















































































































































































































































































































































































































































































































































that sampling theory for normal distributions could be used
to obtain the times for the procedures each stage was split
up into in the simulation. The values obtained from the
runs were used to specify the mean duration times of the
stages in the model (ie. the sum of the durations of all
the small processes). The standard deviations for comparing‘
one growth with the growths from the other molecule were
estimated to be the means divided by root three. This was
because:=-

If we assume that
1) All growths are matched with a growth in the other
molecule's growth list. (An approximation which was largely
true for the pairs of molecules that the test was run on.)
2) That this matching is a one to one correspondence.
and
3) That the time taken to compare any growth with the other
molecule's growth list is equal to the position in the list

of the growth that it matches (or at least proportional to

it).

Then, for a particular molecule's comparison stage
’ p ge,

N
the variance, v:sZ, is ( E: (i-m)2)/N
1=\
where N is the number of growths in one of the
molecules' growth lists (both lists are the same size
from assumption (2)) and m and s are the mean and the

standard deviation for this comparison stage.
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N
( Z:iz)/N - 2m® 4+ m?
1=1

N
Y i2)/N - m?

=A
But
N >
i€ = N*(2%N+1)*(N+1)/6
i=t
So
s = (2%N+1)%(N+1)/6 - m°
But
N
m = (}]11 )/N = (N+1)*N / (2%N)
1=
= (N+1)/2
Therefore

s2 - m*(2%N+1)/3 - m°

2

m*(4*¥m-1)/3 -m

m*(m-1)/3

So, as most of the c.p.u. time is consumed when N
is very large, we have that the standard deviation, s,
pecomes approximately m/SQRT(3). (The observation that we
are mainly interested in large N to some extent justifies
the initial three assumptions.)

Unfortunately, the assumptions needed to
undertake a similar analysis for the growing, naming and

amending stages were felt to be more dubious. Therefore the
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standard deviations were estimated by splitting the
relevant stages up 1into tenths (or, in the case of the
amending stage, splitting up the calculation into pieces
each of which was associated with a different distance
table entry) and running the serial algorithm on a pair of
molecules with a common substructure of size 14. The
standard deviations were calculated (from these sets of 10
values) for the largest times for the growing, naming and
amehding stages. Finally, using the assumption that the
standard deviations were linear functions of the means, the
standard deviations for the growing, naming and amending
steps were taken to be 0.19%m, 0.14%py and 1.78%m
respectively. (This 1last assumption is 1likely to be
approximately true for the amending stage due to 1its
similarities with the comparison stage dealt with above but
it 1is more suspect for the growing and naming stages.
However, the times for these steps were very small when
compared with the other two steps, and so this inexactitude
is fairly inconsequential.) The problems associated with

the probability distributions will be considered again in

Section 5.6.1.

5.4,6 The Parameters Of The Model

Besides being able to alter the number of
processors in the multiprocessor and the duration of each
process (by changing the means and standard deviations)

petween each run of the simulation, it is also possible to
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vary
1) The data transfer rate between the shared memory and the
processor's local memory.

2) The overhead incurred every time a task is allocated to
a processor.

3) The number of jobs each box in figure 5.7 is split into.

In more detail, when a job 1is allocated to a
processor, a variable representing the time for the
relevant data transfers 1is added to the mean of the
process' duration. Before certain stages of the algorithnm,
the PASSIM clock is moved forward to .represent copying
information to all of the processors at the same time, for
example, the distribution of the growths before the
comparison stage.

The processor overhead 1is a constant which is
added to the mean of the process' duration for every
process. This is a "rough and ready" attempt to account for
the scheduling overheads in a multiprocessor system.

The partition factor (which is the number of jobs
each step in the algorithm 1is split into) allows many
processors to be working on the same step. The new nmeans
and variances of the durations are taken to be the o0ld ones
divided by the partition factor. This is an approximation
as it does not take into account the fact that the sum of
the times taken by all of the jobs should be equal to the
old mean.

There are in fact two partition factors, one for

the naming and growing stages, and the other for the
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amending stage and the more computationally expensive

comparing stage.

5.5 THE INITIAL RESULTS OF THE SIMULATION

The simulation was run with the two molecules in
the model being the same 14 (non-hydrogen) atom molecule.
This data was chosen because, as the serial version of the
Crandell and Smith algorithm took over 29 minutes of c.p.u.
time on a Prime 9950, it was felt that this -example would

provide ample scope for parallel processing.

5.5.1 The Partition Factors And The Data Transfer Rate

With the data transfer rate set at 2 Mbytes/S and
the processor overhead at zero, the number of processors
and the partition factors were varied. The factor for tﬁe
growing and naming stages was found to have very little
effect, and so.it was set to be equal to the number of
processors, although this can lead to a poorer performance
if the processor overhead 1s very large. The partition
factor for the comparing and amending stages was found to
have a quite large effect and it was decided to -vary this
parameter so as to achieve an optimal performance when
conducting later runs.

Varying the data transfer rate between 0.2 and 10
Mbytes/S only altered the simulated time taken by less than

3¢, and so, this parameter was set at the value 2 Mbytes/S
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which is a fairly typical rate for transferring data from a
backing store (and well ©below the maximum data transfer
rate of 25 Mbytes/S for off chip memory with the

Transputer).

5.5.2 Varying The Standard Deviations

Altering the factor by whiech the standard
deviations are obtained from the means for the growing,
' naming and amending stages from their usual values to those
of 3, 6 and 9 had little effect on the simulated running
time. However, altering the factor for the comparing stage
had much more effect with the smaller the standard
deviation the shorter the simulated time for completion

(one of the reasons for this will be considered in Section

5.6).

5.5.3 Varying The Processor Overhead

For the first set of results the processor
overhead was set to zero and the number of processors was
varied between 1 and 50. Subsequent sets of results were
obtained by setting the overhead equal to one, ten and one
hundred times the number of processors. (The time being
measured in thousandths of a c.p.u. second.) The final set
was produced with the overhead having the value of 10 times

the number of processors squared.

The simulated times produced from the above runs
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are given 1in table 5.1 and the corresponding graphs are

figures 5.8 and 5.9.

5.5.4 Using Other Molecules

The above example is an extreme case in that the
molecules were identical, and so the comparison stages were
very expensive in terms of c.p.u. time used. Therefore the
simulation was run on two other pairs of molecules, one
where the molecules were of size 19 and the largest common -
substructure was of size 12, and another where the values
were 14 and 9. The results of the runs (simulating a linear
processor overhead) are given in tables 5.2 and 5.3 and
figures 5.1 and 5. 10 respectively.

Although in any multiprocessor problem the main
point of interest is how long the computer tﬁok to solve
it, figures 5.8 to 5.11 are of a reciprocal nature, and so
are not that easy to interpret. Consequently, figure 5.12
was plotted (for the no processor overhead cases of the
above examples) with the y values being the time taken when
one processor was used divided by the time taken when the x
co-ordinate number of processors was used (the co-ordinate

values are given in table 5.4).

5.5.5 Comparing Three Molecules

The basic technique outlined in figure 5.7 can be

extended to any number of molecules (the diagram for the
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three molecule case is given in figure 5.13). As an example
of this, three molecules of size 14 and with a largest
common substructure of size 11 were considered and the
results of the simulation are given in table 5.5 and figure

5. 14,

5.6 COMMENTS

5.6.1 Limitations

The principal problem area for the simulation was
with the durations of the procedures formed by splitting up
larger procedures., As the FORTRAN 77 program took over 29
minutes of c.p.u. time (on a Prime 9950) when there was a
common substructure of size 14, it was clearly not possible
to obtain these times experimentally. Therefore
approximations to the standard deviations for the 1éngths
of the 1larger procedures were obtained and assuming that
the smaller procedures could be regarded as samples drawn
from a normal distribution, the durations of the smaller
procedures were estimated. The difficulties with this
approach are:-

1) The assumption that the samples are drawn from a normal
population (but the theory would be much more difficult if
some other distribution was used).

2) The approximation to the standard deviations, with one
of the problems being the assumption that the ratios
between the standard deviations and the means of the four

stages were the same for all molecules (although as Section
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5.5.2 indicated the only significant standard deviation was
that of the comparison stage).

?) The fact that the sum of the deviations of the smaller
procedures 1s unlikely to be the duration of the larger

process.

Another problem was that
4) The c.p.u. times wused were taken from a large

minicomputer.

5.6.2 Conclusions

The aim of the simulation was to provide a rough
guide as to whether the version of Crandell and Smith's
algorithm with no sorting stage 1is suitable for a
multiprocessor system and to provide some indication of the
speed up 1ike1y to be produced if such a3 system were to be
implemented. Consequently, a compromise had to be made
between ease of implementation and the various drawbacks
mentioned in Section 5.6.1. (¥ See “Alterations” jor missing SEA{?"‘C@

After saying which, table 5.4 (along with figure
5.12) seems to 1indicate that wusing 50 . processors can
produce é speed up of about 8 and a speed up of around 5
for 16 processors if the problem is sufficiently
computationally expensive (and assuming no processor
overhead). However, table 5.6 (with figure ©5.14) shows a
speed up of over 12 when three molecules were being

compared (which is in accordance with the extra parallelism

that the extra molecule introduces).
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This speed up was well below the expected value
bearing in mind the largely independent nature of the
computations making up each stage and the time taken by
some of the stages. Part of the reason why the speed up is
not equal to the number of processors is the high standard
deviation (when compared with the mean) for the comparison
stage because this leads to some of the procedures which
the stage 1s broken up into taking much longer than the
others and the next stage cannot begin wuntil all of the
procedures have finished. The high standard deviation also
leads to the fact that the durations of the smaller
procedures can add up to a value lower than the original
duration. Hence the runs with a few processors (where this
effect is more significant) take less time than they should
(by up to about 15%), leading to a lowering in the speed
up.

All in all, the simulation doces 1indicate a
significant decrease in the time taken when a simulated
multiprocessor system is used. So it was decided to go
ahead .and implement the algorithm on a set of transputers
and this is described in the next chapter. A point which
has not been brought out in the above description is the
way varying the number of procedures each stage was split
up into had an unpredictable effect on the overall time
taken and this led to the transputer implementation of the
algorithm allowing this number to be input by the user (and

will be met again in Section 6.4).
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Number Of | Overhead Added To A Process' Duration Time
Processors | 0 L001#*1 LOT*] L 1#] LOOTRI*T

1 V1638 1698 1700 1726 1698

2 i 1010 1010 1013 1043 1010

3 i 745 T46 750 799 746

4 , 666 667 672 725 669

5 | 588 589 595 659 592

6 i 561 561 568 639 565

8 d 500 503 525 625 520

10 : 426 u29 453 641 453

12 ! 374 377 402 626 408

16 i 330 333 362 616 376

20 i 297 301 338 626 370

30 i 241 243 294 654 383

40 ' 210 215 272 710 436

50 Vo202 208 269 799 497

Table 5.1 The Times(*) Taken By The Simulation For Comparing
Identical Molecules Of Size 14

Overhead Added To A Process' Duration Tihe

Number Of 1
Processors | 0 .001%] LO1%]
1 i 306 306 307
2 ! 21 212 216
3 { 161 162 165
y H 138 139 144
5 ! 122 123 128
6 ! 115 116 122
8 H 103 104 mm
10 i 92 95 107
12 H 80 84 104
16 1 65 69 98
20 1 57 61 92
30 ! N7 52 87
40 i 41 48 92
50 i 38 45 97

Table 5.2 The Times(*) Taken By The Simulation For Comparing
Molecules With A Common Substructure Of Size 12

(*) The simulated c.p.u. times are in seconds



Number Of | Overhead Added To A Process' Duration Time
Processors } 0 L,001#]
1 i 16.5 16.7
2 i 1.7 12.1
3 | 8.8 9.3
y H 7.6 8.1
5 ! 6.8 T.4
6 ' 6.3 7.0
8 i 5.7 6.5
10 g 5.4 6.4
12 ' 5.0 6.2
]6 i 4,2 6.2
20 i 3.8 6.3
30 H 3.3 6.8
40 i 3.1 7.1
50 H 2.9 7.5

Table 5,3 The Times(*) Taken By The Simulation For Comparing
Molecules With A Common Substructure Of Size 9

Number Of H Largest Common Substructure Size
Processors ! 14 12 9
1 i 1.00 1.00 1.00
2 H 1.68 1.45 1. 41
3 ' 2.28 1.90 1.88
y ! 2.55 2.22 2.17
5 H 2.89 2,51 2.43
6 i 3.03 2.66 2.62
8 | 3. 40 2.97 2. 89
10 - H 3.99 3.33 3.06
12 i 4,54 3.83 3.30
16 i 5.15 4,7 3.93
20 : 5.72 5.37 4,34
30 i 7.05 6.51 5.00
40 | 8.09 7.46 5.32
50 ' 8. 41 8.05 5.69

Table 5.4 The Speed Up In The Case Of No Processor
Overhead For The Cases Of Tables 5.1 To 5.3

(*) The simulated c.p.u. times are in seconds



Number Of H Overhead Added To A Process' Duration Time
Processors | 0 L001%1 LO1#T
1 i 211 211 212
2 | 121 121 125
3 i 87 - 87 91
y ' 66 66 70
5 i 60 60 65
6 i 57 58 62
8 i u8 50 59
10 H 41 42 52
12 | 36 38 51
16 | 30 32 47
20 i 27 29 ub
30 H 22 25 49
40 ' 19 23 55
50 d 17 22 61

Table 5.5 The Times(*) Taken By The Simulation Of Comparing
Three Molecules With A Common Substructure Of Size 11

% The simulated c.p.u. times are in séconds



CHAPTER 6

A TRANSPUTER IMPLEMENTATION OF CRANDELL AND

SMITH'S ALGORITHM WITH NO SORTING STAGE

The results of a simulation of a multiprocessor
system for Crandell and Smith's algorithm were described in
the last chapter. Although the results did not indicate as
large a3 speed up as had been hoped for, nevertheless they
~were favourable enough for a multiprocessor implementation
to be undertaken. PRecause of their ready availability,
transputers were chosen to be the processors making up the
multiprocessor and before describing the implementation and

its results, a short review of transputers will be given.

6.1 TRANSPUTERS AND OCCAM

6.1.1 A Brief Introduction To Transputers

Various parallel processing systems were
considered in Section 5.2 and transputers were briefly
mentioned there. Basically, they are microprocessors which
can communicate with their neighbours by using '"channels",
thus allowing a powerful multiprocessor to be built, In
more detail, each transputer consists of (see figure 6.1)
1) A conventional microprocessor which has a relatively low
number of commands in its instruction set and all of them
have the same format. Hence the transputer can be regarded
as a reduced instruction set computer (RISC) [Taba87].

2) Four links which each have an input and an output
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Figure 6.1 A Block Diagram Of A Transputer




channel for connection to another transputer,

3) 2K of on chip RAM with a maximum data transfer rate of
80 MBytes/second.

4) A memory interface for allowing off :CHLF) RAM with a
maximum data transfer rate of 25 MBytes/second.

5) Various extra pins for use in booting the system, error
tracing and the 1like (these are labelled as system
services).

6) A bus to connect them all together.

The figures given above are taken from the -
description of the T414A Transputer in [INM085] and give
some indication of the performance values for transputers
even though these figures will be slightly different for
other members of the family.

Transputers have . been designed so that
programs written for a particular confiéuration of
transputers can be executed on any other network of
transputers. This is achieved by allowing a transputer to
carry out two or more occam processes in parallel by time

slicing (with the time slice for the T4 1447 being

approximately 800 microseconds).

6.1.2 A Short Outline Of Occam

Occam [May84, INMO84] is a high level language
which is quite similar to Pascal but which does not have
such elaborate data structures (eg. records and pointers).

Although it has ©been developed principally for the
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transputer (and is pitched at a 1level just above the
transputer's assembly language for ease of compilation), it
is also intended to be a language which can be used on
other concurrent systems [Fish86]. Blocks of code (the
equivalent of code between the delimiters BEGIN and END in
Pascal) are labelled as processes in occam and a named
process is analogous to a procedure in Pascal. The major
features of occam are:-
1) Concurrent execution in contrast to Pascal where if
ProcA, ProcB are two procedures/processes, then BEGIN
ProcA; ProcB END means execute ProcA and when it has
finished execute ProcB (sequential execution), occam allows
the two processes to be executed simultaneously. This 1is
done by using the PAR (or parallel) construct:-
PAR

ProcA

ProcB
If it is required to execute ProcA and ProcB sequentially
then PAR is replaced by SEQ.
2) To avoid competition for variables and hence non-
deterministic execution, a process is not allowed to change
variables which are being used by processes operating in
parallel with it. Communication between parallel processes
has to be carried out using channels and in a process they
appear as a line giving the channel name, whether the data
is being sent or received and the name of the data element,
Oon reaching such a 1line, the execution of a process is

suspended until the process that is being communicated with
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reaches its corresponding communication line. If a ring of
processes waiting to communicate with each other but no two
of which are at corresponding communication lines develops

(a deadly embrace or deadlock), then the program will never

terminate.

3) The ALT construct allows input to be selected from one
of several channels. For example, the code
ALT

ChannellA 7?7 Datal

SEQ
BodyForA.
ChannelB ? DataB
SEQ
BodyForB
will receive code from ChannelA and then execute the
associated code if the data is waiting on ChannelA when the
ALT is first met. If there is no data waiting on Channel],
then if there 1is any data waiting on ChannelB, it is
received and the relevant body of <code 1is executed,
otherwise the process waits at the ALT until there is data
available on one of the channels.
There are several differences between the
original version of occam [INMO84] and occam 2 [Poun86] ,
the version currently being supplied for use on
transputers. The major ones are:-
1) Abbreviations -to increase efficiency, sections of
arrays can be abbreviated eg.

matrix.reduced IS [matrix FROM 1 FOR 3]:
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where matrix is a one dimensional array, assigns to
matrix.reduced three elements of matrix.
2) Two and three dimensional arrays are catered for whereas

the first version of occam only allowed one dimensional

arrays.

3) Originally, occam only had the single type INT
(integer), now LOGICAL and (on some installations) REAL are

provided.

4) ,The types of data it is allowed to send on a channel
have to be stated in occam 2 so that compile time <checks
for correct usage can be implemented. However, the version
of occam 2 used for the implementation of Crandell and
Smith's algorithm did not have this extra typing and no
further mention will be made of it.

To give more of a feel for occam, a short example
program is given in figure 6.2. The 1illustration process
receives a stream of integers on channel "in" and sends the
answers back out on channel "out". Internally there are
four blocks of code being carried out in parallel one of
which decides which of the two processing blocks to send
the data to, and another block to receive the returned

data. The process terminates when it receives the value

zero on channel "in".

6.1.3 Structured Programming And Occam

One of the design aims lying behind occam 1is to

try to make the programmer using occam write well
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PROC take.square.roots(CHAN in, out)
CHAN from.a, to.a, from.b, to.b, to.end:

PAR
SEQ
LOGICAL flag:
INT number, returned.value:
SEQ
flag:=TRUE
WHILE flag
SEQ
ALT
in ? number
SEQ
IF
number > 0
to.a ! number
number < 0
to.b ! number
number = 0
flag:=FALSE
to.a !t 0
to.b t 0
to.end ! O
SEQ

LOGICAL flag.receive:

INT returned.value:

SEQ
flag.receive:=TRLE
WHILE flag.receive

ALT
to.end ? returned.value

flag.receive:=FALSE
from.a ? returned.value

out-! returned.value
from.b ? returned.value

out ! returned.,value

Figure 6.2 An Example Of An Occam Process For Reading In
A Stream Of Integers And Finding Their Square Roots
(Continued On The Next Page)



SEQ
LOGICAL flag.a:
INT number.a, returned.value.a:
SEQ
flag.a:=TRUE
WHILE flag.a
SEQ
to.a ? number.a
IF
number.a <> 0

SEQ
square.root(number,a, returned,value.a)

from.a ! returned,value.a

number.a = 0
flag.a:=FALSE

SEQ
LOGICAL flag.b:
INT number.b, returned.value.b:
SEQ
flag.pb:=TRUE
WHILE flag.b
SEQ
to.b ? number.b
IF
number.b <> 0

SEQ
square.root(=-number.b, returned.value.b)

from,b ! returned.value.b

number ,b=0
flag.b:=FALSE

Figure 6.2 (Continued) An Example Of An Occam Process For
Reading In A Stream Of Integers And Finding Their Square Roots



structured programs [Dahl72]. Some examples of this

philosophy are:-

1) The lack of a GO TO construct (the main constructs being
WHILE, FOR and IF). However, although the problems
resulting from the misuse of GO TO's have been recognised
for many years [Dijk681, the 1issue as to whether they

should be totally avoided has always been controversial

[Knut74].

2) The 1level of nesting of a 1line of a program is
determined by how far the statement 1is indented rather
than, say Pascal's BEGIN/END structure. Hence the occam
programmer is forced to "lay out" his code properly. The
disadvantage is that making alterations to the code is more
difficult (and the code 1is less easy to read) and again

there 1is a degree of controversy over the worth of

indenting programs [Shei81].

3) The folding editor (which is part of INMOS's transputer
development system) works in an analogous way to
hierarchiés of menus in that lines of code can be "entered"
to reveal the details of the underlying "procedure" which
may in turn contain lines which can be entered (figure 6,7
gives an 1illustration of this). The overall effect is to
encourage a program to be broken up 1into a hierarchy of
small, largely self-contained blocks -which is 1a

significant part of the definition of structured
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PROC take.square.roots(CHAN in, out)

CHAN from.a, to.a, from.b, to.b, to.end:

PAR
.+ receive.data
eee process.a
..« Dprocess.,b
..o oOutput.data

Figure 6.3 (a) The Top Level View Of The Program

{process.b
SEQ
LOGICAL flag.b:
INT number.b, returned,value.b:
SEQ
flag.b:=TRUE
WHILE flag.b
SEQ
to.b ? number.b
IF
number.b <> 0

SEQ
square.root(-number.b, returned.value.b)

from.,b ! returned.value,b

number .b=0
flag.b:=FALSE

Figure 6.3 .(b) Fold Process.b

Figure 6.3 An Example Of The Folding Editor Applied To The Program
of Figure 6.2



programming.

4) In the original version of occam, if none of the
alternatives following an IF are true, the program
continues by executing the next instruction. However, with
occam 2, the program halts at the IF statement, thus
foreing the programmer to consider all eventualities,
Unfortunately, in practice it is quite likely that a TRUE
SKIP (the equivalent of ELSE BEGIN END; in Pascal) will be

included at the end of every IF statement.

6.1.4 Stages In The Development Of Software

Environments For Parallel Processing

[Denn86] outlines four stages in the production
of a software environment for use with parallel processors,
Stage 1 is when parallelism is used with a single proceséor
(eg. pipelining) and this 1is nearly invisible to the
programmer, only requiring a slight restructuring of the
code Tfor vector or array processors. The next stage is the
use of languages such as occam where the parallel execution
of pieces of code on different machines is wup to the
programmer to control. However, this adds a far greater
complexity to software development and [Denn86] suggests
that functional languages will ©become widely wused on
parallel machines (stage 3). This is because the 1lack of
variables means that if we are to try to evaluate

£f(g(2),h(3)) where f, g and h are functions, then g(2) and
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h(3) can be computed at the same time. [Gaud86] has
proposed a design for a machine of this type based on
transputers and wusing the data flow programming language
SISAL. However, [Denn86] argues that functional languages
cannot be easily applied to a wide range of problems and
this will lead to a much higher level interface (stage 4)

where a knowledge-based system will lead the user through

the design process.

6.2 THE IMPLEMENTATION

Although, as was mentioned above, an occanm
program written for a particular configuration of
transputers can run on any other configuration (running on
a single transputer if necessary), there is quite likely to
be a significant 1loss of efficiency. Therefore 1in a
situation where an algorithm 1is being run on varying
numbers of transputers, the implementation of the algorithm
could be very different depending on the number of
transputers being used. So as to avoid this problem (and
the complexity and the extra work involved), Crandell and
Smith's algorithm was broken up into stages which were in
turn broken up into "jobs" in an analogous way to Chapter
5. These jobs were then distributed to the individual
transputers which were connected to form a ﬁree structure.
A tree structure was chosen as opposed to other '"regular"
extensible patterns because the presence of closed loops

seems to complicate the problem as
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1) If they are used to allow alternative routes for jobs to
reach the same destination, then intermediate transputers
have the problem of not being aware of the whole situation.
2) If they are used as rings, then the path length the jobs
have to travel is increased.

While neither of these reasons is Strong enough
to rule out the use of a structure containing rings (for
example, (1) could be circumvented by wusing the "top"
transputer to control the destination of jobs rather than
the 1local control method described in the next section),
they do provide some rationale for the assumed greater
simplicity of a tree structure. Once a tree structure has
been chosen, it seems natural to use as "thick" a tree as
possible, that 1s one where transputers near the root of
the tree use all four of their channels (thus minimising
the path length from a transputer to the root transputer).
The highly regular hypercube architecture which has been
used with Intel's iPSC chip [Haye86] is not suitable for
the current range of transputers as in an n-cube each node
is connected to n other nodes. Chains of transputers have
peen compared with ternary trees in [Lync87] with the
double 1linked chain performing surprisingly well, probably
on account of the increased communication band width for

data transfers between transputers.
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6.2.1 The Tree Structure

Figure 6.4 shows 5 transputers making up a branch
of the tree. Assuming that each "job" consists of reading a
number from an array on Tranl, sending it to a transputer,
undertaking a calculation using this number and returning
the result to Tranl, then the occam executed by Trani11 can
be split up into the processes shown in figure 6.5. These

progcesses all execute in parallel and their basic

structures are:-

1) CHECKING

This process is used to access a three element array giving
information on whether Trani111, Trani112 and Tran113 are
waiting for another data element to be sent, are executing
or have closed down as all the data has been processed. The
array is stored in a process so that it is protected from
simultaneous accesses from processes executing in parallel

(these processes have to communicate with CHECKING via

channels).
2) RECEIVE_FROM_TRAN1

It receives data from Tranl, asks the CHECKING process for

the name of a free transputer and then sends the data to

this transputer.

3) RECEIVE_FROM_TRAN11%*

Receives data from Tranl11, Tranl112 or Trani113, informs
CHECKING that this transputer is waiting for further data
and then passes the data on to TRAN1.

Tran111, Tranl112 and Tranl113 just receive data
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Trani

Tran11

Tranili Tran112 Tran113

Figure 6.4 A Five Transputer Branch Of The Tree Structure

v

Receive_From_Iran1

\

|

[}

|
V

' Checking

N

Receive_From Tranii¥*

&

Figure 6.5 The Parallel Processes Executed By Tran11

Trani
Tran11 Trani2 Tran13
Tran111 Tran113 Tra:?:>\\\ Tra%(jl Tran133
Tran112 Tran121 Trani23 Tran132

Figure 6.6 A Thirteen Transputer Branch Of The Tree Structure



elements, perform the calculation and then transmit the
result, whilst Tranl receives data, stores it and sends out
the new data. The <code avoids deadlocks because data is
only sent to Trani11 if one of Tranl111, Tran112 or Tranii3
can receive it. Hence, RECEIVE_FROM_TRAN1 does not ever
have to wait in mid-stream to input or output (apart from
temporarily waiting its turn for CHECKING). Consequently no
circle of processes halted in mid execution can occur, and
so there cannot be a deadlock.

RECEIVE_FROM_TRAN11* informs CHECKING that a
transputer has finished before sending the data to TRAN1
because otherwise TRAN1 could send the next piece of data
to this transputer before its flag has been set and it
could then be reset by RECEIVE_FROM_TRAN1. The tree 1is
closed down by sending out a flag instead of a fresh data
element every time Tranl receives a result but has sent out
all its data.

This basic structure can be extended by having
Tran1 and Tranl11 perform the same job processing function
as Tran111, Tran112 and Tranl113 in parallel with their
"administrative activities". Also, additional branches can
be added to Trani to give the 13 transputer tree shown in
figure 6.6 (although only 11 transputers were available for
use when the work described below was carried out). More
transputers can be used by changing the arrays in CHECKING
so that they indicate the number of free transputers down
each of the branches (and making corresponding changes 1in

the RECEIVE's so that these elements are
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incremented/decremented instead of being set or reset).

6.2.2 Distributing The Algorithm Over The Tree

The three stages in the 1loop of Crandell and
Smith's algorithm, namely the grow_and_name, compare and
amend steps, were split up into 2, x and y (where x and vy
could be varied) separate jobs which were then distributed
over the tree. The growing and naming stage was only

divided into two jobs because

1) growing a common substructure can lead to many candidate
substructures being produced. This c¢causes a problem as
extra storage has to be allocated to take account of the
worst possible case and memory requirements are as equally
important as cpu time constraints on restricting the common
substructure size. This situation is exacerbated by having
several processes executing in parallel on one transputer

as this causes several copies of the large data arrays used

by the algorithm to be stored.

2) the added complexity of splitting up this stage further
was not felt to be worthwhile as the time taken by this
stage of the algorithm in the cases where the algorithm
takes a long time to run, 1is relatively low (see the
results given in Chapter 4). Additionally, the purpose
lying behind the 1implementation was to analyse the

performance of transputers on a chemical information
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problem with a large apparent degree of parallelism rather
than producing the fastest possible version of the
algorithm at any cost.

In addition to distributing these jobs (and
receiving their output), the root transputer also sends out
global data in between the stages so as to keep the other.
transputers informed of the progress of the algorithm. The
first of these stages is to send the distance table to the
other transputer which 1is involved 1in the growing and
naming stage. The other two distributions are the sending
out of the named growths (ie. the n*(n-1)/2 inter-atomic
ndistances" for generation n) and the growth sets (ie. the
n atoms making up each growth), and the sending out of the
compared growth sets. These both involve the communication
bpetween transputers of very large three dimensional arrays,
only a part of which is being used. As occam 2 only allows
abbreviations to be used to take a slice of an array in one
dimension only, it was decided to send out the arrays one
row at a time and, on receiving one of these rows, a
transputer makes three copies of it so that it can pass it
on to the three transputers connected to it which are lower
down in the tree, in parallel. (An alternative way of
distributing the arrays would have been to send out ‘the
whole array in one g0 including the bits which are not
relevant.) The implementation of the algorithm for the root

transputer is shown in figure 6.7 where each box has to

finish before the next one can begin.
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INITIALISATION

v

1
]
DISTRIBUTE THE DISTANCE TABLES
]
:
1

i
i GROW AND NAME
i

DISTRIBUTE NAMED GROWTHS AND GROWTH SET

COMPARISON

DISTRIBUTE COMPARED GROWTH SETS
v

[}
t

AMENDING

Figure 6.7 The Implementation Of The Crandell And Smith Algorithm



6.3 EXPERIMENTAL RESULTS

A prototype version of the algorithm was run on a
Prime using Fisher's occam compiler [Fish85] before moving
on to a Nimbus-hosted TU414A transputer network where the
algorithm was developed on one transputer before running it
on more than one.

The algorithm was run using a distorted molecule
of size 14 (9 carbons, 4 nitrogens, 1 oxygen) with a common
substructure of size 12, an undistorted molecule of size 11
(5 carbons, 5 oxygens, 1 nitrogen), an undistorted molecule
of size 8 (6 carbons, 2 bromines) and the same molecule
distorted to have a common substructure of size 7. The
number of transputers was varied for each structure and the
number of jobs the comparing and amending stages were split
into was also varied so as to try to produce - the 1lowest
possible times. The results are given in tables 6.1 to 6.4
where the entries are the lowest obtained for the given
structures wusing the stated number of transputers ie. the
compare and amend entries might have been obtained wusing
different values for the number of jobs the algorithm was
split into. The relevant values for the speed up, ie. the
increase in speed over one transputer, are given in tables

6.5 to 6.7 and the corresponding graphs are figures 6.8 to

6.10.

(,p Seo ”Rl)fmtéoms“ for ano.rJ&LJcioM[ famaraf’;h. —)é
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6.4 CONCLUSIONS

While it should be emphasised that the results
are only relative in the sense that transputers with higher
clock speeds (20 MHz as opposed to 12.5) and faster 1links
are now available, tables 6.5 to 6.7 show that a high speed
up can be obtained if there is a sufficiently large amount
of computation to be undertaken. This concept of how much
computation can be undertaken before communication has to

take place (granularity) is at the root of how wuseful a

parallel processing system 1is and the results indicate a
small amount of speed up even when the granularity is quite
low. Interestingly the speed up for the comparison stage
when there was a common substructure of size 12 was higher
than the number of transputers being wused, stemming from
the fact that the ordering of the substructures had
peen changed from splitting the compare stage up into many
jobs. (The ordering for the next generation being the order
in which the "packets" of compared growths are received
back by the root transputer, and so it is likely that the
nmore oftenly occurring"” growths move to the start of the
1ist.) In retrospect, the growing and naming stage should
nave been split up into more than two jobs, but the
problems over the extra storage needed must not be
overlooked as it is storage considerations rather than the
magnitude of the run times which prevents 1larger common
substructures from being used.

It 1is very hard to compare the results obtained
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from running the algorithm on transputers with those
obtained from the PASSIM simulation described in Chapter 5
because it was only possible to simulate a shared memory
multiprocessor system, the clock times used for the length
of the PASSIM activities were taken from a Prime 9950 and
fairly crude estimates had to be made for the probability
distributions of the various steps of the algorithm.
However, it seems that the simulation does to some extent
underestimate the amount of speed up which can be achieved
if there is a large common substructure (bearing in mind
that in the simulation the growing and naming stage was
also split up into as many jobs as desired rather than the
two in the actual implementation). On the other hand, the
model was only intended to give a rough indication of
whether a transputer implementation would be worthwhile,
Additionally, it also highlighted the very unpredictable
way that the number of jobs which the stages were split
into affected the overall execution times. An example of
this was when using eleven transputers to compare the
undistorted molecules of size 8, splitting the comparison
stage up into 36 jobs led to a time of 20 whilst splitting
it into 28 1led to a time of 25 and 34 a time of 22 (the
units of time being 16 milliseconds). This is presumably
caused by the relatively large standard deviation of the
comparison stage (see Section 5.4.5) and would be a problem
for any practical system.

As it stands, a transputer implementation of the

above version of Crandell and Smith's algorithm is not very
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useful because Chapter 4 showed that the clique finding
approach and the version of Crandell and Smith with an
extra sorting stage were superior. However, as has been
mentioned previously, a possible way around the problem of
trying to extend the common substructure finding capability
to molecules with larger common substructures might be to
use the Crandell and Smith algorithm but with no distance
clustering; The growths would then contain the end points
for the range of vélues each inter-atomic distance could
take and the comparison stage would then 1involve
determining whether the ranges overlapped rather than a
simple comparison of integers [Cran83a]. Therefore the net
effect is likely to make the compare stage take appreciably
longer with the growing and naming stage likely to be of
similar duration to what it was originally (because there
is essentially no structural change in this stage).
Consequently, the algorithm without distance clustering 1is
likely to take much longer to run than the version with
clustering with most of the extra time being spent in the
comparison stage, and so a transputer implementation might

be an attractive way to speed up the algorithm,
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KEY FOR TABLES 6,1 TO 6.4 =

Send 1 1is the distribution of the distance tables

Send 2 1is the distribution of the named growths with their
growth sets

Send 3 1is the distribution of the compared growth sets

The times are in units of 16 milliseconds

Number Of Transputers

1 2 3 4 5 6 7 8 9 10 1
Set Up 1 11 1 " " " 11 M " " 1
Grow 1379 724 T4 724 T24 724 724 724 724 724 724
Amend 722 380 349 228 242 213 223 216 214 213 216
Compare 25477 11279 7067 5286 4254 3594 3142 2882 2588 2280 2175
Send 1 3 3 3 3 3 3 3 3 3 3
Send 2 119 144 157 235 235 259 259 260 260 260
Send 3 32 39 43 63 63 63 66 66 66 69
Total 27590 12656 8417 6511 5538 4844 4U4g 4125 3881 3575 3457
Table 6,1 Common Substructure Of Size 12
Number Of Transputers
1 2 3 4 5 6 7 8 g 10 1"
Set Up 7 7 7 7 7 7 7 7 7 7 7
Grow 590 312 313 313 313 312 312 312 312 312 312
Amend 148 M4 9N 7 70 69 T 67 56 57T 51
Compare 5490 2472 1580 1184 998 878 803 718 648 622 601
Send 1 2 2 2 2 2 2 2 2 2 2
Send 2 50 62 68 99 99 108 105 110 1110 110
Send 3 14 18 19 28 28 28 30 30 30 N
Total 6235 2985 2080 1666 1512 1397 1333 1240 1165 1140 1116
Table 6.2 Common Substructure Of Size 11
Number Of Transputers
1 2 3 4 5 6 7 8 9 10 11
Set Up 4 4 B4 44 4 4 4 m
Grow 40 24 24 24 24 24 24 24 24 24 24
Amend 17 14 12 " " 12 13 12 12 12 12
Compare 78 44 3w 27 26 26 27T 24 22 21 20
Send 1 1 1 1 1 1 1 1 1 1 1
Send 2 4 6 6 8 8 8 9 9 9 9
Send 3 2 2 2 3 3 3 3 3 3 3
Total 139 92 83 75 7T 7T 719 71T 715 M 73

Table 6.3 Common Substructure Of Size 8



Number Of Transpute

rs

1 2 3 4 5 6 7 8 9 10 11
Set Up y U 4 4 4 4 4 4 Y 4 4
Grow 16 11 1M 1" 11 11 11 " i} " 1
Amend 11 10 9 8 7 8 8 9 9 8 9
Compare 23 16 12 10 10 10 10 9 9 g9 9
Send 1 1 1 1 1 1 1 1 1 1 1
Send 2 2 3 3 4 4 4 4 4 Y 4
Send 3 ] 1 1 1 1 1 2 2 2 2
Total 54 43 40 38 38 39 39 4o 38 38 39

Table 6.4 Common Substructure Of Size 7

Number Of / Common Substructure Size
Transputers | 12 1M1 8 7
1 H 1.00 1. 00 1.00 1.00
2 ! 2.26 2,22 1.77 1,44
3 ' 3.61 3.47 2.29 1.92
) ! 4,82 &, 64 2.89 2.30
5 i 5.99 5.50 3.00 2,30
6 ' 7.09 6.25 3.00 2.30
7 i 8. 11 6.84 2.89 2.30
8 i 8.84 7.65 3.25 2.56
9 ] 9.84 8.47 3.55 2,56
10 i 11.17 8.83 3.71 2.56
1" i M. 71 9.13 3.90 2.56

Table 6,5 The Speed Up For The Comparison Stage

Number Of H Common Substructure Size

Transputers | 12 1 8 7
1 ' 1.00 1.00 1.00 1.00
2 ! 1.90 1.30 1.21 1,10
3 { 2.07 1.63 1,42 1,22
4 i 3.17 1.97 1,55 1.38
5 ! 2.98 2.1 1.55 1.57
6 ! 3.39 2.14 1.42 1.38
7 i 3.24 2.08 1.31 1.38
8 ! 3.34 2,21 1.42 1.22
9 i 3.37 2.64 1,42 1.22
10 i 3.39 2.60 1.42 1.38
11 ' 3.34 2.90 1.42 1.22

Table 6.6 The

Speed Up For The Amend Stage



Number Of ' Common Substructure Size

Transputers | 12 11 8 7
1 ] 1.00 1.00 1.00 1,00
2 ! 2.18 2.09 1.51 1.26
3 : 3.28 3.00 1.67 1.35
y ! 4,24 3.74 1.85 1.42
5 d 4,98 4,12 1.81 1.42
5 g 5.70 4,46 1. 81 1.38
7 ! 6.20 4,68 1.76 1.38
8 i 6.69 5.03 1.81 1.35
9 ' 7.1 5.35 1.85 1.42
10 i 7.72 5. 47 1.88 1,42
i ' 7.98 5.59 1.90 1.38

Table 6.7 The

Speed Up For The Whole Algorithm



CHAPTER 7

DISTANCE GEOMETRY CALCULATIONS USING MULTIPROCESSORS

The previous chapter described a multiprocessor
implementation of an algorithm for finding the largest
substructure in common between two molecules. However,
although the work was of theoretical interest in that it
illustrated the capabilities of a multiprocessor system, it
had no practical value because the chosen algorithm
performed very badly when compared with other common
substructure finding algorithms in Chapter 4, and also the
value of being able to find common substructures 1is
unclear. Therefore the current chapter examines the
possibilities of using multiprocessors to perform distance
geometry calculations (see Section 2.3.2); the reason for
choosing the distance geometry field stems from the facts
that a Monte Carlo method is used to generate different
conformations and this can be carried out in parallel, and
that a transputer system for use in the closely related
field of molecular graphics is being developed commercially
by Chemical Design Limited, Oxford. Additionally wusing
distance geometry to try to find common pharmacophores is
very computationally expensive, as can be seen from the 3.5

cpu hours used on a VAX 11/785 with floating point

accelerator by [Sher86].
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7.1 AN OUTLINE OF DISTANCE GEOMETRY

Chapter 2 mentioned that the use of distance
geometry in chemistry has been developed by Crippen et al.
[Crip81, Have82, Have83] as a means of finding possible
conformations of a molecule given upper and lerr bounds on
the inter-atomic distances. The method comprises two
stages, the first of which tries to remove any slack from
the original upper and lower bounds by using geometrical
considerations such as the triangle inequality. The second
stage chooses a set of points which satisfy some of the
inter-atomic distance bounds and attempts to refine these

points until all the bounds are satisfied.

7.1.1 Tightening The Inter-Atomic Bounds

7.1.1.1 The Triangle Inequality

The triangle inequality says that if D(i,3) is

the distance between the points i and j, then

D(i,J) <= D(i,k)+D(k,J)
for all points k. So if U(i,j) is the upper bound for the
distance from i to j (and L(i,Jj) is the lower bound), then

D(i,3j) <= D(i,k)+D(k,Ji) <= U(i,k)+U(k,]J)
for any point k. Therefore U(i,j) can be set to the minimum
of U(i,j) and U(i,k)+U(k,Jj). Consequently, a tightening of
the upper bound matrix can be obtained by iteratively
refining all the U(i,Jj) in this way until no more slack can

be removed [Crip81]. However, [Have83] points out that this
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1s just equivalent to finding the shortest paths between
points using the upper bound matrix -a problem for which a
simple, highly efficient algorithm [Drey69, Floy62] exists.
Alternatively, the shortest paths can be found by
repeatedly applying Dijkstra's algorithm for finding the

shortest paths from one point to all others 1in a graph

[AhoTUu].

7.1.1.2 The Inverse Triangle Inequality

The triangle inequality says that

D(i,J) >= D(i,k)-D(J,k)
for all points k. But

D(i,k)-D(j,k) >= L(i,k)-U(Jj,k)
and so L(i,j) can be set equal to the greater of L(i,j) and
the right hand side of this equation. The presence of
U(j,k) in the equation means that the upper bounds need to
be lowered before attempting to raise the lower bounds.

Similarly, L(i,j) is also bounded below by
L(j,k)-U(i,k), and it can be shown [Have83] that repeatedly
raising the lower bounds using these two constraints until
no more lower bounds can be raised, 1is equivalent to
setting L(i,j) equal to

MAX . { MAX {L(k,m)-U(1,k)} -U(J,m)}

Hence, by maximising L(k,m)-U(i,k) with respect to k first
and then maximising the result minus U(Jj,m) with respect to
any "inverse triangle inequality" slack can be removed.

m,

The maximising of L(k,m)-U(i,k) can be carried out using a
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variant of Dijkstra's algorithm for finding the shortest
paths from one point to all others in a graph [Aho74]. The
idea is to select any point, raise the lower bounds using
any paths passing through it and then to remove this point
from any further consideration; more details can be found
in [Have83]. However, [Have84] performs the tightening of
bounds by transforming the problem into that of finding the
shortest paths between all points i and j where

1 <= 1i<=n and n+1 <=j <=2n

(n being the number of points) in the graph G where

G(k,m)=U(k,m) if k <= n and m<= n
G(k,m)=U(k,m) if n < Kk and n<m
G(k,m)=-L(k,m) if k <= n and n<m
G(k,m)=0 if n <Xk and m <=n

The shortest path between i and j is then the negative of

the inverse triangle bound between these points.

7.1.1.3 The Tetrangle Inequality

For four points, the cosine of the dihedral angle
phi about the axis between points 1 and 2 (see figure 7.1)
can be given in terms of the 6 inter-point distances as
[Have83] (although the -equation is  actually stated
incorrectly in this reference):-

coS(phi) = (g + h) / (SQRT(e * f))
where e=U4*D(1,4)%D(1,4)*D(1,2)*D(1,2)-

(D(1,4)*D(1,4)+D(1,2)#%D(1,2)-D(2,4)*D(2,4))**2

£=U*D(1,2)*D(1,2)%¥D(2,3)*D(2,3)-
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Figure 7.1 The Dihedral Angle About The Axis 1-2 (Taken
From [Have83])

P P3
/ y / \
P1 P4 P2 P1 P4 P2

U U

Figure 7.2 Checking Whether P4 Can Lie On P1-P2 When They Are

As Far Apart As Possible, If It Can Then The Tetrangle Inequality
Does Not Provide A Constraint On The Maximum Distance Between

P1 And P2 (Taken From [Have83])

P3 P3
P1 P4 p2 P1 P4 P2

] L-U U L-U

Figure 7.3 Checking Whether P4 Can Lie On P1-P2 When They Are

As Close Together As Possible, If It Can Then The Tetrangle
Inequality Does Not Provide A Constraint On The Minimum Di stance
Between P! And P2 (Taken From [Have83])



(D(1,2)2+D(2,3)2-D(1,3)2)#%2
g=(D(1,4)24D(1,2)%-D(2,4)2)*
(D(1,2)2+D(2,3)2-D(1,3)?)
h=2%D(1,2)%%
(D(2,4)24D(1,3)2-D(1,2)2-D(3,1)?)
Given the 5 distances other than D(?,4), then
varying phi shows that the maximum and wminimum values of
D(3,4) occur when-all 4 points lie in a plane. Further, it

can be proved that [Have83]

Theorem Consider 5 of the 6 inter-point distances. If the
upper and lower bounds on these distances prevent any three
points becoming collinear, then the value for the sixth
distance given by the above equation for COS(phi), attains
its maximum and minimum when the 5 distances are at some

combination of their upper and lower bounds.

Consequently, a tetrangle inequality can be
obtained between 4 points for 1limiting an inter-point
distance by taking the 64 combinations of the 5 other
distances at their wupper and lower bounds and COS(phi)
equal to 1 or -1. Hence the upper and lower bound matrices
can be tightened by iteratively taking sets of four points
at a time until no more slack can be removed. However three
checks need to be carried out 1in conjunction with the

tetrangle inequality:-

1) The non=-colinearity of the points under analysis needs



to be tested. Consider first the tetrangle inequality
applied to the wupper bound between points P1 and P2 and
assume that
U(P1,P3)+U(P2,P3) > U(P1,PU)+U(P2,PU4),

then it is required to determine whether P4 can be on the
line from P1 to P2 when P1 and P2 are at the maximum
distance apart that the triangle inequality allows. This is
done by considering the two triangles in figure 7.2 and the
two limits on the distance for P3 to P4 which they produce
(which can be found by using simple trigonometry). If this
distance range overlaps with the allowed upper-lower bound
range for P3-P4, then the tetrangle inequality cannot be
used to lower the upper bound for this distance because the
triangle inequality upper bound can be obtained when three
points are <collinear. Therefore the theorem cannot be
invoked to try to lower this limit.

In a similar way the tetrangle inequality can
only be applied to the lower bound between P2 and P4 if at
least one of the 1inverse triangle inequality 1limits 1is
positive (otherwise the points are not necessarily
distinet) and for each positive 1limit (say L(P1,P2)-
U(P4,P1)) the allowed range of values for D(P3,P4) in

figure 7.3 does not overlap with the interval L(P3,P4) to

U(P3,P4).

2) The distances being passed to the tetrangle inequality
need to be checked to ensure that the triangle inequality

holds between them (as they will be a mixture of distances
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from the upper and lower bound matrices). This check 1is
needed Dbecause the above equation for COS(phi) is obtained
by using the law of cosines. It is also necessary to check
that when considering the distance P3-P4 neither P1, P2 and

P3 nor P1, P2 and P4 are collinear (as then phi in figure

7.1 is undefined).

3) After the tetrangle inequality has tightened a distance,
the triangle and inverse triangle inequalities need to be
reapplied to the upper and lower bound matrices. This can
be achieved quickly by noting that if U(Pi,PJj) was changed,
then the new U(Pk,Pm) is the old one or
U(Pk,Pi)+U(Pi,PJ)+U(Pj,Pm) or U(Pk,Pj)+U(Pi,PJ)+U(Pi,Pm). A

similar idea applies to the lower bound matrix.

In theory similar checks <can be- devised for

pentangles, hexangles, etc., but the calculations 1involved

become very difficult.

7.1.2 Finding Co-ordinates Which Satisfy The Constraints

After the two bound matrices have been tightened
(by using the method of Section 7.1.1.1 followed by that of
Section 7.1.1.2 and finally that of Section 7.1.1.3), a
trial distance, 1TD(i,j), 1is chosen from each L(i,J) to
U(i,j) interval by using a pseudo random number generator.
Unfortunately, because there are 1less than n¥*(n-1)/2

degrees of freedom (where n is the number of points uhdep
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consideration), the resulting entries in the trial distance
matrix need not even obey the triangle inequality. Indeed a
knowledge of all the inter-dependencies (correlations) of
the distances is roughly equivalent to the whole problem,
but the use of a more simple correlation index to cut down
on the geometric violations rather than just wusing random

numbers, has been put forward [Crip81].

7.1.2.1 Obtaining Approximate Co-ordinates

A basic result from linear algebra is that an n¥*n
real symmetric matrix, RSM, has n real eigenvalues and n
orthogonal eigenvectors. Therefore 1if E1,..,En are the

eigenvalues in order of decreasing absolute value, U1,..,Un

are the corresponding unit length eigenvectors and V is the

th

matrix whose i column is U, then

RSM = V *# ! E1 0 O ... O | * V transpose
i 0 E2 0 ... 0 !
i 0 0 EX ... 0 |
! |
! !
i 0 0 0 ... 0 :
i 0 0 0 ... En |
Hence,
RSM(1,]) = Ek * U (1) * U (D

But the only assumption about RSM was that it was a real
symmetric matrix, so if RSM(i,3j) 1is defined to be the
scalar product of the vectors, Ry and Rj, from some origin

to i and j, then
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RSM(i,j) = Ri(k) * Rj(k)

Equating terms in the two expressions for RSM(i,j) gives
Ri(k) = SQRT(Ek) * Uk(i).

As RSM is a distance matrix, it has a rank of at most three
and so the co-ordinates of the the point i are given by the
above equation with k taking the values 1, 2 and 3.

Using the law of cosines it can be shown that
RSM(i,j) is equal to .
(DIS(1i,0)2 +DIS(J,0)2 -DIS(1,1)?) /2
where "o" is the origin and DIS(k,l1) is the distance
between points k and 1. Furthermore [Have83] proves that if
the centre of mass 1is taken as the origin, then the

distance from the origin, DIS(i,o), is the square root of

n nn
(Op1s(i,9)%) /n - (LD pIS(3,k)?) /n?

J={ 3= kM

If instead of wusing actual distances the trial

distances from TD are used, then more than three
eigenvalues may be non-zero. However, an approximation to
the co-ordinates of each point can be obtained by taking
the three eigenvalues of largest absolute value (provided
that they are all positive -if one of the three eigenvalues
is negative then this method cannot be applied). These
approximate co-ordinates can then be passed on to an
optimization stage to try to make them obey the original
upper and lower distance bounds.

The three largest eigenvalues of a matrix can
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easily be calculated by using the power method [Atki83]
which relies on the fact that any vector can be written as
a linear sum of the eigenvectors U1 to Un

X = Qq*U4 ,+ Q*Up + ... + Q %0
where Q1 to Qn are real numbers. Multiplying by the matrix
just changes the coefficient of each term from Q; to E *Q,
where Ei is the relevant eigenvalue, and so multiplying by
the matrix m times leads to the coefficlents beinsg E, to
the m, times Oi' Therefore, assuming that the 1largest
eigenvalue has only one eigenvector and that the
coefficient 01 is non-zero, repeatedly multiplying X by the
matrix will converge on the eigenvector associated with the
eigenvalue of 1largest magnitude. (Because of rounding
errors on real number operations these two assumptions are
l1ikely to be valid, but 1if the absolute values of the
eigenvalues are close together or if the original vector
had a very small 01 value, then the convergence 1is 1likely
to be very "slow.) The other eigenvectors can be obtained
using deflation lAtki83] which relies on the fact that if

B =A - E1 * U1 ® Z1transpose
where A is the original matrix with eigenvalues E,,..,E/
and eigenvectors Uq,..,U, and Z1 is any vector such that

Zitranspose ¥ U1 =1
then the eigenvalues of B are 0,E2,..En and U2,..,Un are
given in terms of the eigenvectors W,,..,W, of B by

Ui = (Ei‘E1) * Wi + By ¥ (Z1transpose * wi) * U,

This result can be proved by substituting the expressions

for Up and A in A*Ups=zEo*Usp-
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The importance of the above result about taking
the centre of mass as the origin is that in the
approximation the distances from the origin get
disproportionately weighted compared to the other inter-

point distances.

7.1.2.2 Cyelic Co-ordinate Descent

After approximate values for the atomic co-
ordinates have been obtained from the eigenvectors, they
are refined by decreasing the value of the function E which
is the sum (over 1 <= i < j (:n) of
((D(i,j)**2/U(1i,j)**2)-1)**2 for D(i,J) > U(4,])
((D(i,j)%*2/L(i,j)**¥2)-1)%**2 for D(i,J) < L(i,3).

As E is a quartic in each co-ordinate, differentiating with
respect to a co-ordinate gives a cubic whose roots will
give the minimum value for E obtained by varying this co-
ordinate independently of the others. As the roots of a
cubic can be found arithmetically, it is thus easy to apply
the cyclic co-ordinate method [Baza79] to reduce E. This
just cycles through the co-ordinates taking the root giving
the 1lowest value of E until the roots chosen are all the

same as the ones chosen on the last <cycle through the

roots.
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7.1.2.3 Conjugate Gradient Method

The cyclic co-ordinate technique only provides a
fairly rough and ready way of improving the co-ordinates,
so after this stage the method of conjugate gradients
[Baza79] is applied to the function F defined to be the sum
(over 1 <= i < j <=n) of
((D(i,j)**2/U(1,]j)**2)-1)%**2 for D(i,J) > U(i,])
((L(1,j)**2/D(i,j)**2)-1)**2 for D(1i,J) < L(i,3).

The idea is to take the gradient of F and then to find
lambda such that

F(Y + lambda * G) is a minimum

where lambda is greater than zero, Y are the current co=-
ordinates and G is the gradient. The new value of Y is then
set equal to Y plus lambda times G, and the process is
repeated. However, to avoid obtaining a "poor direction" on
nearing a stationary point, the conjugate gradient method
(as opposed to that of steepest descents) also takes into
account the previous value of G when it calculates the new
value of G.

The value of 1lambda was calculated using the
golden section method [Baza79] which evaluates the function
at two points inside the interval. Then it moves the nearer
end point to the interior point which has the highest
function value before repeating the process. The efficiency
and the name of the algorithm stems from taking the
interior points to be 0.618 times the 1length of the

interval, from one end point. Hence when the interval 1is
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shortened one of the previous interior points remains as an
interior point. Strictly speaking, the golden section
method is designed to be used on intervals where the
function is convex. F is not convex but [Have83] points out
that F is likely to be Malmost" convex in small
neighbourhoods and the golden section method was found to
be perfectly adequate in the work carried out below. An
alternative and perhaps more efficient way of calculating
lambda, would have been to use the Newton-Raphson method.
Other functions could be optimised rather than
just the functions E and F described above if particular
features wish to be incorporated in the final conformation.
In fact [Have83] also wuses a function C 1in order to
preserve chiral centres but it 1s not described here as it

was not used in the experimental work reported below,.

7.2 A SEQUENTIAL ANALYSIS OF DISTANCE GEOMETRY

A FORTRAN 77 program was written to implement the
basic distance geometry algorithm on a Prime 9950. The
upper and lower distance bounds wused were those for a
molecule of size 18 given 1in [WengB82] and those for
molecules of sizes 22, 23 and 36 obtained by applying the
technique outlined in [Weng82]. This consists of specifying
the upper and lower bounds to be the same if the two atoms
are connected to each other or to a common third atom -the
distances being found using standard bond 1lengths and

angles. The distances between atoms for which the shortest
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path between them goes through two other atoms is given
using standard bond lengths and angles and a dihedral angle
of 0 or 180 degrees. The lower bounds between other atoms
were set at 2.0 A whilst the upper bounds were set at 10
times the cube root of the number of atoms (this 1last
figure was the value used in [Weng82]). However, 1in
obtaining the limits for the above molecules the bond
lengths and angles were obtained from the actual co-
ordinates given in the Cambridge Crystallographic Database
rather than from a set of tables or a molecular
construction program. Also no account was taken of the
extra rigidity constraints imposed by rings, and so the
upper and lower bounds used were 1looser than they would
normally be. This looseness led to it being difficult to
find a set of random numbers for which the three
eigenvalues of largest absolute value were positive for
molecules of sizes 22 and 36. Therefore, as far as ‘these
molecules are concerned, only the results for the bound
tightening stages are given below.

Two other sets of bounds were produced by firstly
combining the molecules of sizes 18 and 23 to form a set of
41 points. This is useful for finding whether the original
two molecules have a common pattern [Sher86] and 1is
achieved by setting the lower bounds to zero when one atom
is from one molecule and one from the other. The upper
bounds are set to a high value in the same case except
where the atoms concerned are conjectured to Dbe

ncorresponding” atoms in the common pattern, when the upper
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bounds are set to a minimum tolerance value. In the present
case, three atoms from a ring were chosen as the common
pattern and the tolerance was set at 0.2 A. The second new
set of bounds was obtained by repeating the process with
the molecule of size 18 again. However, this last extension
is clearly very artificial.

Table 7.1 shows the results of an analysis of the
bound tightening stage of the algorithm. Dijkstra's and
Floyd's algorithms'for the triangle 1inequality are very
similar performance wise but the 1inverse triangle
inequality procedure given in [Have84] 1is significantly
quicker than that of [Have83]. The performance of the
tetrangle stage was very poor, but this 1is in 1line with
[Have82] which says that "The TRNGL and TRINV algorithms
[ie. the triangle and inverse triangle tightening
algorithms wusing Dijkstra's algorithm] described there are
quite efficient and completely reliable., Unfortunately,
they are nét capable of detecting the majority of
violations of three dimensionality that can occur in the
pounds. The TTRGL algorithm [the tetrangle algorithm] is
capable of reliably detecting violations of an additional,
and more significant, set of constraints but at its present
state of development it is not an efficient algorithm. The
EMBED algorithm [the production of eigenvalues and the
smoothing of the resulting bound violations] is the only
one we have that 1is capable of accounting for the complete

set of constraints. It 1is neither highly efficient nor

completely reliable."
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The performance of the rest of the algorithm
after the bound smoothing, was analysed by attempting to
produce a series of conformations for the bound sets of
sizes 18, 41 and 59. The conjugate gradient method was
carried out for 50 iterations (or until the value of F was
below 0.075). The results showing the amount of time spent
in calculating lambda and in determining the gradient are
shown in tables 77.2 and 7.4, The first two of these only
deal with the cases where all 50 cycles were required;
there were several instances for the structure of size 41
where F fell below the desired value before then, and the
lowest time of these was 52.2 seconds.

Clearly the number of iterations employed by the
power method in determining the eigenvalues and by the
golden section algorithm in calculating lambda are a major
factor in how much time is spent in each stage. The former
was taken to have a maximum value of 100 (with the actual
value being less if the eigenvalue had been determined to
the desired accuracy). The 1latter was set at 25 and the
starting interval was 0 to 0.1 A. Thus the timings given in
tables 7.2 to 7.4 can only provide an illustration of the
likely times for a "real 1life" application of distance
geometry.

Bearing in mind that [Sher86] fixed the number of
jterations in the conjugate gradient algorifhm at 1000, the
above results suggest that a multiprocessor system with
each processor generating a possible conformation, could

jead to a speed up for the conjugate gradient stage of
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about 12.9 when generating 13 solutions (the number used in
[Sher86] was 25) for the data set of 59 points -the speed
up figure being obtained by summing all the times and

dividing by the largest.

7.3 A TRANSPUTER IMPLEMENTATION OF DISTANCE GEOMETRY

Although the results of the previous section show
that most of_ the time taken by the algorithm is spent in
steps that are difficult to write parallel code for, it was
decided to go ahead with a transputer implementation. This
was because of the ability to generate different
conformations concurrently using different sets of random
numbers. Once a serial occam version had been written (and
its results checked against the FORTRAN 77 program as they
both used the same pseudo random number generator
[(Knut81]), as many of the steps as possible were
parallelised in order to examine the capabilities of
transputers in dealing with a much finer grain parallelism
than that met in Chapter 6 (and as a lesser goal to improve
the overall performance of the algorithm). Despite the fact
that the tetrangle inequality step is very time consuming
and appears to be able to be split up into sections which
can be executed concurrently, it was not implemented in the
occam version of the algorithm as it would still have been
a very time consuming stage whose net worth is far from
clear (with it being likely to depend on the source of the

original upper and lower bounds). Additionally, it is not
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used 1in the more recent accounts of work carried out using
distance geometry [Have84, Sher86].

The bound tightening via the triangle and inverse
triangle inequalities was carried out wusing a parallel
version of Floyd's algorithm put forward in [Deo80]. The
concurrency stems from the fact that all the Jj 1loops in
figure 7.4 can be carried out simultaneously (that is in
occam, instead of writing the line SEQ j=1 FOR ..., the
line PAR j=1 FOR ... could be written). This is because a
problem can only occur 1f one of the other processes going
on in parallel changes U[Jj,i] or U[i,k]. However, U[Jj,i]
can only be changed by the procedure under consideration,
and U[i,k] can only be altered by setting j=i which in fact
leads to no change. As can be seen from figure 7.4 though,
the resulting parallelism is very fine grain in nature.

Parallelizing the conjugate gradient method 1is
difficult because of the problem of trying to find the
value of lambda which produces a minimum of the function. A
concurrent determination of the gradient is much simpler as
it is composed of 3*n (where n 1is the number of atoms)
independent calculations, these being composed of tests to
see whether the distances from each point to the point
under consideration, are out of bounds and if they are,
taking the relevant partial derivative. However, it did not
prove possible to formulate a way of parallelizing the
calculation of lambda. Unfortunately, the concurrent
implementation of the conjugate gradient method in [Seag86]

only deals with the special case of symmetric 1linear

172



SEQ i FROM 1 TO number.of.points
SEQ j FROM 1 TO number.of.points
IF U[j,i] < maximum.value THEN
SEQ k FROM 1 TO number.of.points
IF Ulj,k] < (U0J4,1) + Uli,k]) THEN
UlJ,k] == 00J,1] + Ul4,k]
END IF
END SEQ
END IF
END SEQ
END SEQ

Figure 7.4 Pseudo Code For Floyd's Shortest Path Algorithm



systems.

It is also not <clear how to parallelize the
cyclic descent algorithm as splitting up the determination
of which roots to use into batches of co-ordinates, could
possibly lead to the situation where choosing a particular
root for co-ordinate A reduces the value of the function E,
and similarly for B, but using both these choices at the
same time increases E. On the other hand, the initial step
of calculating the various cubic roots could clearly be
carried out in parallel as any calculation on a cubie is
independent of calculations onAother cubics. However,
this was not undertaken in the implementation.

Before giving the results of the attempts at a
parallel implementation, attention should be given to the
differences in the time taken 1in various stages of the
algorithm between the FORTRAN 77 version run on the Prime
9950 and the occam version run on a T414A transputer,
Tables 7.7 and 7.8 give the times for the stages of the
algorithm when trying to determine a conformation for the
sets of 41 and 59 points (as mentioned earlier, the times
can be compared because using the same random number
generator, ensured that the calculations carried out were
the same). Because of the similarities between the two
programs (due to the occam version being derived very
closely from the FORTRAN), the differences in the relative
times stem from the different capabilities of the two
computers. The T414A transputers which the program was

executed, on carry out floating point operations by calling
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software subroutines, and so real number calculations are
very slow. This was not a problem with the bound tightening
via the triangle and inverse triangle inequalities as the
bounds were represented as integers, but from the
determination of the eigenvalues onwards, real numbers were
used. However, T800 transputers have hardware for floating
point operations, but they had not been commercially
released at the time the above work was carried out (though
they are expected fo replace the T414 in becoming the most
widely used member of the transputer family). Hence the
Prime figures give a Dbetter indication of the relative
expense of each stage.

The parallel pieces of code were executed on up
to four transputers, with one of the transputers (the
"poot") executing the whole algorithm. On encountering a
concurrent section of the program, it splits the section up
into the number of transputers it is attached to, pieces
and distributes them to these transputers. Unlike the
program reporfed in Chapter 6, the root transputer did not
carry out any of these parallel pieces of code. This was in

order to try to minimise any overheads keeping in mind the

fine grain nature of the parallelism.

7.4 CONCLUSIONS

In the principal example of distance geometry
being used to find pharmacophoric patterns [Sher86], the

large number of iterations of the conjugate gradient stage
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meant that this stage consumed the vast majority of the
time spent executing the algorithm. The above results seem
to 1indicate that a multiprocessor system geared for real
number calculations can achieve substantial speed ups when
the "natural" parallelism of generating a different
conformation on a different processor is used. However, it
appears very difficult to make a significant improvement on
this speed up figure by introducing parallelism into the
determination of each conformation.

The original version of distance geometry
[Crip81] used an iterative method for both the triangle and
inverse triangle 1inequality bound tightening procedures.
This was expensive computationally and 1involved a large
number of calculations which could be carried out in
parallel. However the time spent in this stage can be
reduced to a very 1low amount by using a shortest path
algorithm, and so the more efficient implementation has
reduced some of the scope for parallelism. The speed up (or
rather the lack of it) obtained by using a parallel version
of Floyd's shortest path algorithm was far below that
reported in [Deo80] for Denelcor's HEP [Smit78, Hock85,
Hiro86] where a speed up of between 7.8 and 6.5 was
obtained for 40 node graphs. Some of the better performance
by the HEP might be due to the different graphs used,
however the more significant part follows 6n from its more
tightly coupled architecture. This is based on a pipelined
processor which is capable of having instructions from upto

8 different processes in the pipeline at a time, but with
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the restriction that there can never be two instructions
from the same process in the pipeline. Access to memory is
via a switch and thus several processors can be Jjoined
together to create a multiprocessor with data being rapidly
"transferred" between processors by altering the switch.

The calculation of the gradient showed a speed up
of 2.19 in both cases when four transputers were used, but
using a transputer with hardware for floating point
operations will clearly reduce this (by how much is
obviously not certain). However, as it was not possible to
parallelize the calculation of lambda stage, the above just
serves to 1illustrate the relationship between speed up
obtained and the granularity of the parallelism.

So far this thesis.has described work 1involving
the searching of a database for a given pharmacophoric
pattern and techniques which could be used to discover such
a pattern using as input a small number of molecules which
are thought to act in the same way. The next chapter
extends this by giving details of a system which allows a

database to be searched to discover molecules which have a

similar 3D structure to the query.
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Structure Size

1
Step ' 18 22 23 36 41 59
TRNGL i 0.1 Q.1 0.1 0.5 0.7 2.1
FLOYD b 0.1 0.2 0.2 0.6 0.8 2.0
TRINV | 0.u 0.7 0.8 3.1 4.6 14.2
INVFLOYD | 0.2 0.3 0.3 1.2 1.7 5.1
TETRAN | 76.5 75.3 98.4 #E# 769.6 LA A

Table 7.1 Times(*) For The Various Stages Involved In
Tightening The Upper And Lower Distance Bounds

% The times are in cpu seconds for a Prime 9950

TRNGL is the triangle inequality procedure using Dijkstra

FLOYD is the triangle inequality procedure using Floyd

TRINV is the inverse triangle inequality procedure given in
[Have83]

INVFLOYD is the inverse triangle inequality procedure using
the shortest paths approach in conjuction with Floyd

TETRAN is the tetrangle smoothing procedure

Calculating | Calculating | Total
Lambda ! The Gradient | Time
107.8 i 63.7 i 171.5
107.0 i 60.7 I 167.7
109.7 ' 79.9 I 189.6
108.1 i 69.7 I 177.8
108.9 i T4 4 i 183.3
108.3 d 62.8 I A TR
108.3 i 63.3 i 171.6
110.1 4 77.4 i\ 187.5
107.0 i 56.8 ! 163.8
108.7 d 65.3 P174.0
108.5 i 66.4 i 174.9
108.6 i 65.3 i 173.9
108.0 | 85.1 Po173.01
107.3 i 57.4 o 164.7

Table 7.2 Times(*) Taken For 50 Iterations Of The
Conjugate Gradient Method On The Data Set Of 59 Points

# The times are in cpu seconds for a Prime 9950



Calculating | Calculating Total

t
Lambda ! The Gradient | Time
53.8 i 40.7 v 94.5
53.1 g 36.6 i 89.7
53.8 | 43.1 i 96.9
53.1 i 36.7 1 89.8
53.0 H 34,7 v 87.7
54.3 i 45,6 i 99.9
54.0 d 39.3 i 93.3
53.6 | 35.3 i 88.9
S54.4 H 41,6 ! 96.0
54,1 i 39.1 i 93.2
54,1 | 39.7 i, 93.8
54.3 | 39.7 i 94,0
53.7 i 38.5 P92.2
50.6 i 33.8 i 84,4

Table 7.3 Times(*) Taken For 50 Iterations Of The
Conjugate Gradient Method On The Data Set Of 41 Points

Calculating | Calculating i Total | Number Of
Lambda ! The Gradient | Time i Iterations
4,2 i 3.9 d 8.1 ] 15
6.1 i 5.5 11,6 i 22
3.9 1 3.5 i 7.4 | 14
3.9 i 3.5 i T.4 1 14
6.2 i 6.2 To12.4 H 22
6.2 i 5.9 io12.1 i 22
4,8 d 4.5 i 9.3 d 17
7.3 i 7.2 i 14,5 | 26
13.6 | 13.0 i 26.6 i 50
13.9 ! 14.3 1 28.2 i 50
4,2 i 3.8 ' 8.0 i 15
3.6 i 3.3 i 3.9 | 13
6.4 ' 6.0 12,4 | 23
4.8 g 4.4 i 9.2 | 17

Table 7.4 Times(#*) Thirteen Conformational Calculations
On The Data Set Of 18 Points

* The times are in cpu seconds for a Prime 9950



SIZE

41 i 59

Eigenvalue Cyclic | Eigenvalue Cyclic

Determination De scent | Determination De scent
2.04 .54 7.60 17.9
3.01 2.48 | L, 84 10.8
2.21 4,95 3.66 8.2
2.42 2.92 | 5.45 11.8
2.49 3.7 | 5.01 10. 1
2.35 2.82 | 5.72 8.6
1.85 - 9.73 | 7.40 15. 4
2.3 3.4 | 5.19 16.0
2.93 3.23 | 5.31 14,6
2.77 3.43 3.66 9.7
3. 10 5.25 | 5.51 10.6
2.76 5.49 | 5.70 9.1
2.71 3.29 | 6.96 8.9
1.54 2.24 | 5.52 12.7

Table 7.5 Times(*) Taken By Thirteen Instances Of The
Eigenvalue Determination And Cyclic De scent Stages

Triangle Inequality Inverse Triangle Inequality

! '

Structure | Number Of Transputers | Number Of Tran sputers
Size i 1 2 3 ! 1 2 3

18 | 10 29 30 i 17 86 72

22 ! 16 41 42 H 30 121 104

23 | 19 45 45 : 32 134 17

36 ! 60 105 101 ' 128 296 234

41 i 85 138 129 | 190 388 316

59 | 232 301 261 ) 555 802 630

Table 7.6 Times(+) Taken For The Bound Tightening Steps On A
Tran sputer System

* These times are in cpu seconds for a Prime 9950
+ Transputer times are in units of 16 milliseconds



Number Of Transputers

1 1

] 1
Stage ! FORTRAN 77 : 1 3 y
Triangle i 0.8 i 85
Inver se ! 1.7 i 160 The Same As
Eigenvalue | 2.0 ' 1115 For One
Cyclic i 3.5 ' 1504 Tran sputer
Lambda ' 53.8 ) 24625
Cradient i 40.7 1 10097 6185 4611

Table 7.7 Times For Finding A Conformation For The Data Set Of
Size 41 Using 50 Iterations Of The Conjugate Gradient Method

Number Of Transputers

[] ]

[} t
Stage ! FORTRAN 77 | 1 3 4
Triangle i 2.0 | 232
Inver se H 5.1 H 555 The Same As
Eigenvalue | 7.6 i 4131 For One
Cyclic g 17.9 i 11005 Tran sputer
Lambda i 107.8 i 50467 '
Gradient | 63.7 1 163U6 9772 T4T1

Table 7.8 Times For Finding A Conformation For The Data Set Of
Size 59 Using 50 Iterations Of The Conjugate Gradient Method

* These times are in cpu seconds for a Prime 9950

+ Transputer times are in units of 16 milliseconds

The figures for one transputer are for the serial algorithm

No figures are given for two transputers as this corresponds to

the serial algorithm being carried out on one of the tip transputers
The figures for three and four transputers are when there were two
and three tip transputers respectively (the root transputer carrying

out no work)



CHAPTER 8

SEARCHING FOR THREE DIMENSIONALLY SIMILAR MOLECULES

Chapter 3 described a system for searching for
known pharmacophoric patterns whilst in Chapter 4, twg
algorithms for comparing a set of molecules to find their
common 3D substructures were compared. The current chapter
reports on work involving the combining of the 3D screening
system used in substructure searching with the clique
finding approach to finding the maximum common
substructure, so as to try to find an efficient way of
searching the Cambridge Crystallographic Database for
molecules with a similar 3D shape to a pattern molecule.
Thus, rather than comparing two (or more) molecules to
identify the maximum common substructure, a single target
molecule is matched against all of the molecules in a
database so as to identify those which are most similar to
it. This could be of possible use for situations such as
where a potential new drug has been identified by lead
generation, and similar compounds are needed to attempt to
improve the activity (and also give information on where
the features leading to the activity are situated).
Additionally, it could be of use in interpreting spectra by
way of a facility to find similar structures'and seeing
whether they have similar spectra. A somewhat analogous
system has been described for 2D browsing [Will86, Will87b]

but a very different representation and measure of

similarity were used.
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8.1 THE THREE DIMENSIONAL SIMILARITY SEARCHING SYSTEM

In order to try to produce a system which could
be used interactively, the search program was split up into
two stages in an analogous way to the search systems
described in Chapters 1 and 3. The first stage tried to
remove molecules which were dissimilar to the pattern
molecule by a computationally inexpensive check. The
remaining molecules were then passed on to a full
comparison stage so as to produce a measure of ‘their
similarity with the pattern molecule. The similarity
measure used was the size of the largest common
substructure mainly Dbecause it was suitable for the
applications outlined above and the fact that it was easy
to calculate using one of the algorithms of Chapter 4.

More explicitly, ¢the first stage used the 3D
screens developed by Jakes et al. [Jake86, Jake87a] so as
to produce an upper bound for the similarity measure
between a query molecule and the pattern. This was done by
forming a graph of the same size as the pattern molecule.
The connectivities were determined by taking each inter-
atomic distance in the pattern molecuie and checking
whether the screen corresponding to this distance and the
two relevant atomic types was set in the query molecule
(hence the screens using unknown X atoms were not used, but
a system interested in finding molecules of similar shape
without regard for atomic types, could use them). If it

was, then a 1 was entered in the graph at position (i,]J)
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where 1 and j were the pattern atoms involved, otherwise a
0 was entered. After which the graph was examined to find
the size of the largest clique. This value then placed a
maximum upper bound on the size of a common substructure
between the pattern molecule and the query structure. This
was because if a substructure was in common between the two
molecules then, for the atoms corresponding to this
substructure in the pattern molecule, each inter-atomic
distance must occur in the query. Therefore, the screens
for these distances would be set in the query molecule's
screen list and all the relevant pattern molecule's atoms
would therefore be connected to each other in the graph.

To illustrate this process, consider the molecule
BARGOQ shown 1in figure 8.1 and'suppose that it is being
compared with a hypothetical molecule A, If A's screen list
does not contain a screen corresponding to the distance
between the two oxygens, then they cannot both be present
in a common substructure and the two oxygens are therefore
unconnected in the graph. Hence, they cannot belong to the
same clique. Alternatively, if the relevant oxygen-oxygen
screen 1is set, then the two oxygens could possibly belong
to the same common substructure, and so they are regarded
as being connected, thus allowing them to both be present
in the same cliques. Consequently, each common substructure
must be contained in a clique of the screen-based graph.

If the upper bound value for the size of the
maximum common substructure was above a threshold,

expressed as some minimum number of atoms, then the aquery
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Figure 3.1 The Structure Diagram For The Molecule With
Identifier BARGOQ

Figure 8.2 The Structure Diagram For The Molecule With
Identifier CZGLCA

Figure 8.3 The Structure Diagram For The Molecule With
Identifier BAGTOS



structure was analysed 1in detail wusing the efficient
correspondence graph/clique finding approach of Chapter 4.
As explained in detail there, this method basically just
combines the graphs of the pattern and query structures in
such a way that common substructures correspond to the
cliques of the new graph. However, the times taken by.
clique finding algorithms increase very rapidly with the
size of the graph, and so it was hoped that eliminating
~some compounds from consideration by carrying out a rough
and ready check using a small graph, would 1lead to a
significant improvement in performance.

The aim here, as elsewhere in this thesis, has
been the development of efficient procedures for 3D
structure matching; accordingly, our evaluation of this
proposed best match searching system will be based upon its
computational requirements, that is its efficiency, rather
than the chemical nature of the molecules which are
retrieved in the search.

A1l the times given Iin this chapter will be
solely for the clique finding stazes of the method unless
otherwise stated; the time taken to set up the screens and
the graphs will not be considered. This is because this
latter time is 1likely to be small and to be heavily
influenced by file access times (and the availability of
the bit handling functions allowing the intersection and

union of sets used in [Jake86, Jake87al),
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8.2 IMPLEMENTATION AND RESULTS

8.2.1 The Molecules And Clique Finding Algorithm Chosen

Nine hundred and ninety nine structures evenly
spaced throughout the Cambridee Crystallographic Database
(CCD) with an average size of 20.3 (non-hydrogen) atoms,
were used as the basic data for the study. Where several
sets of co-ordinates were available in the CCD for a
molecule, only the first of these was used. The screens for
the structures were stored as a list of TRUE/FALSEs whilst
the co=-ordinates were stored separately because of their
bulk.

A variable tolerance was used when checking to
see whether a pattern distance had a screen set for the
query structure (the relevant screens to be considered
being found using a table 1look up). The cliques of the
resulting screen-generated graph were enumerated using
three of the algorithms of Section 4.2, The algorithms
chosen were the standard algorithm of Bron and Kerbosch
[Bron731, the simple algorithm of Golender and Rozenblit
fGole83] and the maximal 1independent set algorithm of
Loukakis and Tsouros [Louk811. However, only Bron and
Kerbosch's algorithm was used to analyse the correspondence
graph formed for a "hit" as the other algorithms had
already been shown to be inferior in the work reported in
Chapter U4, Unfortunately, 1if the correspondence graph has
more than about 1000 nodes, severe problems emerge when

trying to list all the cliques (see Chapter 4). Therefore
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hits where the correspondence graph was of size greater
than 1000 had to be ignored, but these were extremely rare

and in fact did not occur in any of the runs reported

below.

The above method was coded in FORTRAN 77 on an
IRM 2082 and Bron and Kerbosch's algorithm was again found
to be better overall than the other two <c¢lique finding
methods. However, compared with Chapter U4, Golender and
Rozenblit performed extremeiy badly while Loukakis and
Tsouros performed much better sometimes being 2 to U4 times
quicker than Bron and Kerbosch on graphs containing a large
clique. This further illustrates the fact that the lack of
"randomness" found in the graphs produced from three
dimensional co-ordinate data can lead to algorithms which
perform very well on randomly generated graphs, performing
badly. The results of comparing two molecules whose
(structure diagrams are given in figures 8.1 and 8.2) with
sections of the database are given in table &.1. It should
be pointed out that Bron and Kerbosch's algorithm given in
[Bron73] is recursive and so, as the FORTRAN 77 compiler
used did not allow recursion, multiple copies of the
subroutiné were created. An alternative non=-recursive
formulation 1is given in [KuhlRY4], Additionally, the graphs
were held as arrays of one byte logicals rather than the
default of four bytes in order that the program should use

less than 2 MBytes of core storage.
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8.2.2 The Performance Of The Two Stage System

In fact, the above description of the algorithm
was modified by recording which pattern atoms occurred in
at least one relevant clique for the graph formed from
considering the s¢reen information. Then, when the
correspondence graph was formed, only these atoms were
allowed to be the first atoms in the pairs of atoms which
made up the nodes of the correspondence graph. This stemmed
from the fact that the maximum clique size that a pattern
atom occurred in in the correspondence graph, could not be
greater than 1its maximum c¢lique size for the screen-
generated graph. As an 1illustration of the improved
performance possible from using this extra information,
CEGLCA was searched against the section of the database
from molecule 801 to molecule 900 with an error tolerance
of 0.15 A and a minimum clique size of 4. When the minimﬁm
number of non-carbons that had to be present in a clique
was set to zéro the time for the version of the algorithm
using the extra information to reduce the size of the
correspondence graph was 24.8 seconds of cpu time whilst
that without the additional data was 25.2 seconds. However,
specifying that at least two non-carbons had to be in every
clique led to times of 15.9 seconds and 25.2 seconds
respectively.

Molecules were chosen randomly from the intervals
1 to 200, 201 to U400 and 401 to 600 of the database (with

their structure diagrams making up figures 8.3 to 8.5), and
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Figure 3.4 The Structure Diagram For The Molecule With
Identifier CAVROG
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Figure 8.5 The Structure Diagram For The Molecule With
Identifier ETCOHX
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Figure 3.6 The Structure Diagram For The Molecule With
Identifier GLYCIN



the results of the searches are given in tables 8.2 and
8.3. Table 8.2 shows the effect of varying the error
tolerance limits for the first of these molecules while
table 8.3 gives the times for the three molecules when this
limit was set to the value 0.15 A (and this value was also
used for tables 8.4 to 8.9). As it stands, the algorithm
Just tends to locate rings because these are of a rigid 3D
shape and usually contain more atoms than the other common
3D structures. Consequently, 1t was decided to allow the
'minimum number of non-carbons in the common substructure to
be specified and the results of using this extra constraint
are also included in table 8.3. Table 8.4 gives the number
of molecules eliminated from consideration by stage one in
the searches listed in table 8.3 (along with the total
number of molecules having an appropriate substructure).

The results given in the various tables were
obtained by using the standard FORTRAN compiler on the IBM
3083. However, an optimising compiler which carried out
such things as register and branch optimization along with
code-movement (the latter possibly leading to logic changes
in the program) [Metc85], was also available and to give
some indication of the improved performance in terms of
speed that it gives molecule CAVROG was compared with the
database using an error margin of 0.15 Angstroms, a minimum
clique size of 4 and no restriction on the number of non-
carbons. The resulting time of 398 cpu seconds was almost
half the original time of 700 seconds.

As the times taken in table 8.3 are quite high,
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the three smaller molecules shown in figures 8.6 to 8.8
(each one having a reasonable percentage of non-carbons)
were searched against the database, Table 8.5 shows that
the times now taken are far 1less than with the 1larger

molecules.

8.2.2 The Addition Of A Third Stage

The results of table 8.2 show that it is the time
spent in the comparison stage which dominates that of the
screening stage. Consequently, an extra, higher precision
secreening stage was added after the first screening stage
in a similar manner to the "distance search" of the 3D
substructure searching system of Section 2.1. As with the
original screening stage, a graph of the same size as the
pattern molecule was used. To determine whether the nodes i
and j were connected in the graph, the distance between the

th pattern atoms was formed. If one of the query

1" and
structure's inter-atomic distances was the same as this
distance and 1f the vrelevant atoms were of the correct
types, the i and j nodes were connected, otherwise they
were unconnected. This was determined by retrieving a
sorted list of 2all the query's inter-atomic distances and
then performing a binary search on this list. Thus the
exact distance checking stage only connected two nodes 1if
their pattern distance definitely occurred in the query

structure. This contrasted with the stage based on the

substructure searching screens which connected the two
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Figure 8.7 The Structure Diagram For The Molecule With
Identifier HYALAC
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Figure 8.8 The Structure Diagram For The Molecule With
Identifier METNAM
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Figure 8.9 The Structure Diazram For The Molecule With
Identifier DPPRAM



nodes if the screens allowed the pattern distance to be in
the query.

Table 8.6 gives the results of tests using this
two stage screening system with the figures in brackets
being a comparison with the program when only a one stage
screening system was used (the structure diagrams for the
molecules are given 1in figures 8.3 to 8.11). The given
timqs include the times for the binary searches. The times
for the full search with no screening stage for molecules
DPPRAM, NBENDC and PRPENC were 233.2, 259.2 and 241.3
seconds respectively while the times for the first part of
the screening stage were 2.1, 2.7 and 2.6 seconds.

Whilst table 8.6 indicates that this extra stage
could 1lead to a significant improvement when two non-
carbons were specified as being required, it had. very
1ittle effect when cliques <containing only carbons were
allowed. One reason for this 1lay 1in the fact that the
screening system of Section 2.1 assigned many more screens
to.the carbon-carbon distance rance than to those between
other atomic types (for example, there were 19 screens for
the oxygen-oxygen range and 61 for the nitrogen-carbon
range, while the carbon-carbon range had 153 screens).
Hence, the screening system could more accurately predict
whether a particular carbon-carbon distance was present, as

opposed to an oxygen-oxygen distance.
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Figure 8.10 The Structure Diagram For The Molecule With
Identifier NBENDC
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Figure 8.11 The Structure Diagram For The Molecule With
Identifier PRPENC

Figure 3.12 The Structure Diagram For The Molecule With
Identifier BEWLIY

The atoms marked in red belong to a coamon substructure.



8.2.4 An Intermediate Stage

The above stages form a graph either by
associating each individual query structure atom in turn
with each pattern atom (as long as the atomic types are the
same) or by associating all the query atoms with each
pattern atom as in the second screening stage. Two nodes of
the graphs so produced are connected 1if the distance
between the pattern atoms is equal to one of the distances
formed by taking a query structure atom from the first
pattern atom's set and one from the second atom's set,
subject to the atomic types being equal. Therefore an
intermediate stage was developed by splitting the atoms of
the query molecule up into two sets and then forming a
‘graph where each node was composed of a pattern atom and
one of the query structure sets (the graph being of twice
the size of the pattern molecule)., This 1dea was met
previously in Section 4.6 where it was wused with very
1imited success to try to 1increase the size of the
molecules that the clique finding approach could deal with,
and it has also been described by [Boll791.

In the actual implementation of this intermediate
stage, only pattern atoms that occurred 1in cliques of a
sufficient size in the screening stage were used as input.
The output from the intermediate stage also reduced the
jnput to the full comparison stage in a similar way, as
well as "screening out" some of the query molecules because

they contained no cliques of a sufficient size.
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Additionally, it was possible for this stage to restrict in
which half of the structure matches for the pattern atom
should be sought from when setting wup  the correspondence
graph for the final stage. The query structure was split
into two sets by Jjust taking the first half of its atoms as
they occurred in the database. Clearly, much more elaborate
methods could be devised and they could well have a
significant effect on the overall performance. The results
of runs using this intermediate stage are given in table
8.7 with the figures in brackets being those for when only
a two stage screening system was used; the figures include
the time taken for the binary searches but the three lists
of inter-atomic distances for each query structure which
were used by this stage, were assumed to have been
presorted. It can be seen that the intermediate stage
consumed a significant proportion of the total cpu time and
this nearly always outweighed the gain in speed for £he
final stage. Although this result was disappointing, it
ties in with the findings of Section 4.6 where trying to
extend'the clique finding method to deal with larger

molecules 1ed\ to similar results.

8.2.5 The Structures Retrieved By The System

So far only the efficiency of the system has been
considered, and so figures 8.12 to 8.19 and figures 8.20 to
8.23 show some of the molecules retrieved for pattern

structures of BAGTOS and DPPRAM respectively. The molecules
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Figure 8.19 The Structure Diagram For The Molecule With
Identifier PIPGFA

Figure 8.20 The Structure Diagram For The Molecule With
Identifier BALKEE

Figure 8.21 The Structure Diagram For The Molecule Wlth
Identifier BOCSOB

The atoms marked in red belong to a common substructure.
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Figure 8.22 The Structure Diagram For The Molecule With
Identifier CANKEH

Figure 8.23 The Structure Diagram For The Molecule With
Identifier TBDHZO

The atoms marked in red belong to a common substructure.



illustrated are those containing the largest common
substructure with the pattern molecule when the minimum
number of non-carbons was set to 1 and 2. More specifically
BEWLIY, BZPYRB, CEDLUS, DMFMES, EXBSUN and PHETME have a
substructure in common with BAGTOS of size 8 containing one
non-carbon, whilst CFMBXT and PIPGFA have a common
substructure of size 5 containing two non-carbons. For
DPPRAM, CANKEH has a common substructure of size 6
containing two non-carbons while BALKEE and BOCSOB have a
substructure of the same size containing one non-carbon.
Finally, TBDHZO0 has a shared substructure of size 5
containing two non-carbons. The common atoms are marked in
red in figures 8.12 to 8.23 (for reasons of legibility,
only those belonging to the first common substructure of
the relevant size in a query molecule are shown).

As the diagrams show, the the system has a bias
towards retrieving rings, but figure 8.13 is of interest as
the sixth atom in the ring does not belong to the common

substructure (due to the effects of the error tolerance

limit).

8.3 CONCLUSIONS

Part of the screen out obtained from the first of
the screening stages could be provided By just checking
that the query molecule does contain at least the required
number of atoms of the correct type to meet the minimum

number of non-carbon atoms in a common substructure
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condition. Table 8.8 gives this screen out figure for the
molecules of table 8.6 (but with no check being carried out
to see whether there are enough carbons in a molecule to
allow clique sizes of, say, size 8 to be produced).
Comparing the two tables seems to indicate that up to about
half the screen out could be attributed to this factor, but
generally it was significantly less than this. However, the
initial screening stage takes relatively very little time,
and so it is not unreasonable to eliminate molecules which
do not contain enough atoms of the right type by using it.

The addition of an exact checking stage after the
initial, screen-based stage in this work proved to be far
less effective than this stage had been when used for 3D
substructure searching (see Section 3.1) where it produced
a significant improvement. This poorer performance was
probably partly due to the pharmacophore s which were used
in the substructure searching containing several non-
carbons separated by several bond lengths. This meant that
the distances between these atoms fell in regions where the
screens were sparse.

To give some indication of the upper bound sizes
the various stages produce and the actual common
substructure sizes, tables 8.9 and 8.10 give some of the
upper bounds produced by the exact distance checking stage
and the 1intermediate stage along with the largest actual
common substructure size when searching the database for
structures similar to CAVROG with no restriction on the

number of non-carbons. These show that even after the
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intermediate stage the wupper bounds are quite often much
greater than the largest common substructure size.é&lt
should be pointed out though that CAVROG was the compound
from table 8.6 which led to the largest common
substructures being found in the database.ﬂo

Unfortunately, the net results produced by the
searching system with its various screening stages, were
not as large an improvement on using a system with no
scréening stage as had been hoped for, but as the size of
the required common substructures increased, there was a
significant improvement. However, a more efficlent way of
dealing with non-carbons would be to use a lexicographic
clique finding algorithm where non-carbons are always
chosen as the first elements of any potential clique,
rather than the standard algorithm of Bron and Kerbosch.

It is not clear what structures would/should be
used as a pattern, however the aim of this kind of best
match searching is to provide an unbiased way of browsing
through a database as an addition to the more usual
searching facilities. This type of automated facility has
the added value 1in three dimensions that humans find it

very hard to visualize the extra dimension.
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Pattern And Its | Positions | Error l Algorithm
Position In | Compared | Tolerance |

The Database | With i In A | BK GR LT
BARGOQ 01 | 1 to 100 ! 0.05 ' 1.81 20.06 3.19
CEGLCA 401 |} 301 to 900 | 0.05 | 0,47 1.84 0,68
CEGLCA 401 | 301 to 300 | .15 1 0.49 2.45 0.62

Table 8.1 The Performance(*) Of The Three Clique Finding
Algorithms On The Graph Produced From Considering Wnich
Screens Are Set

BK is Bron and Kerbosch's algorithm
GR is Golender and Rozenblit's algorithm
LT is Loukakis and Tsouros' algorithm

| Minimum i Error Tolerance (In Angstroms) |
! Clique Size | 0.05 0.15 0.25 '
! 4 i 213.0 239.9 259.3 |
: 6 ' 192.4 232.2 257.1 |
' 8 i 142.7 218.0 250.4 1

Table 8.2 Times(*) For Searching The Database With No
Restriction On The Number Of Non-Carbons And A Pattern
Molecule Of BAGTOS

! i Minimum | Pattern Molecule |
! | Clique | '
! | Size | BAGTOS CAVROG ETCOHX |
| No Screening ' | 240.5 701.5 543.8 |
! | | :
| Stage 1 ) i 2.8 8.6 8.2 |
! | | |
' No Restriction | 4 i 239.9 700.1 540.4 |
! § On Number Of | 5 r 232.2 690.2 528.8 |
! T Non=Carbons ! 3 I 218.0 672.3 502.4 |}
| A i i i
! G At Least One | 4 | 200.8 532.4 484,3 |
| E Non-Carbon | 6 i 194.6 524.4 476.7 |
: I3 | 176.8  506.3  449.4 |
Y i | !
! W At Least Two | 4 | 105.90 303.4 365.1
| O Non-Carbons i 6 ! 103.4 302.5 361.7 |
! L3 ! 97.5  298.6  347.4 |

Table 8.3 Times(*) Taken For Searching The 999 Molecules Using
An Error Tolerance Of 0.15 Angstroms

#* The times are in cpu seconds for an IBM 3083

No Screening is the time when no screening stage is used.



Minimum Pattern Molecule

? ' '

i i Clique |

! | Size ! BAGTOS CAVROG ETCOHX

! ! !

! No Restriction | Y i 24 (893) 19 (905) 11 (896)
! On Number Of i o i 83 (488) 71 (503) 73 (137)
i Non-Carbons } 3 P 272 (31) 161 (67) 222 (2)

| ] ] .

i [} ]

| At Least Qne ' 4 {102 (284) 117 (u437) 76 (381)
! Non-Carbon ! 6 1 240 (22) 207 (91) 136 (28)
! ! 8 P 410 (7) 321 (24) 278 (1)

1 [} {

] i {

! At Least Two | 4 PoUT3 (19) U475 (107) 281 (117)
!  Non-Carbons ! 6 1 575 (1) 520 (34) 325 (7)

l i 3 ' 680 (1) 571 (22) 426 (1)

Table 8.4 The Number Of Molecules Eliminated From
Consideration By Stage One

The number of molecules actually containing the required
substructure are given in brackets.

Pattern Molecule
GLYCIN HMALAC METNAM

) i '
i | |
; No Screening ' 14.6 40.0 15.1 |
) 1 |
] i )
' Stage One i 0.6 1.2 0.7 .1
| i )
! 3 No Restriction | |
! T On The Number ! 8.7 31.3 9.6 !
! A Of Non-Carbons | |
| G | :
! E At Least One ! 8.7 31.2 9.5 i
! Non-Carbon | |
¢ T i !
! W At Least Two | 8.7 25.4 9.5 i
! 0 Non=Carbons | |

Table 8.5 Times (*) For Comparing Smaller Molecules Azainst
The Database With A Minimum Clique Size Of 4 And An Error
Tolerance Of 0.15 Angstroms

* The cpu times are in seconds

No Screening is the time when no screening stage is used.



inimum ! i Time For 2nd | Time For ! Screen
Num Of Non | i Screening ! Final ' Qut
Carbons ! | ! Stage ! Total
| | ' \

BAGTOS | | \ |

0 i 6 i 4.6 1 231.1 (232.2) ) 112 (83)

1 P05 i 4,1 | 184.4 (194.6) | 295 (240)

2 | ) ] 2.0 i 42,7 (103.4) | 833 (575)

0 b3 | 3.5 ) 210.3 (218.0) | 331 (272)

0 P10 | 1.9 | 111.3 1 735 (632)
CAVROG ' i | i

0 ; ) i 14,0 ! 687.2 (690.2) | 88 (11)

1 ) ! 11.0 ! 506.8 (524.4) | 228 (207)

2 ) | 4.9 1 215.0 (302.5) | 654 (520)
ETCOHX ' ' { '

0 l 6 i 13.7 ! 525.2 (528.8) | 96 (73)

1 ) b13.3 | L64.8 (476.7) ) 167 (136)

2 | 6 i 9.6 | 305.6 (361.7) | 432 (325)
GLYCIN ! i ) \

0 ooy : 0.5 T. 4 (8.T) i 591 (500)

1 by ' 0.5 i T.4 (8.7) I 591 (500)

2 ooy i 0.5 bT.4 (B.T) i 591 (500)
HMALAC ' i } '

0 ' | 2.0 i 30.4 (31.3) | 286 (256)

1 T ! 2.1 I 30.4 (31.2) | 286 (256)

2 ! ] ! 1.6 i 23.3 (25.4) |} 515 (462)
METNAM ' ? : i

0 | Y ! 0.7 i 7 (9.6) 1 588 (u41)

1 oy : 0.7 i 7.6 (9.5) | 588 (441)

2 " ! 0.7 i 7.6 (9.5) i 588 (u41)
DPPRAM ] \ i : )

0 i 5 ! 3.7 I 225.6 p124 (101)

1 | 5 | 2.9 i 169.3 1 223 (191)

2 iP5 ! 0.8 : .2 { 322 (696)
NBENDC ° ! : | |

0 ' ' 6.0 i 255.1 i 56 (43)

] i 5 ! 5.4 {0 210.0 227 (215)

2 i 5 { 3.5 ' 134.2 P 511 (427)
PRPENC ' : ; )

0 i3 | 4.5 i 235.0 V32 (82)

1 ' 5 ! 4.0 ! 190.3 { 198 (178)

2 i 5 ! 2.2 : 102.4 i 550 (445)

Table 8.6 The Performance Of The Search System Using A

Two Stage Screening System

The times are in cpu seconds for an IBM 3083.
The figures in brackets are for when only a one stage screening
system was used (when the figures were available).



Minimum | Minimum | Time For { Time For ! 3creen
Num Of Non |} Clique | Intermediate | Final i Qut
Carbons | Size | Stage | Stage } Total
] ] ] |
BAGTOS | | : i
0 | 5 ' 36.3 i 225.5 (231.1) )} 130 (112)
1 ! 5 ! 30.3 v 166.7 (184.4) 1 321 (295)
2 I b | 5.7 i28.4 (42.7) 1 347 (333)
0 5 10 5 15.0 s 72.4 (111.3) | 815 (735)
: i i i
CAVROG i | ' i
0 i 6 | 360.6 i 679.2 (687.2) | 106 (83)
1 i 6 I 274.2 1 U54,9 (506.8) | 260 (228)
2 5 6 5 104.2 5 143.8 (215.0) E 662 (654)
. [ | i |
ETCOHX | | i i
0 ' 6 I 160.4 | 515,8 (525.2) | 116 (96)
1 i 6 i 154,7 | UUO.3 (464.8) | 189 (167)
2 i 6 | 107.4 ! 256.6 (305.6) | 466 (432)

Table 8.7 The Performance Of The Search System Using A Two
Stage Screening System Along With The Intermediate Stage

The times are in cpu seconds for an IBM 3083.
The figures in brackets are for when only a two stage
screening system was used.

Minimum Number Of Non-Carbons

|

' 1 2
BAGTOS | 68 161
CAVROG g 70 197
ETCOHX | 68 161
GLYCIN | 70 227
HMALAC | 178 313
METNAM i 70 197
DPPRAM | 70 557
NBENDC | 178 313
PRPENC | 70 227

Table 8.8 The Numbers Of Molecules Which Could Have Been
Screened Out From The Searches Of Table 8.6 On An Analysis
Of The Atomic Types That They Contain
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Table 8.9 Some Of The Upper Bounds Produced By The Exact
Distance Check Screening Stage For CAVROG With No
Restriction On The Number Of Non-Carbons

| Upper Bound For Size Of | Actual Size Of | Number Of
' Common Substructure | Substructure | Molecules
i 16 ' 5 | 4
| 16 | 6 | 4
i 16 | 7 \ 9
! 16 i 3 ' 4
l 16 : 9 : 1
: 17 i 4 ! 2
i 17 i 5 | It
! 17 H 6 ! 2
| 17 i 7 i 6
i 17 | 8 i 2
i 17 | 9 : 1

Table 8.10 Some Of The Upper Bounds Produced By The
Intermediate Stage For CAVROG With No Restriction
On The Number Of Non-Carbons



CHAPTER 9
SUMMARY

Two dimensional graph algorithms have a well
established place in <chemical information systems and as
there 1s 1increasing interest in the use of three
dimensions, there is a need for analogous algorithms here.
This rising interest in 3D structural data has been based
on the increased availability of 3D co-ordinates an¢
improved computer performance generally, and especially in
molecular graphics systems. This thesis has been concerned
with techniques for handling 3D chemical information with a
particular emphasis being placed upon algorithms for
identifying and searching for pharmacophores. The stress
throughout the thesis has been placed on the efficiency of
the algorithms rather than their effectiveness in
operational environments.

In greater detail, Chapter 3 described Jakes'
screening system [Jake86] based on inter-atomic distances
which allows 3D substructure searches to be carried out on
the Cambridge Crystallographic Database. The structures
which pass the screening stage are passed bn to a partial
matching stage and four algorithms for this stage were
compared. On the results of the tests performed, Ullman's
subgraph isomorphism algorithm (Ullm76] was substantially
quicker than the other methods. Although this should
probably be regarded as recommending subgraph isomorphism

algorithms from the computer science literature (as opposed
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to specifically chemical algorithms) as a whole rather than
as a an endorsement of Ullman's algorithm in particular.
However, the patterns searched for were very artificial
being obtained by taking some of the structure's atoms
(mainly carbons) and distorting them slightly. Another
major criticism that could be levelled at the work is that
the performances of all of the algorithms were pretty good,
and the time taken 1in this stage is always likely to be
substantially 1less than the time taken by the dise
accessing in the screening stage. As a follow on from this
work two of the methods were used to search a macromolecule
and the results implied that Lesk's algorithm [Lesk79] was
the only one of the four techniques suitable for the task.
6However, its run times were very large and so work is
currently being undertaken in the department to try to
lessen this by using Lesk's algorithm to reduce the number
of atoms being passed on to Ullman's algorithm and/or
having an initial screening stage which restricts which
structure atoms can match which pattern atoms [Davi87].%§
| Chapter 4 compared two different methods for
finding the 3D substructures in common between two
molecules. The clique finding approach was found to be far
more efficient, particularly when there was a sizeable
common substructure. This method was extended to deal with
more than two molecules at a time and the results suggested
that the time taken was very roughly 1linearly related to
the number of molecules. However, the same kind of
criticism that was made above can be made again here in
(k.. ® A corredol  wersion of {he marked linos s t}@@w i lkodions:
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that the structures being compared were very artificial.
Additionally, the clique finding program was unable to cope
with structures of size greater than about 35 atoms.
Additional work could attempt to devise a method of coping
with larger structures but finding a successful solution is
likely to be difficult as can be seen from the poor
performance of Bolles' suggestion [Boll79]. |

Following on from Chapter 4, the next two
chapters considered a parallel implementation of a version
of Crandell and Smith's algorithm first through a
simulation and then through an actual implementation. The
simulation was only intended as a fairly crude measure of
the potential speed up that a multiprocessor system might
offer, so as to give some indication as to whether a full
implementation would be worthwhile. The main problems with
it were difficulties over trying to estimate the
distributions of the times each stage would take when they
were split up into several jobs, the use of a Prime 9950
system clock rather than a system clock comparable with
that of a transputer, and the fact that for simplicity, a
pooled processor system with each processor carrying out
identical programs was assumed. Therefore it was not
possible to really correlate the actual figures produced by
the simulation and those produced wusing transputers. The
latter results showed that a near linear speed up could be
produced for eleven transputers with regard to the
comparison stage if, and only if, the stage involved enough

computation. Unfortunately, the results are rather academic

194



as this 1is often not the case and as the implemented
version of Crandell and Smith's algorithm performed very
badly in Chapter U4, both against a version which had an
extra sorting stage and against the clique finding
algorithm. However, a version of Crandell and Smith using
exact distances rather than clustered distances éould be a
way of dealing with the problem of comparing larger
molecules. This would 1lead to a computationally more
expensive comparison stage but this is the stage which can
be effectively parallelized. Additionally, if distance-~
ranges are used, as suggested in [Cran83a], then the more
efficient form of the algorithm, which sorts the grown
structures before comparing them, becomes less practicable.

The academic nature of the parallel
implementation of Crandell and Smith's algorithm led to
interest in applying concurrency to try ‘to discover
pharmacophoric patterns via Crippen's distance 'geometry
[Sher86]. This method generates a series of "conformations"
of a "molecule" formed from the molecules under
investigation by way of different sets of random numbers
and then compares the proposed pharmacophoric regions using
a least squares fitting routine. The computational expense
of this approach can be seen in the time of 3.5 <c¢pu hours
for a VAX 11/780 quoted for finding 25 conformations by
[Sher86], and so generating each conformation on a
different processor was thought 1likely to 1lead to a
significant improvement in performance. The work carried

out 1in Chapter 7 seemed to confirm this but the main
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figures were produced by repeatedly running the algorithm
on a serial computer rather than running the system once c¢on
a“multiprocessor. A version of the algorithm was run on a
transputer system but it performed very badly due to the
floating point operations being carried out by software
subroutines. This version also showed that it would be very
difficult with the current algorithm to substantially
improve the performance by using a cluster of transputers
inétead of a single one to generate each conformation. A
way around this might be to use a different optimisation
procedure other than the conjugate gradient method. Another
potential area of interest would be to compare the distance
geometry approach to pharmacophore identification with that
proposed by Motoc et al. [Moto86, Laba86] (see Section
2.3.2) as they are both intended for use in the same kind
of environment. |
Finally, the 3D screening system of Chapter 3 was
combined with the clique finding algorithm of Chapter U4 so
as to try to create an efficient means of searching the
Cambridge Crystallographic Database in order to find 3D
structurally similar molecules to the starting molecule.
The effectiveness of the "screening" stage was found to be
heavily dependent on whether a minimum number of non-
carbons was specified to be in the common substructure. In
cases where this value was set to zero and the minimum
common substructure size of interest was set to four,

relatively 1little speed up was obtained, but this was very

much a "worst case" situation.
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To briefly summarize the main numerical results of this thesis, the tests
reported in Chapter 3 indicated that Ullman’s algorithm was generally at least
twice as quick as the other algorithms when trying to find a pattern of size
5 in a molecule. This better preformance increased as the size of the pattern
increased.

The comparison of the two algorithms for finding common substructures
between molecules in Chapter 4 showed that the clique finding approach was at
least twice as quick as the fastest version of Crandell and Smith’s algorithm when
finding a largest common substructure of size 7 between two distorted versions of
the same molecule. This difference in performance very rapidly widened as the
size of the largest common substructure increased. A similar situation occurred
when more than two molecules were being considered. Finally, when a molecule
was being compared with a collection of similar molecules, the clique finding
approach was usually a minimum of 3 times quicker and sometimes had a far
greater speed advantage than this. An additional advantage of using cliques was
that the distance clustering stage (which caused severe problems for Crandell
and Smith) was no longer necessary.

The simulation of a multiprocessor version of Crandell and Smith’s algorithm
in Chapter 5 predicted that when there was a largest common substructure
of size 12 between two molecules, a speed up of 8 would be obtained when
using 50 transputers (and assuming no processor overheads). In the same case

but using 5, 10 and 20 transputers predicted speed ups were 2.5, 3.3 and 5.4
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respectively. In the actual implementation, when there was a largest common
substructure of size 12 between two molecules of size 14, the speed ups for 5 and
10 transputers were 4.98 and 7.72. These figures are probably artificially inflated
because breaking up the comparison stage into pieces led to a reordering of the
“growths” which in turn led to an increase in speed. Therefore the speed ups
over the two transputer case could well be more realistic and these were 2.28 and
3.54 respectively. However, as the molecules became less similar the amount of
processing needed decreased and the resulting speed ups became much smaller.

No overall speed up figures can reasonably be quoted for the implementation
of distance geometry on transputers as the lack of transputers with floating
point hardware and not being able to obtain the standard bond angles for the
molecules used in [Sher86] meant no comparison with the 3.5 hours of cpu time
used by a VAX 11/785 could be undertaken. Ilowever, the fact that using
transputers to find all the shortest paths in a graph led to no speed up on
the graphs considered whilst Denelcor’s HEP has been reported as having very
high speed ups (virtually linear for eight processors) for graphs of the same size
[Deo86] seemed to indicate that transputers are not suited to very fine grain
parallelism.

Chapter 8 involved comparing a molecule against 999 molecules in the Cam-
bridge Crystallographic Database so as to find three dimensionally similar mol-
ecules. There was a large variation in the times taken using different pat-

tern molecules. However, to give some indication of the general performance,
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ETCOHX (see figure 8.5) took about 480 cpu seconds on an IBM 3083 when
using a cut off for the first screening stage of a predicted largest common sub-
structure size of at least 6 atoms of which at least one had to be a non-carbon.
However, this time could be almost halved if the optimise option is used on the

FORTRAN 77 compiler.
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Number Of | Overhead Added To A Process’ Duration Time

Processors 0 .001*] 01*I
1 1.00 1.00 1.00
2 1.74 1.74 1.70
3 2.43 2.43 2.33
4 3.20 | 3.20 3.03
5 3.52 3.52 3.26
6 3.70 3.64 3.42
8 4.40 | 422 3.59
10 5.15 | 5.02 4.08
12 5.86 5.55 4.16
16 7.03 | 6.59 4.51
20 7.81 7.28 4.61
30 959 | 8.44 433
40 11.11 | 917 3.85
50 1241 | 9.59 3.48

Table 5.6 The Speed Ups Obtained By The Simulation Of Comparing Three

Molecules With A Common Substructure Size Of 11

where I is the number of processors



Apart from Chapter 7, all the work reported in
this thesis has dealt with fixed (crystallographic)
conformations and because of this drawback, can only be
used at a very early stage in the computer assisted drug
design process. However, future work might involve trying
to incorporate the 3D comparison algorithms into one of the
various QSAR methods, possibly along the lines suggested by
Motoc [Moto81].

The work summérised above has indicated
algorithms which appear to be sufficiently efficlent for
practical implementations in 3D chemical information
systems. It is hoped that practical tests of these ideas

will follow shortly.
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Alterations

Several paragraphs and sentences in the main body of the thesis have been
marked as requiring clarification. This section gives the amended versions with
which they should be replaced.

Page 136 The following sentences should be added to the end of the first para-
graph of Section 5.6.2

“ For example, although it was not possible in view of the cpu times involved to
obtain the durations of each process by running a serial version as in [Stew87],
some limited form of statistical test such as chi squared could have been un-
dertaken to analyse how closely the actual distributions correlated with the
estimated ones. However, this would have led to considerably more work being
involved.”

Page 151 The following paragraph should be added to the bottom of the page
“As the times recorded were the lowest times, the speed ups obtained when using
several processors as opposed to a single one, are higher than would normally be
obtained in practice where the partition factors have to be determined before-
hand. Some indication of the spread of times is given in Section 6.4 but because
of the sheer volume of data, the other less optimal figures are not included here.

(However, they can be obtained by directly contacting the author).”

233



Page 191 The sentence starting on line 2 should read

“It should be mentioned though that CAVROG was chosen for this analysis
because it was the compound from table 8.6 which led to the largest common
substructures being found in the database.”

Page 193 Lines 14 to 19 should be replaced by

“This was because the other three algorithms ran into storage problems. How-
ever, its run times were very large and so work is currently being undertaken in
the department [Davi87] to try to lessen the overall time taken by a search by
using Lesk’s algorithm as a screening stage. The atoms which pass this stage

are then passed on to Ullman's (quicker) algorithm.”
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