for structure trans-
formation and several sets of tests on the structere of a cospound.
The reaction conditions to be used and preference ratiags have initial
values, and modifications are indicated based on test results.

2.1.5 RRACTION BOOULE

The reaction module is a set of coaventions asd prograss that
utilize the reaction library. There are routines to read in the
transformation, paraseters of the reactioa and the associated tests.
The tests are conducted through the interface vith the guestion-
answaring module. The changes occurring at the reactive site are
carried out in twvo steps. 1In the first step, the structure of the
given compound is examined around the reactive site are ideatified. 1In
the second step, the snbstituticn fragaeat structutes are recoabined
azound one or sore other reactive groups theus generatiag the traasforsed
strtuctures,

2.1.6 PROBLEN SOLVING TREE
The heuristic proqras uses a tree~like structure to store
partial results and alternative courses of actioa. The data iteas in
the tree can be nases of cospounds, fumctiomsal groups, schesa
references and status and cross-reference inforsation. The data structure
for the problea solving tree is discusased fully in a forthcoming
thesis (Ref. 2). 1In the terminology of heuristic search, the probles
solviny tree for synthesis is an AYD/OR tree.

It is convenjent to isagiane the tbee to be sade of a set of
compound naaes, one tied to amother by relational pointers.
Hownver, there are five layers of structure in the tree (rig. 2).
Belovw a coapound are a list of modes indicating the chapters of the
reaction library that were used. Bach chapter is folloved by 2 list
of roferences to fuactional features of the cos 1 that vere
considered relevant to the chapter. BRach reactioa schesa agpplied to
this feature {s listed belov it. The reactioa schesa leads to a
st of subgoals each of which, in turs, is a set of coaposads needed
for the reaction mentiocned in the schesa. To allow efficieat saistemance
and processiag of the tree, sach cospound occurring is the tree is
entered in a Sysbol Table. The tree is stilized chiefly to store
relationships betveen compounds and to saintaia probles solviag
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information. The program can find froa the tree aad the sysbol table
ansvers to such questions as:

How difficult does this compound seea to be?

How good is this seguence of steps?

Is this cospound solved?

Has this coapound been atteapted to be synthesized?

If so, vhat vas the result of the atteapt?

What is the best sequence of steps developed till now?

What are all the instances of this cospound occurring in the

tree? and so oa.

We have briefly descridbed the various data structures apd
routines that fora the tools of the heuristic synthesis progras.
Bvidently, this same set of tools could be used to build not only a
synthesis program but also an avalysis progras or a reaction
sisulation program.

2.1.7 LIST OF AVAILABLE CONPOUNDS

The ALDRICH chemical catalog (Ref. 3) of 7547 iiswesser mames of
compounds was used to gererate the shelf library. The initial version
used a reduced set of 365] Aldrich listed compounds asgsented with
namec= of comeonly available reagents and certain gases. The list vas
set np for direct look-up by cospound nase.

2.2 AN OVERVIEN OF THE HEDRISTIC PROGRAN
Bafore a program to automatically specify synthesis procedures
could ba written, the mlements of synthesis had to ba isolated and
defined. Their mutual interaction were considered in a geaeral sense.
The input to the progras, consistiag of the mame of the cospound
to he synthesized, constraints on the result, and the list of available
conponnds, sets the context of the syathesis. The inforamatioam store
can supply reactions and can asnsver guestions of cheaistry. The
prograa therefore is made up of a definition of syathesis together with
a raepartoire of techniques for syntheses.
The definition of a synthesis is isplicit ia the progras and
is as followus:
i) The startiang materials are to be available cospouads and the
sequence of reactions should lead up to the goal cospound
ii) The intersediate compounds in the syatheses may be kaowa or
unknows compounds, but each must be a valid structure and stable
under the comditicns of the symthesis
{11) It is isportant to devealop and to ideatify syatheses vhich have
a good yield, vhere the teactioas will take place with Ligh
probability and with ease. Bitreme deaands acte not to be placed
on equipment and starting materials. Seguences of reactions are
to be simple, involving specific tramsforsations vith ainisal
side-effects and correctiocnal steps.

2.2.1 OVERVIRY OF THE SOLUTION GENERATION PROCESS

The process of finding a synthesis for a cospound is to sonme
aextant analogous to the process of proviag a theores in gecasetry
ar to that of establishing proofs in forsal logic. The parallels
ve can drav betweean ouwr progras and the Geosetry Theores Proving
Progras (Ref. S5) are:

Theorea . Target coapouad

Rules of deduction Generalized reactions

Proof A syathesis sequence

Axiosas and presisses List of available cospouads

The Geosetry Theorea Prover provided sose dicections aand ve
patterned the present prograam to follow it. However, sigaificast
ditf~rences arise oving not only to the differences in the definitions
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of the problems but also to tue dissisilarity in the natute of the
probleas themselves. We will stress the differences in the probles
solving procedures.

Potential reactions to generate a coapound can be devised by
exanining the structural cosposition of the molecule. This forms the
basis for working backward. The major asthod of the prograam is anm
analytic search procedure, vhereby the last step of the synthesis is
the first step to be Qdiscovered, the next to the last step is the
second step to ba discovered aad so on. Thus the discovery
sequerce is the reverse of the synthesis sequence.

The vorking backward procedure has five sajor steps. 1Initially
the generating goal is the target compound.

1. Analysis of the generating goal

2. Selection of reaction schema apd its validation

3. Suhgoal generation

4. Entering information in the problem solving tree

S. Selection of next gemnerating goal from the problem solving

tree

Analysis of the generating goal: the structural deacription is
developed from its Wisvesser name and its attribute table is constructed.
The latter task incorporates the identification of functional groups
and ring structures of importance. A choice of fumctionmal grogp to
synthesize is made by consulting the attribute table. Atteation is
given to diverse functionmality and suitable choice is sade among
aultiple occucrrences.

Schema is chosen from among the schema that synthesize that
given type of functional group. These are reactions that can lead to
the jJenerating goal in cane conceptual step, although several reactions
may be involved. The set of tests to be perforsed, soae oa the
generating goal and some on the subgoals embody many of the cheaical
heuristics that guide the program. Detailed consideratioa is given
to reactive sites in the molecule, cospeting reactions and side eftects.
It any serious conflict is detectad, the associated reaction schesa
(ot the subgoal whea the test is made oa a subgoal cospound) is
rejected. Based on the results of tests the ad hec aerit rating say be
podi fied (raised 1if a conjeugated activating® group is preseat and
lounred if steric hindrance is detected) the reactioan procedures may
be nodified ( a different reagent might be specified ia the presence
of groups sensitive to the usual reagent) or protectioa reactions
initiated for sensitive groups.

' *ses any standard texthook on orgaaic chemistry (Ref. 6) or
glossary in thesis.

Subgoal generation: The traznsforsation rale contained ia the
schesa is interpreted in the generating goal and the reactants neaded
for the reaction are defined followisg the two steps that were
sentioned before. The Nisvesser nases are computed for the reactants.

Entering informatioa iato the probles solving tree: The shelf
library is consulted to identify reactamts that are available. An
estisate of cost and availability is obtaimable at this poiat. An
ad hoc overall merit is computed for each subgoal based oa the adjusted
reaction merit and the estimated sismplicity of reactaat cospomds
(available cospounds get the highest siaplicity values, coapounds that
resulted in total failure in aa attespt for their smthesis get
the lovest values). If aay reactioa has all its reactaats availadle
or synthesized in the course of the progras'’s vorkiang, it cospletes
a synthesis. All coapleted syntheses are collected oa a list. If a
synthesis-search tecaisation condition has aot beea sigaaled, the “"hest"™
subgoal is selected for further developseat asd the precedute is
tecursively coatiaued. A syatihesis-search tree is thes geaerated, the
structure of vhich depends uj0n the algezitha chosea for deternining
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the hest subgoal for further consideration. This algoritha will be
discussed further in this report. A discovery sequence is ccaplete
vhen it leads from th- qoal cospound to a set of available starting
materials. The prograsw does nat halt after finding just amy synthesis.
It parsues subgoals till either all prospective syatheses are found to
be of significantly lower serit or it Consenses one® or sore available
resnurces,

ITI. THE EXECUTIVE PROGRAM AND PROBLEN SOLVING HBURISTICS
3.7 THE ORGANIZATION OF TRE EXRECUTIVE PROGRAN

The sisplified flowchart of the heuristic search process
embodied in the executive progras is shown in Pigure 3. The folloving
discourse explains the flowchart using Vitamin A (top of Figure 8) as
the example input comspound.

3.%.1 INITIALIZATION

The standard reaction library is fmitialized for use, unless sosc
changes are indicated by input. The provision for designating amy asat
nf reaction schesa in the library as temporarily unusable and the
facility rfor reordering the priorities asasigned to reactions helg
one to custosize the reaction library for any particular run.

The standard catalog of available compounds is also initialized
for use.

The name of cospound to be synthesized is subsequently read in
by the program. A problea molving tree is created vith one subgoal
At its root. (The tree, for us, grovs dovavard vith the root at the
top!) The subgoal consists of a single coapound -~ the goal cospound.

3.1.2 HEURISTIC SEARCH

Folloving initialization, the program eaters the msala part,
repeatedly selecting a goal from the problea solving tree and
spronting subgoals for it.

J.1.2.1 GOAL SELECTION
The selection of a goal from a problem solviag tree follows a
siaple heuristic algoriths and is further explained is section 3.2.4.
The first time, of coucrse, the goal to be selected is the only
compound in the tree - the target molecule.

3.%2.2 SUBGOAL GEWERATION

The details of subgoal generatioan for a chosea goal are given in
Pigure 5 and are followed in detail vith an exasple is section 3.1.4.
Ve shall presently skip over the details and note that for the goal
selected all valid subgoals will be generated using all applicable
teaction schema. For Vitasia A, the subgoal geaeratioa process enters
83 valid subgoal at the first level directly below Vitanin A,
representiag as sany distinct vays of gettiang Vitamian A in one
reaction step. Out of the 43 valid subdgoals, 9 anbgoals have tvwo cooponads
together in each yield amd a count of 52 subgoal cospounds. Out of these,
3 coapounds vere fouad avajlable through the Aldrich Chemical Catalog.
- The problea solving tree after the subgoal generation would npgcat
as shown in rigere 6. The detailed diagras shovs that 8 reactio
schepa vere ssed and that no subgoal cepreseats a coanpleted synthesis
for Vitasian 4, after the first level of sabgoal gemeration.

The decisions ahout the applicadbility of a reaction scheaa and
the validity of a ssbgoal inr relation to a probles solviag tree are
not forsal but are heuristic. Such decisions iavelve the
ttilization of judgemental kaowledge culled from cheaists and thus is
a heuristic procedure. All subgoals judged vorth retaining are eatered
into the probles solving tree. Cospounds are chesked for availabjility
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in th: comspound catalog and are marked 'available' vhen they are. The
Alirich Cataleg nusber is also enternrd at the same time.

The availability of certain comsfounds might have completed the
syntheses of caoepounds higher up in the tree.
If all compounds needed for any reaction are either marked ‘available’
or 'solved® then the subgoal higher up in the tree which linked
to the reaction is subsequently marked ‘solved®.

If no valid subqoal could be generated for the goal coapound
then it is marked ‘stuck', For a higher level goal if all subgoals
are *stuck! then the higher level goal is also marked ?stuck’.

3.%.2.3 HEURISTIC EVALUATION OF MERIT

Pirst, all newly created subgoals
and compounds are evaluated and assigned a merit rating in the
scale of 0-10. Avaliable compounds receive the highest (best)
possible rating 10, ™ultiple occurrences of a coapound in tke
tree are cross referenced so that they receive eyual ratings.
Compounds not available through the Catalog are evaluated by a
fnnction based on their structural characteristics amd location
and environsent in the problem solving tree. The reaction used ou
each subgoal is assiqned a serit as vell. The selection of a
subgoal is based upon both these values as will be explained in
section 3.2.8.

The evaluation function is ad-hoc and volatile aad does not
perfectly characterize the difficulty of synthesizing a compound.
However, it is an excellent heuristic in that, for large classes
of compounds it characterizes vell the difficulty of synthesizing,
an! is coaputationally simple and inexpeasive. Purther, our
procedure for backing up evaluations froa lover levels and saking
continuous revision of serit ratings as the search unfolds,
compensates for any isperfections of the evaluatiom.

Thus, the second aspect of the heuristic evalwation of subgoals
is the backing up and revision of serits of all affected subgoals
higher up in the probles solviang tree. As mentioned above this is
an essential step and permits goal selection to proceed top-dcwn
beginning at the root of the probles solviag tree.

J.a?2.4 STOPPING CRITERIA

fach time through the main cycle of the programs, after
evaluation and before invoking subgoal selection,
the progras coansiders a decision to stop.

The proqgras takes stock of
resources used up and resources remainiang. Those resosrces
2xarined include time, mesory spaces in core, and the disc space
used to store the probles solving tree. The size of the probles
solving tree can also be nsed to limit imvestigatioa.

If all subgoals are either *available’, *solved’, or °*stuck®, no
further work can be carried out and the progras aust halt,

At presant, no lisits are placed oa the nusber of cospleted
synthetses that may be discovered. The program thws has the aaadate of
axploring the best aveaues available vithout exhausting any critical
resources,

It is conceivable that one could coapare the merit of the bast
unsolved subgoal with the aerit of cospleted syatheses thus far, aad
decide upos the usefulaess of further exploratioa.

"3.1.3 RESULTS OF HEURISTIC SEANCH

After several repetitioas of the heuristic search steps described
above, one expects to have =z well developed problea solving tree, which is
tichly inforaative potentisl aad solved syatheses for the target
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molnrcule, One must be cautioned against haastily assessing the progras
perforsance by counting comspleted syntheses only. Potential

syntheses at any stage are of value because

cospletad synthesea for intersediate coapounds

are suggestive and significant in thesselves.

Furt hersore, it is not the numher but the gquality of the proposed
syntheses that need be assessed. MNore importantly, for those of us
investiqating artificial aspects of this vork, it is the intelligence
aexhibited through the vell-talanced tree development and controlled
attention switching that is of value.

With that word of caution, the reader is now refered to Figure U
tor a schematic of the state of the probles solving tree for Vitaamin A
after six minutes of total machine tisme had elapsed.

The problea solving tree has subgoals that vere 'solved’ (e.g. ,5)
that vere 'stuck' (e.g. 8, 16) and that wvere
not explored (not nuabered, indicated by horizontal bars). There vere
over 3720 subgoals generated, the saxiaum depth of any subgoal in the
tree being 8. The branching of the tree wvas 43 at the first level;
this nusber dropped sharply to 17 and 30 at the next level amd
to 10 at the next further level. The circled numbers indicate the
nrder in which subgoals vere selected for developseat. The pattern
of tracking is intere- ‘ng to us, as it seens
indicative of the art. .cial imstelligence imparted by the
heuristics. It is certainly far fros the ideal ome would vaat, tut
i3 superior to the plodding of a breadth or depth search

We pursue detalils
of the heuristic search in subsequent sectioans. BReaders vishing to
avoid details of subgoal generation and the search strategy say skip
to the last section, IV.

3. 1.4 DETAILS OF SUBGOAL GENERATION

The subgoal generation details are givea as a flowchart in
Pigure 5. The probles solving tree for Vitamin A (Pigure &)
¥§ll be referred to in the following explanatioa.

The subgoal generation is entered with the Siswesser linear
string cocrresponding to Vitamin A as the goal (Step 1). The explicit
topological structure description is devised (Step 2) before scanning
i+ fer recognizable attributes or features. (Step 3). The feateres
relevant to aspects of synthesizing the solecule are sought. FPor
Vitasin A, several structural features are recogaized and labelled
accordingly as carbocyclic riag, olefin boad aad alcodol.

The latter two attributes have reaction schemata available in the
reaction library. (The schemata in the library are grouped ianto
teaction chapters and are jdentified vwith the name of the structural
feature each group cat syathesisze).

then the *clefin boad' chapter is chosea (step 8), a further
salection of a specific site has to sade fros the five
1iffereat occurrences of olefin hond in Vitasin A. Referriag to
Pigure 6, the reader can sce the five~fold bramching froa the
olefin bond chapter layer, one branch for each site chosen.

Considering the first iastance of olefin boad (step 5), the
teaction chapter for olefin bond syathesis haz S schemata is it. One
of thea fails the heuristic tests for applicadility (Step 6 anmd 7).
Thus in Pigure 6, the attribute instance (=1) layer branches four-fold
to the reaction schesa layer.

Bach schema in the reaction library has a defiaition
of the structural transforaation executed by the reaction. The
transforsation is vritten as a goal pattera (ia aa
appropriate language designed to represent strectucal
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patterns) and a subgoal pattern. The application of the transforsation
involves satching the goal pattern to the goal compound (step 8). The

pattern matching progras, a graphical pattern-controlled sub-structure

matching algorithm, has hees described in full ia the thesis (ref. V)..
The matching routine can fiad all vays of satching the patters

vith the cospouni. Bach sech successfil match will lead to a set

of subgoal coaspoinds (step 9).

If a reaction transforas one compound into another sach subgoal
generated will alvays consist of a single coapomnd., However,
reactions utilizing tvo or more coampounds ia geseratiag a prodsct
compound will yield a set of two or more compoumds for each
subgoal. In such cases the subgoal mode is said to fors and
AND-node implying that this subgoal will be considered solved oaly
1€ every compound in the set is considered solved. AND-nodes are
sarked in Pigure 6 by short horizontal bars over the coapouands.

Por the first instance of olefin bond attribute, schesa 3
generates two subgoals each of which has tvo compoumds jn it.

The prograas that carry out the pattera satchiang aamd subgoal
definition, vork with the explicit topological descriptions, and the
subgoal so defined is given explicitly. These subgoals are
reduced to the cospact Wisvesser names (step 10). The generation of
Wisvesser names provides not only savings in storage space bdut
also has the more important benefits of a) alloving ome to recognize
inexpensively and efficiently occuireaces of the sase cospound
in sevceral nodes of the probles solving tree, using the canonical
nature of the Wiswesser names (step 11) and b) allowing ome to query
the Alirich Chemical Catalog for the availability of coapounds (step 13).

The subgoals are posted into the prodblea solving trse (step 12)
after pruning out those that are deuplicate or circular (step 11).

In step 18, a check is nade to see if any of the subgoals cas be
marked *solved' and if so, a further check is sade for compounds higher
up or elsewhere in the tree that might have beea newly syathesized.

Following this expansion of the problem solving tree, the progras
cycles through all attribute instances and all
reaction chapters. When all valid chapters have been dealt with the
subgoal generation process is coampleted and coatrol is returaed to
the executive.

3.2 SEARCH PROCEDURE

To generate sulti-step syntheses the progran seeds a rule for
selecting from the problses solving tree the next compousd to
develop. One can either set up a conveatiom to specify selection
leading to such wvell-knovn strategies as depth-first or
breadthwise development., Soae theores provers and look-shead tree
searching programs in gase-playiag eaploy such tactics.

There are several vays of guidiag a heuristic ssarch vhea
subgoals can be evaluated s0 that subgoals can be coapared uith a view
to making a choice. Using an evaluator, is AFD/OR trees such as ou:r
problea soliving tree, ona gereral principle is to select:

i) among altarnative subgouls one with the highest value, and
1i) among conjoint entries in a subgoal ome with the lovest value.

Our progras presently stilizes a static evaluation fanctioa
(involviang no lookakead, uo hauristic prediction of the probability of
success) that is meant to be a crude sodel Of the probleasolviag
complexity of a cospound, a subgoal and a reaction sequeace. It
rapresnnts a zero-order attempt to abstract the orgaaic chemists’
judgenment to provide heuristic guidance for the program. ie anticipate
t:at safor chana=s and isprovesents vill be forthcoaing 4a this phase
of research.
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3.2.1 MERIT OF A CONFOUND

Compounds are evaluated on a scale of 0-10. A compound that is
available cosmercially, cheaply and in bulk gets the highest rating,
13. A coapound for which syntheses have been found by the progras is
Aassiqgned the best merit among its syntheses. A coapound which kas been
developel in the tree (i.e., itself has subgoals) bears the best merit - —
nf its subgoals. FPor other compounds the merit is calculated according
to a function that has heen and vill continue to be highly volatile.

10
CPWERIT :(—'5"1. (exp (-0.138587G) +0.2 exp (~0.0346¢C))

C nuaber of carbons not belonging to any ring

G veighted sum of entries in attribute table
thus intended to yield higher merit for compounds with fewer
identifiable featires and lesser size as counted by carboms. <Evideatly
there is a higher weighting for PG tkan for C.

3.2.2 NERIT OF A SUBGOAL

The merits of each of the compounds imn the subgoal is wmultiplied
together, and compourled with the adjusted ease assigned to the reaction
involving this subgoal, the resulting value vhen norsalized to a 0-10
scale gives the merit of a subgoal. FPor exasple, consider a scheae that
generates two subgoal compounds by splitting the goal at strategic
locations. The above coaputation scheme for merit will prefer to split
the qoal at its middle, to get nearly equal sized molecules in the
subgqoal,

3.2, 3 KRERIT OF A SBQUENCE:

The merit of a reactioa sequence is coaputed by starting at the
torminal el~ments and iteratively computing the merit of the final
cospound that is syuthesized. The merit of the sequeace is the cosputed
scerit of the final coxpound.

IThe process of devising a good computational schese for serits is
one of trial and error. ¥When the chesist reviews the pattern of tracking
the space exhibited by the program, ve may freely taaper with the
factors entering into merit coamputation and the wvay in vhich they are
combined together.

3. 2.4 GOAL SELBCTION

After each cycle of yoal selaectioa, sebgoal gemeratiom, aerit
evalnation, the tree is updated so that each coapound correctly
reflects the effects of the latest cycle. Some of the origimal
saquence3d can how be fourd solved, or stuck or to be of a greater
ar lowel merit than previously supposed. Such updating is done by
A serit backup procedure. Pollowing that, a sisple subgoal
s2lection algorithas is used. At cach level of the problea sclving
tree, starting fros the top level, the subgoals at the aesxt level
are exanined and the hent one is selected. Among the coapounds in
that subgoal, the one with the least merit is selected. Tiis is
carried out till a cospound that has not yet bheea sprouted is
gotten.

Thes the algorithe can svitch atteatioca frosa oae sebgoal to
another quite easily. Hovever, fregqueat attentioa svitchiag is not
desirable and a hesitation is prograsmed is the algoriths. This is
1one by forbidding switching attention ifthe mexit of the mewly
sclected goal is sot 'sigaificantly’ Larger tham the last goal that
¥as sprouted.

Rale for hesitatios in atteation switchiags
If (merit of new goal choses - merit of last loal spreeted) > hesitation
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thresholad
ther pursue new goal
els: pursue old goal.
Thr hesitation threshold in the above rule can be set extecrnally and
when set to zero would indicate no hesitation to attention changiny.

Thoagh siaple in description, such a procedure does deaonstrate
quite a complex tracking hehavior in the tree. (See Fiy 5.5) Frirst, by
repratedly working on thn most meritorious suhgoal the tree generated
is rich in information, wvith cosplex subgoals left relatively undeveloped
and siapler subgoals pursued saostly to coapletiou. This algoriths is
expected not to give very narrovw and deep, nor broad and shallow trces,
but to allow development of aultiple syatheses routes. The success of
the 1lgoritha surely depends on the ability to prune the tree
efficiently of invalid and potentially sterile subgoals and on the ability
tn recognize proaisingly good subgoals.

When a goal compound sprouts suhgoals of good merit, one expects
that the algorithm may plunge deepor into the tree. However, the
possihility of vorking ca a conmjunct coapound of highexr complexity does
help to broaden the tree,

As syntheses for intermediate coapounds are completed, they
ar= evaluated and then accepted or rejected. This is in consonance
vith the notion that short syntheses are mot necessarily the best. #hen
aach synthesis is discovered for the target cospound the progras is
afforded a chance to broaden the saarch and diversify the approach to
solurions. It is an iaportant ability for the prograa to judge comgleted
syntheses and compare them against promises held out by the unsolved
subjoals. Subgoal selection strategies im a grobles solving tree
contajining several coaplete solutions are interesting but will not be
discussed here.

The criteria by which syntheses are accepted meed not be static.

If a synthesis of lov merit is forced upon one conjunct (because no
better synthesis is possible with the given data base of knowledge) other
conjiuncts should have their level acceptable merit lowered accordingly

in ordsr to keep decisions consistent.

The following flowchart illustrates hov the selection of subgoals
is done,
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Y.t PRUNING THE PROBLLY SOLVING TkEE

The power of the bLeuristic search technique depends not only upon
a qood suhbgnal selection method but also crucially om thc tree pruning
tulas that can be formulated., Even though within the frasework of
solution generation there are similarities in techaniques eaployed by
the Geometry Machine and the Synthesis Prograa, major departures occur
in the rules for tree pruning. Whereas Ruclidean Geometry was genuinmely
foraalizable and Organic Cheaistry is not, our pseudo-forpalization of
organic cheaistry is very complicated. Thus the direct cost seasured
in teras of computing effort of subgoal geaeratios is substantially
greater for cheamistry. Tnvestsent of effort to cast off invalid and
anprnduct ive branches of the tree hrings greater returns in our case
than in that of the Geosetry Hachine. The probles of eliminating
invalid, redundant and unprosmising suhgoals is analyzed below.

3.3.1 ELIMINATING INVALID SOBGOALS

The purely mechanical generation of subgoals can in general give
fise to invalid structures, We do not foresee valence violations to
Jccur in our system but generated structures say violate spatial con-
straints not adejuately represented in our sodel of chemical structures.
Certain structures can be subject to thermodynamic or kinetic instabilities
(that is, may decompose vhen left alone, self-polymerize or adversely
react with the products of the reaction). The Geometry Nachine could
test the validity of a generated expression by interpretiag it in a
model of the formal systeam, a diagram. There appears to be no simple
aodel or rule that vill indicate instabilities for arbitrary structures.

One could, of course, make use of the available cheaical literature
and compile tables of instabilities. Structures reported ia the
literature could then be claeaared for imnstabdbilities by simple table look
up. The practicality of this sethod is questioaable. Bven on other
grouanis, to restrict the class of acceptable intermediate subgoals to
tahulated cospounds alone would saverely limit both our interest and
the range of possible syntheses.

There are tvo other possible approaches in invoking vhatever
rosults of physical cheaistry ve can systeaatize, generalize and
formalize sufficiently to be of help in pruaning invalid subgoals. Ve
have made proygr-ss in extractir] simsple models of instabilities,

A series of tests against these models can aid in detersiaing cosason
tnvalidities.
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Exampic: There is a model of alpha-proton migratiom to a carbonyl
group by which a’ ketone cam becose a hydroxyl group.
Another rule states that an aromatic ring is sore stable
than a cyclo-diene. Thus wvhen the structure A (Hexadiene~
ketone) is examined for validity, the structure C (Phenol)
is tound to he its more stable comfiguration.

N

» \\\\‘~
(O~
Exasple: Consider the structure

)

()

¢ e

If one follovs the ring a bc d e £ keeping track of bond
angles, one vould fiad that the orbitals of atos ¢ and
aton a vhich are to form a double bond, are perpendiculac
to each other and that the strain of formigg the bomd will
be excessive.

The programming of these models is not coaplete. Just as a
chesist does not derive all his iaforsatioa theoretically, the
progras too can suggest oxperiseats to ansver sose guestioas, upoa
vhich certaiu critical choices vwill be sade. As the pregran
develops sophistication there are excitiag prospects fes using
quantus mechamical consideratiomss. Wakl (Ref. §) has reporited om
BISON vhich uses quantea mechanical coacepts of strecturs to
Calculate molecular orbitals. An extension of sech a progras smay
vield criteria for stability of arbitrary strectures.
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3.3.2 TAVALIDATION BY COST CONSIDERATIONS

In general, reactions have yields that are far less tham 100%.
Thus, 4if a compound C iS used as a starting msaterial to produce
some tixed amount of the goal compound, one would expect to
regquire aore compound C if the synthesis involves long sequences.
Thus, at deeper levels in the probles solving tree one would tend
to disfavor expensive starting materials more strongly than one
would near the top of the tree. Compouwads that are mot available
in hulk can be removed trom consideration for those sequences
vhere the expectad yiosld boromes low. This kind of bebavior is
not to be fouad {n Theorea Proving prograss because occurrences of
a theorem or an axiom are identical no matter where they appecar in
the tree, '

3.3.3 ELININATION OF REDUNDANT SUBGOALS

Many *‘problem independent' tree pruning rules
applicable to problea solving tree vere developed in earlier Al
votks. It is our observation that these syntactic rules for
pruning from the problem solving tree those subgoals which though
valid, would lead to circular, redundant and othervise
unsatistactory syntheses are not directly applicable. Syntactic
grounds alone are not sufficient to ansver the question: ™"To
orane or aot to prune?” Let us cansider some situations in
detail,

In order to eliwminate redundtancies, the names of the cospounds
alone cannot be cospared, hut must be treated along with the name of the
reaction schema used in the generation ana the serit of the partial
1iscovery sequences,

Consider a subgoal S on the tree. Subgoal S' is newly gemetated
and {s a duplicate of S in having the sase conjunct compounds. The
choi.~ vhich subgoal to eliminate and which to retain is not siagle.

/G

S \\\\S' S and S' on same level
Tha unometry Machine eliminates S' as it cannot lead to a Letter

or shorter proot than can S. In our progras, if the two reaction

seyquences are the same, any one of the two subgoals can be eliminated.

dith unlik» reaction sequences, the program has to evaluate the

gsequencas and retain the nne that is significantly petter.
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ah2n subgoal S' has all the compounds of S plus sore, let us
reprosent. it as $'>S.

NN

Y S 5' occurs lower in
the tree
T 5>s

“he Scosetry Machine vwill clearly eliminate S' giving preference
to a shortar proof. The Synthesis Program has no preference for
shorter sejuences urless they have greater serit evaluations. A long
3erJuence ot good and afficient rcactions may be hetter than a short
semence Of poorer reactionns,

°
s
S 4t lover level
S

than s!
503§

tor the Geemetry Machine the decision at this point is arbitrary.
[t wnuld retain both but may prefar to try solving S before attemptiuny
5'« 7The decision tor the Synthesis Progras is again not made on
syntactic grounds alore,

Dur program would without jJuestion torbid circular subgoal
seuencesd, such as

S

pY

5
S'=5 or S'>S

There are two 3pecial situations that are not allow=d in order
*o0 permit pruning of circnlar subgoals.

First, there are known instances of syntheses where & sasall
amount of race but naturally occurring saterial is used in a seguence
nf reactions vhich will gemerate a larger quaatity of the sase coapound
a3 «nd-proiuct. Our program does not allov such syntheses. But if
ther~ vere interest in secking recirculatory syntheses the progras
could be tun wvithowt this rule,

Secondly, our progrim is concermed only with prodeciang a chemical
pa*th for synthesis. Before the synthesis procedeure is executed, it is
necassacy to decide npon the time sequence in which the reactioas will
be carried out. Her>, on: of the considerations to be sade is abost
unstable compounds that cannot ke Rept in a test tube or ia a contaiaer
tor any leajth of tima,

®xample: G
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If C and F are both unstable ther one of them, say C, has to
pe prnduced by reacting A and D and converting to a stable
form P, After F is produced by reacting D and t, P is
converted back to C andi then allowed to react with F,
assuming that conversion from P to C is yuick and the F can
be kept for that length of time. Thus, if the program were
time sequencing the path, a graph such as the following

N,
e
S
/N

containing a circular secyence CPC would be a valid path.

Tt is clear that eyntactic pruning is powerless im curbing the
2xponertiation of the problem solving tree. As explained betore,
some pruning can be achicved by introducing limited solution path
avaluation ever during solution generation. Dosain-specific
bouristics are necessary and ve have freely iatroduced such
<hesical heuristics as could be simply specified. These
heuristics are of help in eliminating inapplicable reactions,
reactions with adverse side-effects, and reactions wvhere the
specific structure of th: generating goal hinders the course of
the reiction. These are powerful heuristics and ve expect such
domain- specific heuristics vill increase as ve gather experieace
with the progras.
3.3.8 PLIMIKATION OF UNPROSISING SUBGOALS

The next task is that of removing from further cousideration those
3ubhjoals <hat hold no proeise of successfully completiny a solution
path, This is a desiralle aim vhich depends almost entirely on the
ccmputed seasure of proeise exhihited by a subgoal. If this ecasure is
tested anl proven, it is reasonable to do the pruniag. If not, there is
the yrcartainty that even subgoals vhich sees proaising may fail to give
4 synthesis and the otheér susbgoals may in reality, be the only ones vhich
lead to a synthesis.,

The information available in the prohlem solvimg tree pertains
to *he cosplexity of *the compourds, the nusber of conjuncts in the
sthg~il and the level ausber of the subgoal. A measure of prcasise does
not o-am computable from this available informsation.

¥or the present, w~ shall not attesapt to eliminate unprcsising
subgnals, but retajin all of thes. Ve shall, however, atteapt to be
judicions about the manmer in which subgoals ate selected for developsent.
Ir this way it {s possible that unprosising subgoals vill pever be
selected initially, dat will de available on the problea solviag
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tree 1t needed.

IV PROGRAM PERPORMANCE AND CRITIQUE

The program has hean run on several molecules successfully.
42 avoid anntioning the specific nuaber of molecules as it is of
no consequence in evaluating the program's performance. The
cospounds used range widely in theit complexity, and the probles
solvinrg tree reflects tc a deqree, the complexity of the target
solecule, The computing time can vary from a minute to a few
minutes as in the case of Vvitawmin A.

Often the syntheses proposed by the progras are claised to
he ynvorkahle and this {3 attritutable to the limited knowledge
present in the reaction library. This situation will isprove as
the reaction libharay and the heuristic rules contained in it are
nxpand2i., On the other hand, the program has applied well-known
reactions in unfamiliar contexts and has surprised the cheaists hy
the novelty of the syntheses., The latter case arose particularly
for molecules whose tcpological complexity made thea hard to
visyalize. The progras however, unconstrained by any need to
visualize molecules, vas able to apply familiar reactioans to
achieve syntheses that some chemists would not have considered.

The assessaent of complex heuristic programs, especially those
that attempt to esulate higher sental processes, has remained
oproblematic. In atteapts to make such assessmeants, one finds that
3ubjective value judgements guickly overtake other coansiderationms.

W2 shall conclude by saying that examination of the progras runs
hive shown us ways to adjust search strategy including the serit
evaluation functiors, the back-up and revision of aerit, and the
affective aethods of subgoal selection. The progras has been
henefitting consistently from each critical evaluation of a run.
Porformance necessarily depends on the extent of the knovledge fase
provided in the fores of the reaction library amd on the quality
of henristic judgement presented through it. Thus immediate
fnrture work will be directed mostly toward buildiag up a better
and larger reaction library.
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Note on Pisge &.

Synthesis-search tree (schematic) for Vitamin A. Filled-in circles
‘represent reactants of subgoals selected for further development. Order
of development is indicated by the circled numerals. Compound nodes
connected by a horizontal line segment (as in subgoal 3) are both
required for a given reaction. All generated subgoals on the tree that
were not selected for exploration are represented by & horizontal bar,
with the number of subgoals in the unexplored group indicated under the
bar. BSubgoals that were selected for exploration that have no progeny
on the tree (as in subgoal 8) failed to generste any subgoals that could

pass the heuristic tests for admission to the search-tree.
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