
Figure 3.12 Two Circular Figure 3.13
Excavation3

3.3.4 General Comment

These results, especially those with theoretical backing 

( 53.3.2) show that, provided there is a sufficiently large rim of 

intact area around the excavations, the calculated results are very 

accurate arid the iterative method is therefore satisfactory.

3.4 It.er<itivi? Cunvtn'pence Rates

As mentioned in the previous section, the 21 x 21 problem of 

a circular excavation required 75 iterations, taking a total of about

3 hours to converge to a solution.

A full size problem (60 x GO) would take 70 times au long. 

Clearly this is impracticable, As a result, the values assumed by

V and a F at each iteiation were reviewed. The values of one such 

element is tabulated in Appendix VI and is shown graphically in Figure

Graph of Vo)tage
Dif trlbutioI>s in 
11.1) Circular 
l-xcavat Inns
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Figure 3.14 flsci! 1 la* Inn of <i Solid. * on Vnluii

If, for example, Figure 3.14, were the response of one 

point, in not an 11 x 11 plan, but In a 1 x 2 plan of one mined and 

one intact point then, having imposed an incorrect starting stress of

0,4, the elastic system over-reacts to this and pulls the result 

through the final solution to a value of -0,798, much like a pendulum. 

This value Is too far the othei way and so the solution is pulled back 

to its third value of -0,332, and so on in a damped oscillation, where 

the damping may be seen from the envelope of the iterative values in 

Figure 3.14. Now this exhibits a fairly underdamped situation so 

that, knowing two successive value3 assumed, an estimate of the final 

solution can be made. If there were virtually no damping at all, 

tho estimate would be the average.

Consider the 2nd and 3rd values, -0,796 and -0,332, which 

have an average of -0.B5R. This is close to the value of iteration 

29, Averaging this with value 30 gives P, ri4nr)t which Jumps to
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approximately iteration number 63. Averaging once more gives 0,5358, 

which is better than at iteration number 75. Thus only 4 iterations 

would be reeded.

This averaging was applied to the program and the solution 

emerged after 5 iterations. This shows that although the above 

reasoning will not, in general, apply to the actual situation where 

there are more than 2 points to consider', i.e. where the values will 

interact with one another, some sort of averaging is necessary, and that 

the problem should be examined further.

In general, the iterative scheme of equations (3.41 

can be modi.-Pled to the following form

®i 1
Vi- 1 - r ^ i 7 vi * T T j ;  fvb - V V ............. (3ifla)

EL 1 ■ T ^ 7 ,;i • r ^ 7  !Fb • ' V W ........... (3_Bb,

Note that if 6  ̂ ■ 0 and ■ constant ■ 1, where i is the

iteration count, this is the averaging as described above. If

Yj “ 0 also, then the equations revert to equations (3.4), The

scheme of equations (3.8), with 6, ̂ “constant, as a result of the

two - cyclic nature of the procedure, reduces to the Gauss-Seidel
1

method, with an over-relaxation factor w = . This suggests a

dependence on the eigenvalues of the system, which is dealt with more 

fully in Appendix VII.

3.4.1 Some Experimental Results 

In order to ascertain how sensitive the system was to 0 or y, 

some experiments were performed. In order to simplify matters as 

mentioned in Appendix VII, let 0 ■ 0.

On a maximum plan size of 31 x 31, the problems as illustrated 

in Figures 3.12 and 3.15 are solved.
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Thu results of thu number of Iterations vo, y , to reach a solution 

having an error criterion of < 1% change, are '.abulated in Table 3.3, 

arid a graph is plotted in Figure 3.1b,

Table 3 . 3 ( a )  C i r c u l a r  Fxc. iv a t lo n  Ta ble  3 . 3 ( b )  2 -  C1 r c u l a r
Results Excavation Results

Y No. of Iterations

0.9 5

1 . 0 5

1 . 1 <1

1,3 5

1.5 6

Y Nc, of Iterations

0,7 11

0,9 6

1 . 0 7

1.025 8

1,050 6

1,075 6

1 . 1 7

1 . 2 7

1.3 a

1.5 o
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HI£ure 3.16 Stahl 11ty v;. y

The slope of the curves for values of y<y opt. Is steeper 

than If yls too bib. Thus It would appear better to estimate a 

larger value of V than one would guess for tho optimum.

3,5 Conclusions

The clone agreement between these results and theory, 

especially for the circular excavation, shows that tho Iterate e method 

is accurate. However, the solution times are ridiculous, especially 

when a full size 60 x 60 plan Is envisaged.

Therefore, one must concentrate on methods of speeding up 

the solution, without too much sacrifice in accuracy. AI30 some 

automatic choice of the over-relaxation factor should be made so as to 

minimise Intervention by the user.

I
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CHAPTER 4

MINSIK AMD ITS "SPEED-UP" TECHNIQUES

4.1 Introduction

Minsim is the name coined for the full working version of the 

system, It stems from the first syllables of MTNing Simulation,

The description of the system will proceed in two parts.

Since the lest chapter stressed the need for programming techniques 

to speed up a solution, this chapter will deal with these aspects 

of MINSIM. Chapter 5 will analyse the various functions and 

features of the system,

4.2 Reducing the Number of Fcfect Calculations par Iteration

4.2,1 Grouping cf Points 

Jjinca for a configuration oft side n units, there are, on 

average, mlngd points ^ffecting -j* intaTt points and vice versa, 

there are 2 x ~r- x effect calculations per iteration, i.e.
4

the number of calculations is proportional to n . It would be 

desirable to reduce this figure by perhaps trading accuracy for running 

time.

Consider tho form of the influence kernels. They reduce as
1 1— and ~  with distance, r. Consider the kernel which reduces 
r 3 * r islowest with distance, — , as seen in Figure 4.1 or, more importantly,

•i r
consider its slope {— .

r
The latter tends to zero very quickly, having at 10 units

distance only 1* of its value at 1 unit distance. Thus the kernel 
1

oe at this distance, is not varying by more than 1 \ ner unit distance, 

It is fairly linear a'i the slope is not changing rapidly, the first 

derivative be^ng 0,001. If points at distances of 9 and 10 units 

were grouped together and given an average v <, 1u p  at an average distance 

of 9,5 units, the errors induced would be small.
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1 1Figure 4.1 Plot of — and •— - vs. rr 2r

Consider the situation of Figure 4.2. The points 1, 2, 3, 

4 are beyond the distance 0. Some or all of thorn may be valid 

'frum-points*. i.e. mined If © i s  intact. Considering unit kernel 

an.pl 1 tudus on theae points, they can havu one of the configurations 

shown in Table 4.1. Below each configuration is tabulated the total 

effect o* point (§>, and the corresponding effect, evaluating all from- 

points at an average distance of 0,5 units. Below this are grouped 

those configurations which are equally likely to occur based on a 

randomly -shaped bolder cutting across the 4 from-points, and the 

error of the approximation.

Figure 4,2 Gmupnd Influence Points
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Table 4.1 Grouped Avera e Errors

1 1 10 01 1 0 0 1 1 1 1 1
Configuration

1 1
or 

01 10 1 0 0 1 1 0 0 1

i effect l
0,4222 0, 2 1 1 1 0,2222 0,2000 0,3222 0,3111

1 effect 0,4210 0,2105 0,2105 0,2105 0,3158 0,3158
(average r]

■p grouped average 0 , 2 1 1 1 0,3167

II 0,2105 n
average r

error 0,28% 0,28% 0,23% 0 27%

Thebe % errors are relative to accurately taken values at

distances of 9 and 10 units. The % errors become still smaller when 

taken relative to the effect calculations closer to point <§> . reducing 

by a factor of 10 in the limit. The Influence range, the distance 

beyond which this type of averaging can take place, was chosen as S.

Tests were performed to Justify the conclusion that this influt.i, 

sufficient accuracy (Appendix IX).

The mechanism Js as follows

The calculations are performed at the finest scale up till 

a range of about 8 (the exact influence boundary will be discussed in 

the next section), bounded by ABC in Figure 4.3i this is performed for 

all the to-pointsj thereafter, calculations of exactly the same nature 

are performed in another table, a lower level table, level '1 ', which 

considers to*points of the type ODEF, i.e. a single to-puint representing

4 to-points at the next higher level, level '(J'. The effect 

calculations are then performed in the region ABC to GUI, This is done 

for all the to*points of this type, and so on, up to a maximum levol 

of 3.



F i g u r e  4 .3  f n f h i m r . f i  P o i n t s  f i t  a l l  L a v e l s

When this is complete, the effects ore rippled up the tables 

from the lowest level to the highest, each to-point averaging into 

the group of 4 to-pointa of the next higher stage as illustrated in 

Figure 4,4,
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SOLUTIONS IDMAT R E S U LT S

figure 4.4 Han of levels 1m Solution Phmi*

4.2.2 ratlin ! r v p I S+rud.nre 

Since 4 levels, each havirip, squares with twice the linear 

dimension ot the next hightr level, were chosen, level 3 had a aide
1

corresponding to 0 units at the finest scale. The maximum tanksire
0

must b9 a multiple of 8 (or 2 (where I ■ maximum level)). A maximum 

size of 64 units was chojen in order to give an accuracy as good as, 

or butter than, the electrolytic tank analogue.

In order for the table boundaries at the different levels to 

coincide, the following scheme had to lie developed t-

Since 4 points on the finest seal*, correspond to one 

point in the next level, consider the 4 points 1, 2, 3, e in Figure 

4.5(a) as a group, having a common range of influence, a. To ensure 

a proper termination, point 1 mu H  have a range of 'a' up and to the 

left, and (a ♦ 1) down and to the right , In oider to end on an even 

boundary, 'a' must be even. As mentioned earlie , a ■ 8 was found moat 

suitable.

Up to a range of a or (a ‘ 1) as indicated, the effects are 

treated on the flneat. scale as if no grouping occurred. Beyond this

1The memory structure will often he referred to as the ’tank' because 
of its analogy with the electrolytic tank which has been constructed 
by Rarid Mines Limited.
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boundary, the L^ble at the next level Is used, e,g, level 1, Points

1. 2, 3, 4 on level 0 are represented by Point 1 in Figure ^.bfb) 

on level 1, Since the shaded area has already been taken into account

Figure 4.5(d) Level 0 Influence Figure 4.5(b) Level 1 Influence 
Area Area

by calculations at level 0, computation at level 1 begins beyond ~ 

to the a or a ♦ 1 boundary as before. The process continues up to 

level 3 and, while a more detailed description will be given in the 

discussion of the solution phase in Chapter 5, here it suffices to 

indicate the reduction in the number of effect calculations,

Consider as a typical example, the ’to-point' as shown in
323Figure 4.3. There are on average —77-'From-points' of the correct type

243 115for the finest level, - for the next level and — r- at the 3rd level,
n2 2For the finest level there are on average 'to-points', where n

is the length of a side of the configuration. For the first level the

total is t;(-~)2 *■ ~ • , and, for the third, j  ( j V  = ~ , For

a complete iteration there is a mined-to-intact and intaci:-to-mined

iteration, Hence the total number of calculations is approximately 
1 2 n2 n2— (323 n ♦ 243 ♦ 115 + a negligible amount). Thi3 simplifies

i n^to approximately 200 n* computations, compared with - calculated

earlier. For n ■ 64 the comparison is 820 x 10v calculations as
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Figure 4,6 'From'-points at all levaIs (64 x 64 prid)

against 16,fl x 10® calculations without grouping of points. Therefore, 

one can expect the improvement factor due to this method to be of 

the order of 20 for a 64 x 64 mesh solution.

4,2.3 Solution Windows 

If the regions of mining are small in comparison with the 

intact area, or if a small mining update or change is made to an 

existing solution then, because of the nature of the fa3t ducay of 

the Kernels with distance, it is obvious that changes to the solution
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will be largest close to these regions of mining, A method was evolved
*1

to minimise the number of computations by initially only forming a 

solution in a rectangular window enclosing the mined ruj'ionb or, in
I

the case of updating, oriclonlng only the updated region, an Mhi.wn ln 

an example in Figure 4,/.

Figure 4.7(a) Initial Solution Figure 4.7(b) Update Solution
Windows Windows

Obviously each iteration is now considerably faster as both 

the number of to-points and the number of from-points have been reduced. 

Once a solution has been obtained according to the convergence criterion 

for this window, the solution on its perimeter is compared with the 

old solution and, if the convergence criterion is satisfied, it is 

l utsidered that the effect Inside the window will not progress to regions 

outside it. If the criterion is nut met, however, the window is 

increased by an influence range, e.g. 0 units, and the system re-enters 

the solution phase with this new window and perimeter, This algorithm 

is repeated until tfie maximum solution window is tho specified sIzr 

of the problem, e.g. 64 x 64. In this way the computing times especially 

for updates were considerably reduced.
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4.3 Reducing the Number uf Influence Teats

Consider the region of infuence around a to-point as shown 

in Figure 4.5(a). For each iteration, each from-point must be tested 

for type, e.g. if the to-point is mined, from-points must be intact for 

internal solutions. This would require, for the finest level in the 

structure, 323 tests per to-point per iteration. Mote that a test 

requires computing tne effect in the identity table (IDMAT), which 

Keens the mined / intact information of the whole area, followed by 

the type-test.

The method used in MIMSIM to reduce the amount of testing is 

via a 'pattern' matrix which is constructed once per solution and 

contains informatics about each point as described below.

Imagine the influence area around a to-point to be divided 

into regions as shown in Figure 4.0 for a to-point of type 1, (tho 

significance of which may be seen in Figure 4.5(a)).

0

Region 2

Figure 4.0 Raglans for Pattern Matrix Generation
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In the pattern matrix the pattern of one to-point is a string 

of bits. Each bit position represents information about a row in 

each region, as illustrated by the numbers and arrows in Figure 4.8.

If a particular bit is ON, (i.e. a 1), it means thore is a valid 

from-point, i.e. of the correct type, somewhere in the row represented 

by that position. In the example shown in Figure 4.8, bit positions 

33 and 36 are OFF, (i.e. 0), since for a to-point of type 1 

these rows are outside the influence area, shown by thick llnesi for 

an influence range of 8, as shown, one needs 36 bits, i.e. more than a 

full word (32 bits on IBM 360). Thus double words (64 bits), were 

used in the pattern matrix table. It can be shown that the maximum 

influence range that could be handled is 14.

Considering an influence range of 8, there will be 36 row- 

tests. In the quadrants there will be a total o f 4 x ( 3 + 5 + 7 + 9 

♦ 11 + 13 + 15 ♦ 17) + (2 x 19) i.e. 358, (mnre than before, since 

from-pointe bordering regions, e.g. darkened square shown between 

regions 1 and 4 are tested twice). However, since 6n average the 

row-tests will exclude half of these, there are about 179 of these 

tests, i.e. slightly more than half the number obtained without using 

patterns. (The 36 row tests are neglected here, since the time taken 

in a pattern test is far less than for a from-point test) this is 

because a pattern test involves a pattern shift and a test, whereas 

a from-point test in additinn requires a more time-consuming table 

offset calculation.

4.4 Reducing the Number of Computations for an Effect 
Calculation

As was notnd 1n Chapter 3, 5 3,12, since the kernels are 

functions of r •Jyt} • y"'* » i»e« the distance between the. from-points 

and the to-points, ttiey exhibit 8-way symmetry with respect to x and y, 

For example, the paints (1,1i 1,2j 2,1> 2,2j 3,1) 3,2) 4,1) 4,2) in 

Figure 4.8 are all at the same distance, r, from the to-point, Thus, 

instead of an average of 4 calculations of references to the kernel 

table and 4 multiplications and 4 additions, which would be needed if 

the symmetries were not taken iri'o account, one can arrange for the
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4 additions of the from-point values, one kernel-offset calculation and 

one multiplication. On the IBM 360/50, a floating point multiply 

takes 29 ps, and a floating point addition takes 16 vs. Making use 

of symmetries can thus be seen to have considerable advantages.

In Chapter 3, §3.12, the kernel table offset computation 

involved the calculation of the form j(J + 1)/2 ♦ i, (equation 3,7), 

which was estimated to take approximately 100 vs. Because o the 

ordered method of scanning through from-points as described in this 

section, such a computation is not necessary as scanning of the kernel 

table is ordered in the same fashion. This involves merely fixed 

point additions having a computation t. me of approximately 12 un.

4 . 5 Table Addressing

The effect computation is illustrated in Figure 4.9.

TO-TA91C (RESULTS) IDMAT FROM-TABLE (SOLUTIONS)

P 1 gnre 4,9 Order n-P Tnhle Addressing - FT foot r‘omputat.ion

The table, IOMAT, carries the information of whether a point 

considered is intact or mined. It is used to select a to-poirit., As 

described in the previous section, from-points are selected virj IDMAT 

and, in combination with the kernels, a result is computed,
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When this has been performed at all levels, the old solutions 

at to-point.s, os i miluel.nd ! >v III MAI , .tin eombii.. d with thu rnsult.fi and 

boundary conditions to form tho new solutions, an 11 lui.it rated In 
1

Figure 'Ml).

SOLUTIONS 10 MAT R E S U L T S  BOUNDARY C O N D IT IO N S

Figure 4,10 Order of Tahle Addressing - Combination

The entries in the TDMAT tahle do not i. irry much information, 

Only the information MINED or INTACT and, as .Tha1! ' < seen later, 

totally closed, need to be stored. Thus, in principle, only 2 

bits are required. However, if the data were con eased in this 

fashion, a separate computation would be necessary to calculate the 

offsets in order to reference the IDMAT entri> . Sin 

othor tables (except the Kernel tahle, which it, referenced uit t t;i ently, 

and the pattern table, which is r Ferenced only once per to-point), 

are of the same size and may be referenced by the same offset o an 

index register, it becomes obvious that the same register should Lie 

used to reference IDMAT, i.e. IDMAT should also be a table of 

ful1-words (32 bits). The consequent waste o CORE must thus be 

sacrificed to save computing time.

4 .6 Overlays

For a full size problem of 64 x 64 elements, th. irogram and 

all the tables In core require 3f>0 K, This was not considered 

extravagant, since the compL‘ ■ " ivaiiablo had a maximum of f'50 K. of 

user space with a practical multiprogramming maximum partition size 

of 450 Kj it was thus not considered worthwhile t.o attempt (.o overlay
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program segments and tables in order to save memory space at the expense 

of a time overhead,

4,7 Conclusions

The techniques mentioned in this chapter allowed the solutions

of full size problems, (64 x 64 elements, of which the user specified

the problem in a central 56 x 56 window), to a reasonable accuracy,

(4% relative convergence criterion), in a reasonable computing time,

For Instance, a typically complex problem needing 10 to 14 iterations

taKes from 30 to 45 minutes of 360/50 LCS time, thus achieving the 

desired reduction in computing time.
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CHAPTER 5

KINSIM I - FEATURES AMD FIiNCTIdNS

5.1 Introduction

As mentioned in Chapter A, the purpose of niNSIM is to be o 

useful mining simulator incorporating the model tested by the 

feasibility programs and reducing its computing time.

The system can cope with moderately inclined deep tabular 

excavations in oni plane. This chapter w L deal with the adjustments 

to the theory in order to take small inclinations into account as well 

as the additional theory needed in connection with other features.

The introductory chapter gives as the primary object of the 

system, the avoidance of the cumbersome transfer of convergriice data 

from the tank or resistance analogue to a digital computer for the 

calculation of off-reef plane quantities, especially after each change 

of mining configuration. This has been achieved and will be 

described here.

In oraer to achieve man/machine communication similar to that 

of the analogues, a computer terminal on-line operation mode can be used 

where the whole configuration and changes to and interrogations of 

the system can be an Intel process* This enables the user

to make "on-the-spot" decisions and changes to the configuration.

If no on-line communication is deaired, the whole problem 

including planned updatRS to the configuration can be performed off­

line from cards.

In order to facilitate changes and interrogations of a solution, 

provision was mode to store computer configurations which can be 

recalled at any time.

The scaling phase allows one to model detailed small scale 

mining activities , while still taking into account the effect of the 

whole environment.

The overall system and its particular sub-systems will now 

be dealt with individually.

I
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5. 2 System Organisation

The general organisation of tho computer system is shown in 

Figure 5.1. In general, the parts of the program being strongly 

compute-limi tec), wore wr itten in IUM/360 ASSEMBLER whereas these 

parts involved in input/output communicateons were written in I0M/36Q 

FULL FORTRAN IV, using the FORTRAN G or FORTRAN II compilers. (FORTRAN 

H was used where there was some inDut/output and a moderate amount of 

computing, e.g. for the off-reef Integrator, since it has, a spend 

advantage of ^3 over the machine-code generated by the FORTRAN G 

compiler.
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Figure 5.1 Organ! ..a1 1 on D >ngram of Computer System

5,2.1 The f'x̂ ont ?vo Phnaa 

T h i i s  handled L>y tho main program - TANKSVS, the tank- 

system mai n '.h' r, and a., input/output: handling routine - CONTRL -

which handles the vrrbn or commands of the user and traps invalid 

requests. (For example, when starting up tho system, all commands 

except CRFATf and RETRIf'V!: aru invalid). On completion of any one
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of the functional phases, control Is returned to the executive phase.

5.2.2 The Functional Phase 

The various functional requests of the user are entered via 

the CONTRL routine. The commands or verbs are in mnemonic form, 

being the first two characters of the possibilities listed 

alphabetically below :

CReate

DElete

Displacements
unu Stresses

ENergy

EXit'

Finish

OUtput

PAtch

REtrieve

SCaling

Solution

(SNap

STc.'ing

UPdating

VErifying

WAit

the new problems are intered- all constants 
relating to the new problem are entered 
together with the configuration or mine 
plan. With reference to Figure 5.1 this 
involves the TANK GENERATOR and the 
CONFIGURATION GENERATOR.

destroying one of the stored solutions

the OFF-REEF INTEGRATOR 

release

closing down the system

solution after sorie parameter change in a PA. 

the ON-REEF OUTPUT

changing of certain pyrometers of the system 

one of the stored solutions 

by a ractor of 2 

after CR, UP or SC

a memory dump used in 'debugging* the system)

a solution und^r a given name

mining cohfiguration

a GRAPHICAL OISD!.AY of the mine plan

except when verifying, one must wait until 
a solution in progress is finished before 
further commands are issued,

Each of these functions will be dealt with In turn in S5.3.
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5.2.3 General Program Organisation 

The bnain program - TANK.SYS - communicates wit • the called 

sub-routines in two ways :-

(i) Parameter lists are used in communicating with the Fortran 

sub-routines, and

(ii) A common area, the DSECT MEMCONTL is used in communications 

between most Assembler program1?. The m«".n program issues 

a GETMAIN instruction, requesting memory space dependent 

on the size of the "tank", as entered in create mode,

The address of MEflCONTL is kept permanently in one of the 

. computer's general registers, (Register 12),

The DSECT MEMCONTL consists of two parts i-

(a) A parameter area, where the constants of the system,

the data read in at create time, etc,, and the lengths and 

start-addrRsse3 of the various tables, are stoi'Hri.

(b) A table work area set up by the routine TABLEGEN.

Since the flow-chart of TANKSYS closely resembles Figure 5.1, 

this will not be given, but a listing of TANKSYS, MEMLONTL and CONTRL 

are given in Appendix VII, out of interest.

The ATTACH macro is used in the solution phase in order that 

this may be multi-processed at a lower priority than the rmin program. 

This allows a function like VErlfy to be performed simultaneously since, 

when using the ferminal mode of operation, the verify process is very 

time-consuming, taking 20 minutes fur a full tank display, mostly for 

output typing which does not interfere with the main solution,

5,3 MINSTM Operation

5.3.1 General

As illustrated in Figure 5.1, after execution of any of the 

functional phases, control always returns to the executive phase and,
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