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Drill hole planning

Field of the invention

This invention relates to dynamic sequential ordering problems. In one form the
dynamic sequential ordering problems relate to drill hole sequencing for the drilling of
blast holes in surface mining. The invention has particular, but not exclusive, application

to drill hole planning and navigation for autonomous drills.

Backgrouhd of the invention

There is ongoing research into methods for solving sequential ordering problems
that can be formulated as variants of the Travelling Salesman (symmetric or asymmetric
travel costs and with or without precedence constraints) and Steiner tree problems
including their generalised versions commonly known as the Generalised TSP and
group Steiner tree problems. Different proposed exact and approximate methods have
had varying success in finding optimal solutions for small problems and close to optimal

solutions for large problems.

Sequential Ordering Problems arise in a wide range of industries. One example
is the mining industry, where an ordering problem arises in planning the movement of a
drill.

Given a drilling pattern, a drill operator or autonomous drill controller must decide
on the order in which to drill the holes taking into account operational constraints
imposed by the drill itself along with other constraints which may include drilling

guidelines and safety rules decided by the mining company.

In conventional blast hole drilling, the drill operator is given a pattern of holes that
must be drilled at a particular location or bench in the pit. The pattern may include the
location of the required holes and their depth. Additional information often includes the
type of drill operation that should be used for each hole (i.e. rotary or percussion).
Operations follow in a tram-jack-drill-jack cycle until all locations are drilled.
Conventionally, the drill motion sequence is not dictated a priori and is determined by
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the drill operator using a set of general guidelines and priorities for various classes of
holes. Briefly, these rules dictate that the first holes to be drilled are “angle holes” along
the open face, which constrains the drill's orientation so as to be aligned perpendicular
to this edge. This is followed by holes near free face(s) or adjacent to blasted material
(i.e. a high wall or a crest). After this are batter and buffer holes, which is followed by
drilling of the main rows. The drill is a non-holonomic vehicle and its overall motion is
constrained to its track speeds. Drill operators also prefer to drive on straight lines
because under poor visibility executing complex manoeuvres increases the chances of
damaging already drilled holes. Finally, the operators select the first and last hole to drill
such that the above requirements are satisfied. The last hole is chosen in a location that
allows the drill easy egress away from the bench after completion of the drilling task.

Reference to any prior art in the specification is not, and should not be taken as,
an acknowledgment or any form of suggestion that this prior art forms part of the
common general knowledge in Australia or any other jurisdiction or that this prior art
could reasonably be expected to be ascertained, understood and regarded as relevant

by a person skilled in the art.

Summary of the invention

According to an aspect of the invention, there is provided a method for producing
a hole drilling sequence plan for drilling blast holes with a mobile drill at locations in a

drilling pattern, comprising:

determining an initial cost table of costs of drill travel between drill hole locations

in said pattern;

inputting into a Sequential Ordering Problem (SOP) solver data reflecting said
pattern of locations and the initial cost table to derive by a SOP solving procedure a

potentially optimal drilling sequence;

inputting data reflecting the potentially optimal drilling sequence into a motion
planner to derive by a motion planning procedure a plan of drill motions through the
potentially optimal drilling sequence and revised costs of drill travel between drill
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locations resulting from that plan; and

successively repeating the SOP solving and motion planning procedures by
operation of the SOP solver and motion planner with successive revisions of the cost
table inputted to the SOP solver reflecting the revised costs derived by motion planner.

The method may further comprise determining precedence constraints réquiring
that holes at certain locations in said pattern must be drilled before holes at other
locations in the pattern and inputting data reflecting those precedence constraints into
the SOP solver so that the SOP solver takes those precedence constraints into account

when deriving the potentially optimal drilling sequence.

The method may further comprise determining a preferred drill orientation for
each of said locations and inputting data reflecting the preferred drill orientations into
the motion planner so that the motion planner takes that data into account when drilling

the plan of drill motions.

The method may further comprise determining motion constraints to movements
of the drill and inputting data reflecting the drill motion constraints into the motion
planner so that the motion planner takes those motion constraints into account when

generating the plan of drill motions.
The motion constraints may include an obstacle avoidance constraint.

The obstacle avoidance constraint may prevent a drill travel path which would

result in travelling over an already drilled hole.

The motion constraints may also include non-holonomic motion constraints

limiting the possible directions of travel of the drill.

The motion constraints may also include limits on maximum speed of motion of
the drill.

The motion constraints may include limits on the rate of change of direction of
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motion of the drill.

The successive repetitions of the SOP solving and motion planning procedures

may be continued until a predetermined termination criterion is met.

The termination criterion may be met if successive plans generated by the motion
planner are the same or within a predetermined threshold of similarity. '

The termination criterion may alternatively or in addition be met by completion of
a predetermined number of repetitons of the SOP solving and motion planning

procedures.

The SOP solver may use a genetic algorithm. Alternatively, the SOP solver may
use a Swarm Intelligence algorithm, for example a Particle Swarm Optimisation
algorithm. In a further alternative, the SOP solver may use an Ant Colony Optimisation

algorithm.
The motion planner may use a Probabilistic Roadmap motion planning algorithm.

The invention also extends to a method of operating an autonomous drill in which
the drill is caused to execute a drilling sequence derived in the above-described

manner.

The invention further provides apparatus for producing a hole drilling sequence

plan for drilling blast holes with a mobile drill, comprising:

a Sequential Ordering Problem (SOP) solver to receive data reflecting a patterh
of locations at which holes are to be drilled and a cost table of costs of drill travel
between the drill hole locations in said pattern and operable to derive by a SOP solving

procedure a potential optimal drilling sequence;

a motion planner to receive data reflecting the potentially optimal sequence
derived by the SOP solver and to derive by a motion planning procedure a plan of drill
motions through the potentially optimal drilling sequence and revised costs of drill travel
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between the drill locations resulting from that plan; and

a data transfer connection between the motion planner and the SOP solver to
feed the revised costs to the SOP solver whereby the SOP solver and the motion
planner can perform successive SOP solving and motion planning procedures with
successive revisions of the cost table inputted to the SOP solver reflecting the revised

costs generated by the motion planner.

The method and apparatus of the invention may employ a driling pattern
obtained from any source. The pattern may for example be prepared by a drill and blast

engineer manually or with the aid of appropriate software.

Also provided is a method for producing a sequence plan for a series of specified

locations in a configuration space, comprising:

inputting into a Sequential Ordering Problem (SOP) solver data reflecting said
pattern of locations and an initial cost table to derive by a SOP solving procedure a

potentially optimal sequence;

inputting data reflecting the potentially optimal sequence into a motion planner to
derive by a motion planning procedure a plan of motion through the potentially optimal

sequence.

The motion planner may evaluate a previously recorded path within the
configuration space, match said path with adjacent specified locations within the
potentially optimal sequence and use said previously recorded path as part of the plan

of motion if there is a match.

As used herein, except where the context requires otherwise, the term

"comprise” and variations of the term, such as "comprising", "comprises" and

"comprised”, are not intended to exclude further additives, components, integers or

steps.
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Brief description of the drawings

In order that the invention may be more fully explained, specific embodiments will

be described with .reference to the accompanying drawings in which:
Figure 1 shows an example of a drilling pattern;
Figure 2 shows an autonorhous drill;
Figure 3 illustrates possible drill orientations at drill locations;

Figure 4 is a block diagram of the solution method for drill hole planning

according to the present invention;

Figure 5 shows an example solution for a simplified drilling pattern with nine

holes;

Figure 6 shows a simplified example of solving the drilling problem using
probabilistic road maps;

Figure 7 illustrates factors to be taken into account in planning drill motions; and

Figure 8 is a functional block diagfam of an automated tramming system for a
drill.

Detailed description of the embodiments

The method and system described herein enable a solution to be derived to an
ordering problem. The method and system are described herein with specific reference
to the formation of a hole-drilling sequence plan to be derived automatically from certain
input data. In one application this enables drill hole planning and navigation for an

autonomous drill.

The pattern drilling problem belongs to a class of combinatorial optimisation
problems which may be hard to solve. Combinatorial optimisation is used in applications
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such as artificial intelligence, operations research, planning and logistics where certain
values need to be optimised within the constraints of a given problem. One example of
a combinatorial optimisation problem is the generalised Travelling Salesman Problem

(TSP) which can be defined as follows:

Given a set of cities along with the cost of travel between each pair of them, the
travelling: salesman problem is to find the cheapest way of vis'iting all the -cities
and returning to the starting point. The “way of visiting all the cities” is simply the
order in which the cities are visited; the ordering is called a tour or circuit through

the cities.

Drill hole planning in mining can be thought of as a Travelling Salesman Problem
if each hole is regarded as a “city”. In this case, the cost for travelling from one city to
the next can be defined as a function of the distance to be travelled or some other

metric that considers the overall motion the vehicle must perform.

The “cheapest way” is determined by optimising (minimising in this case), the
cost associated with the circuit. The term “cost” as used hereinafter in this specification
(including the claims) extends to any metric used to define the optimisation to be
performed. In drill hole planning the cost may be dependent on a distance to be
travelled by a drill and/or a motion the drill must perform. The cost may be dependent
on travel path length, travel time, operation time, fuel/water usage or any combination of

such variables.

Drill hole planning differs from the basic Travelling Salésman Problem. First, drill
hole planning is an asymmetric Travelling Salesman Problem because the cost of going
from hole A to hole B can be significantly different to the cost of going from hole B to
hole A; the vehicle’'s motion may be highly constrained in one of the directions. Second,
there are some rules specifying that certain holes must be drilled before others. As an

example, precedence should be given to holes near a high wall or a crest.

The generalisation of the Travelling Salesman Problem to handle asymmetric

costs and precedence constraints leads to what is known as a Sequential Ordering
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Problem (SOP). SOPs constrain the search space of the asymmetric Travelling
Salesman Problem by virtue of the precedence constraints. Regardless, finding the

optimal solution for an SOP can still be computationally hard.

In addition to the asymmetric costs and precedence constraints, another aspect
that makes the drill hole planning problem, in particular, even more difficult to solve is
taking the drill's orientation into account (orientation is not a variable that is considered
when solving Travelling Salesman Problems). A still further complication is the fact that
the environment changes as the drill operates, i.e. a drilled hole becomes an obstacle

that must be avoided.

In the drill hole planning problem, the number of holes that must be drilled
typically varies from 100 to over 200 which means that the SOP that must be solved is
large. In general, SOPs with sites of more than about 50 are considered large.
Problems including vehicle orientation as a variable (see herein below) can be large

with much fewer sites, due to the continuous range of possible orientations.

~ Figure 1 shows a typical drilling pattern 100 which under conventional drilling
operations would be given to a drill operator to plan an appropriate drilling sequence.
The drilling plan will typically show hole identification labels 102, location and drill depth
104 and identify particular holes such as angle holes and batter and buffer rows 106
determined according to the geography of the bench to be drilled. It will be seen that it is
necessary to develop or to plan a drilling sequence for a very large number of holes,
typically more than 100. The sequence plan must take into account any precedence
constraints and dynamic obstacles such as already drilled holes. The sequence plan
should also take into account the orientation of the drill while navigating from one hole

location to the next.

Figure 2 shows an autonomous drill 200. The drill 200 comprises a self-propelled
vehicle 202, which runs on a pair of parallel tracks 204 and carries a drill mast 206 with
appropriate drilling equipment. The drill vehicle 202 can be driven automatically under
autonomous control to specified GPS locations for drilling and the drilling equipment on
the vehicle 202 can also be operated under automatic control to drill the blast holes
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according to the required blast hole pattern. The autonomous drill 200 may be part of an
autonomous mining system described, for example, in application PCT/AU2009/000265
“Method and system for exploiting information from heterogeneous sources”, filed on 4

March 2009 and which is incorporated herein by reference.

The drill 200 is a tracked vehicle capable of turning on the spot towards any
direction. The massive size of the drill 200 and its potential to damage the drilling
surface makes accurate positioning over target hole locations difficult. Turning on the
spot may not be advisable since such motions increase the chances of damaging
already drilled holes by pushing dirt back down the hole requiring drilling out a second
time, a very time consuming and undesirable action. The drill can therefore be modelled
as a non-holonomic car-like vehicle with a constrained turning radius.vThis model of the
drill allows generation of smooth motion plans with constrained curvature, which when

executed preserve the bench's surface.

The operators select the first and last hole to drill such that the previously
mentioned requirements are satisfied. The last hole is chosen in a location that allows
the drill easy access away from the bench for leaving after completion of the drilling
task. The first and last holes are generally given along with any precedence constraints

as described earlier.

An onboard controller (eg tramming controller 814) can translate the velocity and
steering angles to the correct commands in order to steer the vehicle according to the

sequence plan.

Figure 8 is a functional block diagram of an auto-tramming system 802 that may
be used with the drill 200 to implement the drill hole planning methods described herein.
For drill automation, the auto tramming unit 802 automatically trams and positions the
drill over required hole locations specified in the drill pattern. The drill pattern and the
bench geometry may be transmitted to the auto-tramming system 802 over
communication link 816. The auto tramming unit 802 includes a path planning module
804 to automatically determine an optimised drill trajectory (indicated for example by
waypoints 808) over the bench and a navigation system 808 responsible for thle
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localisation of the drill. The navigation system fuses navigation sensor information to

provide vehicle pose, where the pose includes position, velocity and attitude (PVA).

The auto tramming unit 802 can be operated in two operational modes. In the
operator-aided mode, a user interface 812 informs an operator of the path and the
current position of the drill and the operator is responsible for confirming drill positions.
In the fully autonomous mode, a tramming controller 814 receives the low-level
decisions, providing an interface between the path planner and the navigation system.
When a full control system is used for autonomous operation, no operator intervention is
required and the status of the drill may be monitored remotely. Partial control is also
possible to automate certain actions if an operator is present, e.g. for the autonomous
positioning at a drill. The auto tramming unit 802 is designed to operate in conjunction
with an auto drilling unit (not shown) in a fully autonomous drilling solution. These two
units communicate and the drilling mode is activated when the drill reaches a specific

hole location.

The path planning module 804 generates a set of waypoints 806 representing the
trajectory of the drill. It obtains a geometric bench model and desired drill pattern and

generates a drill sequence and trajectory.

The auto tramming unit 802 comprises a drill navigation system 808. It is
responsible for fusing data from positional sensors for the accurate localisation of the
drill. Positional sensors may include an inertial measurement unit (IMU) 820, a GPS
822, dead reckoning sensors 824 such as wheel encoders, higher-level perception
sensors 826 based on laser scanners, etc. The use of redundant sensors enables

integrity requirements.

In one embodiment, the auto tramming unit 802 further includes a séfety system
sub-unit 810, which may be responsible for monitoring the status of the drill, detecting

- possible collisions or other anomalies, fault detection and for implementing emergency

actions. This sub-unit includes collision sensors 828, internal status monitoring sensors

830 and an emergency stop 832.
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The low-level control is implemented in a tramming control sub-unit 814. This
sub-unit receives waypoints 806 from the path planning module 804 and pose estimates
from the navigation system 808. These estimates are used to control the vehicle

actuators 834.

In the operator-aided mode, the auto tramming unit 802 further comprises a user
interface sub-unit 812 and a manual control sub-unit 836. Manual vehicle controls are
mechanically connected to the vehicle or connected through drive-by-wire. User
interaction overrides autonomous control. The user interface sub-unit 812 is
implemented as a display with the drill pattern, drill pose and intended trajectory of the
machine. The manual controls sub-unit 836 provides direct access to the actuators 834

of the machine.

In one embodiment, the auto tramming unit 802 performs the following tasks:

. Path planning and optimisation,

. Autonomous trajectory control on bench;
. Final position and pose control; and

. Detection of potential collisions.

In other embodiments the path planning module may be implemented on a
computer system that is not physically located on the drill 200, and the planned
trajectory may be transmitted to the drill over the communications 816.

The method for solving the Sequential Ordering Problem as described here can
be implemented with the use of software running on a computer system that includes a
processor, memory and input/output capability coupled to a system bus. The memory
stores instructions that are executed by the processor in order to perform the described
method. It will be appreciated that the computer system as described is one example of

many possible computer systems which have different architectures.

The path planning module 804 and/or the tramming control may be software

rhodules running on the auto-tramming system 802.
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The drilling pattern problem is a combinatorial optimisation problem which can be
formulated as a Generalised Asymmetric Travelling Salesman Problem with precedence
constraints. Figure 3 presents the drill pattern drilling problem as such. The figure
shows a pattern with 9 holes arranged in 3 rows. At each location, a small set of
possible drill orientations is shown using arrows. The solution to the sequencing
problem is to select a tour through each of the partitioned nodes, selecting one
orientation out of the sampled set, such that some optimisation criterion is minimised. A
possible solution is illustrated by the bold arrows between first and last holes X and Y.

The present invention provides a method of solving an ordering problem, taking
into account some or all of the constraints described above, by the use of an iterative,
hybrid method combining an SOP solver and a motion planner. The method may be

used to generate plans for large drilling patterns.

Due to the combinatorial complexity of solving an SOP (the first component of the
hybrid approach), the SOP solver may make use of an approximate optimisation
algorithm. For example a Genetic Algorithm or a Swarm Intelligence algorithm may be

used.

For the second component of the hybrid approach, the motion planner may use a
motion planning algorithm such as a Probabilistic Roadmap (PRM) algorithm or a
Rapidly-exploring Randomized Tree (RRT) search to estimate the cost of travelling from
one hole to the next taking into account drill orientation, driving capabilities and non-
holonomic motion constraints. In comparison to control regulation approaches, such as
those based on Pontryagin's Principle, Reeds-Shepp curves, or sinusoids, PRMs and
RRTs allow for obstacle avoidance (i.e. not driving over already finished holes) and for
the sequence planner to optimise over various metrics, such as path length, number of

turns, or travel time.

Figure 4 shows a block diagram of the iterative procedure for solving the drill hole
planning problem in accordance with the present invention. The three main steps of the

method are:

1. solving the SOP (e.g. using a Genetic Algorithm);
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2. motion planning (e.g. using Probabilistic Roadmap Planning or a Rapidly-
exploring Randomized Tree algorithm); and
3. updating the cost table based on the trajectories determined in the motion

planning. -

The procedure illustrated in Figure 4 may be implemented as software running,
for example, as the path planning module 804 of the auto-tramming system 802. Given
an initial cost table 414 and a drilling pattern 412 (for example the drilling pattern 100 of
Figure 1), the SOP solver 402 employs an optimisation algorithm to produce an
approximate solution 410 to the sequential ordering problem. The SOP solver uses an
approximate optimisation algorithm, for example, a genetic algorithm (GA). Given this
solution the motion planner 404 plans and simulates the drill motions required to
execute the sequence derived by the SOP solver 402. The motion planning or
simulation is used by functional module 408 to produce revised costs to update the cost
table. The revised cost table 406 is then fed back to the SOP solvér 402. Because the
suitability of possible solutions obtained by the SOP solver 402 depends on the
associated cost of a tour, the revised cost table results in an improved solution on the
next iteration. This iterative procedure is repeated until convergence is achieved or
some other termination criterion such as maximum number of iterations is met. In one
arrangement, convergence is achieved if the tour with minimum cost remains the same

or within a predefined threshold for two consecutive iterations.

Details of the procedure are provided with reference to the three functional
modules 402, 404, 408 shown in Figure 4.

1. Sequential Ordering Problem (SOP)

A genetic algorithm operates starting with a small set of solutions, the best of
which are selected as building blocks for generating new and better ones. The selection
mechanism is based on a fitness criterion which depends on the problem under

consideration.
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There are various ways of implementing genetic algorithms. For example, a

genetic algorithm for use with the present invention may operate by:

1 Taking an initial population of individual solutions. The initial population may be
selected at random. Alternatively the initial population may be constructed using a

suitable heuristic.

2 Using a fitness function is to rank the importance of each individual in the initial

population.

3 A selection of the higher ranking individual solutions is identified for giving
offspring solutions. Alternatively, the selection may be made by ransom or some

solutions may be selécted based on their rank and others at random.

4 New individual solutions are generated by a reproduction mechanism that
generates a new individual by combining components of the selected solutions (these
components are sometimes referred to as ‘genes"). There are two common types of
reproduction mechanisms, either of which may be used: a cross-over mechanism in
which the genes of two parents are combined to form the offspring; and mutation when

given one parent the offspring is a randomly mutated version of the parent.

5 Optionally a local search improvement algorithm is used to improve the fitness of
the offspring. Popular local improvement methods try to improve the fitness of an

individual by performing 2-opt or 3-opt exchanges among its genes.

6 Steps 2 to 5 are repeated until an end condition is met. The end condition may
be a user-specified number of iterations is reached, a better solution than the best one
found up to the current iteration has not been found in a specified number of iterations
or the improvement made in an iteration, as measured by the fitness function, is below a
threshold level. The highest ranking solution, as determined by the fitness function, is

then identified as the solution.
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In one embodiment, the individual solutions (valid solutions that specify a
complete order of visiting every hole location in the given pattern) are stored using a

precedence binary matrix.

Assume an SOP to be solved with N holes to be drilled or cities using the typical
TSP terminology. A tour through the cities can be represented using an NxN
precedence binary matrix M, which has the following properties encoding a total

ordering of the cities,

a) if the i-th city comes before the j-th city in the tour then the (i) entry iﬁ the matrix
Mis set to 1

b) the (i) entry is set to O for all | such that 1 </< N

c) the numberof 1sin Mis NF-1)

d) If the (i,/) and (j, k) entries are 1 then the (i, k) entry is also 1.

If the number of 1s in the matrix M is less than the number given above, then the
matrix represents a partial ordering of the N cities; adding the remaining number of 1s
without violating any of the above conditions generates a legal tour. Accordingly and
referring to step 1 above, the matrix M may be initialised with solutions using an

Arbitrary Insertion (Al) construction heuristic.

Referring in particular to steps 2 to 4, in some embodiments a crossover operator
is used to generate new solutions from the fittest individuals in the current generation.
For the case of solving an SOP, at each iteration, there is maintained a set of tours or
sequences comprising the set of available individuals that can give offspring. Moreover,
the fitness criterion is set to be a function of a tour's cost and in one embodiment may
equal the tour’'s cost. Selectihg the fittest tours in the current set, a crossover operator
can be used to combine parts of them to generate new tours fhat can potentially be of
lower cost. Selecting an appropriate crossover operator factors greatly in ﬁnvding good

solutions quickly.

In some embodiments a 2-tournament mechanism is used to select individuals
for cross-over according to their fitness values. The cross-over operator generates an
offspring by first propagating the genes from the parents that they have in common as
computed using a Maximum Partial Order metric. It then completes the remaining
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elements of the offspring using the Arbitrary Insertion algorithm which successively
selects at random each of the remaining genes and inserts them in the least cost
position of the partially constructed tour until all genes have been inserted and a
complete individual has been constructed. This mechanism thus does not utilise

mutation or a local search improvement algorithm.

This commonality-based Maximum Partial Order/Arbitrary Insertion (MPO/AI)
crossover operator was introduced in S. Chen, S. Smith, “Commonality and genetic
algorithms”, Technical Report CMU-RI-TR-96-27, Robotics Institute, Carnegie Mellon
University, Pittsburgh, PA, December 1996. In summary, given the precedence binary
matrix M referred to previously, an algorithm for computing the MPO operates by:

1) Given are 2 matrices M1 and M2 representing 2 complete tours through N cities

assuming that both tours start at the same city.

2) Intersect the matrices M1 and M2 to generate the NxN matrix P such that the (i,/)
entry of P is set to 1 only if the (i) entries of M1 and M2 are both 1; it is set to O if
otherwise. Notethat 1 <isNand1<j<N.

3) Sum the columns of P to get the number of predecessors of each city.
4) Build the partial order graph.

4.1) Repeat until all cities have been added to the graph

4.1.1) Find the city with fewest predecessors (bréak ties at random)

4.1.2) Attach city to the predecessor with the most ordered predecessors (break ties at

random).

5) Find the longest path in the graph (break ties at random); this path is the
Maximum Partial Order for the two parents M1 and M2

The MPO tour can be completed using the Arbitrary Insertion (Al) or any other

suitable construction heuristic.

Use of the MPO/AI operator to solve a small SOP with nine holes is illustrated in
Figure 5. The figure shows holes located against a high wall 502 and a crest 504
requiring a starting location C and a desired goal location G. The precedence

constraints for this problem are defined as follows:
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1. Crest (angle-holes): C before B, F before E, and | before H.
2. High-wall (face/adjacent holes): A before D, B before E, and C before F.

These constraints satisfy the established drilling guidelines that holes near a crest or a
high wall must be drilled first. For this example, the cost to travel between any two holes
can be set to the Euclidean distance between them. In this particular case, the cost
table is symmetric. The solution is shown in Figure 5 using arrows and it can be seen
that all the constraints are satisfied by the sequence C-B-F-I-H-E-A-D-G.

Other cross-over operators may be used or optimisation may be performed
differently, for example by a Swarm Intelligence algorithm (see, for example, G. Venter,
“Particle swarm optimisation”, AIAA Journal, pp 1583-1589, 2002). Alternative
approaches include an Ant Colony Optimisation algorithm as disclosed in L.M.
Gambardella, M. Dorigo, “An ant colony system hybridized with a new local search for
the sequential ordinary problem”, INFORMS Journal on Computing 12(3), pp 237-255,
2000.

Computing the optimal sequence is complicated by the fact that with the
exception of special holes the rest can be drilled with the vehicle at any orientation.
Because of this the sequencingv problem is of the Generalized TSP kind; the
Generalised TSP with symmetric costs and no precedence constraints is also similar to
the group Steiner tree problem for which computationally efficient approximate solution
methods exist. However, dealing with asymmetric costs and precedence constraints
add complexity not dealt with by many existing solutions. The drilling problem is a
formulation of the Generalised Asymmetric Travelling Salesman Problem with
precedence constraints for which approximate solution methods exist but may not scale

well to solving large problem instances such as those that arise in mining.

Consequently, to reduce the problem into the easier to solve case of a non-
partitioned graph considering a single configuration at each hole location, a heuristic
method for selecting the orientation of the drill for each hole may be applied. Two
example heuristic methods that may be used are:
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. Fixed Orientation: A fixed orientation for all holes is used. Drill patterns are

designed to be drilled with the vehicle moving in straight lines and facing towards a fixed
direction which is often North, although this depends on the established guidelines for

the particular mining operation.

«  Two-step lookahead: The orientation is set according to the direction of motion

two steps ahead. The order is the one selected in the last tour computed given the most
recently updated cost table. A step is a motion to the next hole in the drilling sequence.
Thus, for example, in the illustrative sequence of Figure 5, assume that the vehicle is at
location C facing North towards location B. Then, the orientation at B after completing
the motion from C to B will be in the direction of location F which is next in the tour or
the second step in motion from C to F via B ( the first step is the motion from C to B and

the second step is the motion from B to F.)

Other heuristics may be used to reduce the number of orientations requiring
consideration. One example includes setting a single orientation for each node at
random. Another example is randomly selecting a set of two or more possible
orientations for each node. Another example is setting the possible orientations as
directed towards the nearest neighbouring drill holes, for example those within a defined

radius of the location of the current node.

Referring to Figure 4, in one arrangement the drill orientation is set between the
SOP solver 402 and the motion planning module 404. Given a drill-hole sequence 410,
a drill orientation is set for each location using one of the heuristic methods, and the

" motion planning module 404 uses the set orientations when generating a path between

drill holes.

A potential problem with the GA approach to solving the SOP is that a
considerable amount of processing time may be required before a good solution is
found. However, the end conditions for the GA can be set so that time taken to solve the
SOP is only a small fraction of the time required to solve the complete sequencing

problem with most time spent on the motion planning (or simulation) component.
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2. Motion planning

The motion planning and simulation module 404 considers the motions and input
commands that would be needed to control the process of travelling between é set of
holes. Motion planning considers both space, in the form of the trajectory to be driven,
and time, in the form of velocity and related derivatives. The problem is non-linear
because, as with a car, the drill cannot move sideways. It also involves local
optimisation because smoother, more efficient motions (e.g. with less jerk and larger
radius turns) need to be selected from a continuous cbntrol set. Local optimisation is
done by factoring machine constraints (i.e. the set of physically achievable operations)

such as:

. Non-holonomic motion: The machine cannot drive along its perpendicular. More

specifically the differential constraint that governs the machine’s position is not

integrable.

. Traction: If the differential between the track speeds is large, the drill tracks may
slip relative to the ground (the drill is a rigid body). This slippage causes wear and adds

to navigation uncertainty.

Within the set of valid solutions, the motion planning 404 selects optimal motions

that factor in operating criteria such as:

. Turning radius: While the drill can technically turn on the spot (i.e. its minimum
turning radius is zero), such motion is undesirable as it involves high forces and
moments which stress the mechanism. Thus it is preferred to turn with larger, smoother

arcs.

. Speed: The tracks drive up to a given speed (for example approximately 1 m/s).

Thus the motion found is not only a valid one, but one that is (approximately)
optimal against continuous motion variables. This can also be done in conjunction with
later optimisations against performance metrics, for example travel distance,

consumables, cost and time.
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The motion planning problem can be approached by modelling the system as a
series of differential equations for which adaptive operation is achieved through
feedback control laws. While such a control theoretic solution efficiently represents the
mechanical limitations in a continuous manner, such a solution is complicated by non-
linearity, boundary conditions, contacts, and environmental obstacles. This can be
treated through bounding the model with piece-wise functions. Alternatively, this notion '
can be extended to transform the problem into a discrete, decision-making problem to

which a search is applied.

This general motion planning problem is normally solved in the configuration
space C which is the space of all possible placements of the moving object. Each
degree of freedom of the object corresponds to a dimension of the configuration space
C. The space C can be separated into free sections Cgee Which correspond to areas
without obstacles (such as drill holes), and unreachable portions can be labelled
Cobstacie- The planner samples space C for free configurations and tries to connect these
into a roadmap of feasible motions. The problem is difficult given the number of
dimensions and coupling of the problem. However, to find a valid solution the full extent
of C is not needed because a (random) candidate solution can be tested for validity.
Hence the notion of sampling-based motion planning, which searches in the local space
(via a local planner that incorporates short-horizon kinematics or dynamics and

differential constraints) from which the total motion plan is assembled.

The Probabilistic Roadmap Planner (PRM) is an efficient and provably complete
algorithm for such motion planning as shown in K.I. Tsianos, |.A. Sucan, L.E. Kavraki,
“Sampling-based robot motion planning: Towards realistic applications”, Computer
Science Review, 1(1):2-11, 2007.

As illustrated in Figure 6, the PRM operates in a two step manner. First, a graph-
search framework is used in which the configuration-space, in the example of drill hole
planning the bench including obstacles, is randemly sampled for collision-free
placements of the vehicle. Where a random sample indicates a collision-free placement,
it is added as a node in a roadmap graph. This is repeated for the required number of
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nodes. The number of nodes is selected as a trade-off between finding a solution close
to the optimal solution and reducing the computation resources required for the PRM.

Then the link between pairs of nodes is calculated using a local motion model,
called the “local planner,” the solution of which factors relevant dynamics and
differential constraints to determine the achievability and metric cost for the randomly
sampled configuration space points by leveraging small-time local controliability (see for
example, S. M. La Valle. Planning Algorithms. Cambridge University Press, Cambridge,
U.K., 2006). Different primitives may be used within the RRT and PRM frameworks
depending on the motion planning requirements. For example, Reeds-Shepp curves
may be used with an RRT planner and Cornu Spiral steering functions may be used
with a PRM planner. Graph-search algorithms, for example, A*, Depth First Search,
Breadth First Search may then be used to determine the solution between the initial and
final configurations. It should be noted that the PRM approach does not explicitly specify

the operating space, local planner, sampling strategy, or search mechanism.

In the example shown in Figure 6, a series of holes 611 have already been drilled
adjacent a high wall 612 and must be avoided. The crest 628 provides another
constraint. The drill has a specified start location 613 and goal location 614. A number .
of sampled states are shown at 615 to 623 and the results of the local planner
connecting them are shown by lines 624. The plan found is shown by dark lines 625.
One of the sampled states 616 is invalid because it is within the safety bounds 626 of
one of the drilled holes 611.

Two of the drill's constraints are that the drill cannot drive sideways, and its
turning speed is limited by the rate of an individual track because the drill turns by
slowing down one of its tracks. Given low speeds, the drill can be modelled as a
“simple” kinematic car moving on a plane. The dril's motion is modelled in both
operation space, that is the global, external (GPS)' location of the drill as described with
reference to Figure 6, as well as cohﬁguration space (the local location and orientation

of the drill on the plane).
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Referring to Figure 7, the motion planner determines the motion in the drill's
configuration space (local position (x,y) and heading (8)) by searching for valid motions

(velocity (v) and turn-rate (w)) that are admissible given the actuator control in terms of
track speeds S for the nearby vicinity. The drill's external, state-space position is

then checked to be valid and obstacle free.

The drill's configuration space is C=(x,y,d). The non-holonomic constraint can

be simplified as
xsin(f)- ycos(@)=0 (1)
and

- (Stfack ; N tfack ) 2)

The drill mechanics limit the track speeds. The control of their motion can be

represented as u = (.4, ) . This can be normalised against the maximum speed to |

give u €[-1,1] which is to say that the drill tracks can go full speed forward or full speed
backwards. However, to reduce skid and stress on the tracks, it is desirable to select

solutions that limit « (i.e. limit the difference between S5, and S, ).

To constrain the drill's motion to a greater than a non-zero minimum turning
radius, for example so that the drill moves about a centre of rotation not on the vehicle,
the drill's motion can instead be modelled as follows. The drill's motion is constrained by
the track speeds (SRyack and S'yack) and the minimum turning radius. Given a baseline,

d, and assuming a left (counter-clockwise positive) turn, a turning ratio is defined as:

SR
K= Stzack (3)

track

The turning rédius, R, can then be written as:
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_d(K+1)
2(K -1)

R

and the angular velocity of the turn can then be written as:

L
= Srmck (K - 1) (5)
d .

As an any-time method, a sequence is always available and with its quality being
improved while the solution is being iterated. Given a user-specified metric (e.g.
minimum operation time), the simulation is used to determine the quality of a sequence

as part of an optimisatibn of the result.

As an alternative technique to PRM for assessing the true cost of travelling from
one hole location to the next, the motion planner may use a randomized motion
planning algorithm such as the bi-directional Rapidly-exploring Randomized Tree (RRT)
algorithm described in P. Cheng, Z. Shen, S.M. La Valle, “RRT-based trajectory design
for autonomous automobiles and space-craft”, Archives of Control Sciences 11 (3-4), pp
167-194, 2001.

The motion planner generates a valid path connecting two configurations of the
drill vehicle modelled using non-holonomic constraints. Because the PRM and RRT
algorithms uses sparse sampling, they are not guaranteed to find the shortest path
between any two configurations (although if given sufficient time and if a solution for the
problems exists, RRTs would be guaranteed to find this solution). A post-processing
step can be used to shorten the computed trajectories. This step generates shorter
paths than the basic algorithm. It can be shown that such multi-goal planners will
converge if the estimated tour cost is not larger than twice the optimal tour cost.

As an example of the post-processing step, consider a PRM planner with a spiral
steering function trying to find a path from state Cliree t0 state C'yee. The planner finds a
path that goes through two intermediate states Clyee and C*fee Such that the solution is

Cifree_)cjf[ee_)Ckfreeéclfree. It iS pOSSible that a dlreCt and shorter path from Cifree to

Ckce eXists such that there is no need to go through Clee. The post-processing step
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tries to find such shortcuts that were missed by the PRM method. So, if a path
Cioe—>Cliee that is shorter than Cliee—>Clree—>C*1ree €Xists, then the final path becomes
Cloe—C eeC—Cliee. The post-processing step may use any suitable heuristic. An
example is dividing a tour into a number of paths, randomly selecting non-adjacent pairs
of states within a path and then applying the PRM planner to that local problem to
attempt to find a better solution. The post-processing step may be limited, for example,
by selecting a fixed number of paths from a tour and a fixed number of pairs of states

within each path.

In some embodiments, the path planning may be performed using a look-up
table, either alone or in combination with a solution to the path planning problem

described above.

Where the bench has previously been travelled by a vehicle, for example a
manually operated vehicle and the path travelled has been recorded, then the travel
path may be entered into a look-up table. For example, the travel path may be entered
as a series of waypoints entered as co-ordinates on the bench. Following completion of
an iteration of the SOP solver, the look-up table is consulted for adjacent waypoints that
correspond to consecutive drill hole locations. The requirement for correspondence
includes a specified tolerance, for example 1 metre in any direction. Where two
waypoints and two drill sites correspond in this way, the path travelled between the
waypoints is used as the path between the corresponding drill sites and the cost of
travel, according the selected cost metric is entered into the updated cost table (see
below). Where an sequential pair of drill sites do not correspond to adjacent waypaints,
or if the trajectory between the corresponding waypoints is not clear (i.e. it directs the
vehicle to traverse an obstacle), then the path planner, for example the PRM planner, is

used to resolve a path as described above.

For some drill hole patterns, particularly those with a well established look-up
table of possible motions through the bench, the number of iterations through the SOP
solver and motion planner may be substantially reduced. In the limit, the SOP and

motion planner may be run once and not repeated.
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3. Updating the cost table

The initial cost table used for the first iteration of the SOP solver may be set as a
lower bound of the cost metric that has been selected. For example, if the cost metric is
distance, then the initial cost table may be set as the straight line distance between drill

hole sites.

The trajectories computed by the motion 'planning module 404, including any
trajectories'determined using a look-up table as described above, are used to calculate
the cost of moving from hole to hole according to the sequence provided by the SOP
solver 402. As previously described, the cost is calculated using épecified metrics that
may, for example, be a fdnction of variables including path length, time required for
trajectory, fuel usage etc. Obstacles and other constraints are encoded implicitly in the
cost table 406.

The updated cost table 406 is fed back as an input to the next iteration of the

- SOP solver 402.

4. General application

The specific algorithms discussed above have been advanced by way of '
example only. It is to be understood that other algorithms may be used in the SOP
solver and/or the motion planner to perform iterative procedures in accordance with the
present invention. Furthermore the application is not limited to drill hole planning, but
can be extended to include, for example, path planning for machines. The iterative
procedures outlined herein may be applied generally to sequential ordering problems in
which a machine has to travel to a series of locations in an environment with obstacles
and in which the machine’s motion constraints affect the travel between points in the
sequence. The described procedures are generally applicable to a variety of vehicle
classes (including, for example, cars, trailers and segmented vehicles). Examples of
applications include allocating machines in underground block caving mining

operations.
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As explained above, the formation of a hole-drilling sequence plan has a number
of characteristics that distinguish it from the standard travelling salesman problem.
These characteristics include asymmetry in cost between locations, precedence of
locations, orientation of the machine and environmental changes caused by the
travelling machine. These characteristics may be present in other ordering problems, to
a greater or lesser extent and the iterative process of the present invention may be
applied to sub-combinations of these characteristics. For example, the use of orientation
as a cost metric may be omitted, so that there is a combination of asymmetric cost
tables, precedence and environmental changes that can be dealt with using the iterative
process as described above. Further examples are accommodating the combination of
precedence and environmental changes, with or without orientation and with or without
asymmetry. In other combinations environmental changes may be omitted from the

constraints.

In addition, further variables may be added to the characteristics without
departing from the scope of the present invention.

it will be understood that the invention disclosed and defined in this specification
extends to all alternative combinations of two or more of the individual features
mentioned or evident from the text or drawings. All of these different combinations

constitute various alternative aspects of the invention.
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Claims

1. A method for producing a hole drilling sequence plan for drilling blast holes with a

mobile drill at locations in a drilling pattern, comprising:

determining an initial cost table of costs of drill travel between drill hole locations

in said pattern;

inputting into a Sequential Ordering Problem (SOP) solver data reflecting said
pattern of locations and the initial cost table to derive by a SOP solving procedure a

potentially optimal drilling sequence;

inputting data reflecting the potentially optimal drilling sequence into a motion
planner to derive by a motion planning procedure a plan of drill motions through the
potentially optimal drilling sequence and revised costs of drill travel between drill

locations resulting from that plan; and

successively repeating the SOP solving and motion planning procedures by

- operation of the SOP solver and motion planner with successive revisions of the cost

table inputted to the SOP solver reflecting the revised costs derived by motion planner.

2. A method as claimed in claim 1, further comprising determining precedence
constraints requiring that holes at certain locations in said pattern must be drilled before
holes at other locations in the pattern and inputting data reflecting those precedence
constraints into the SOP solver so that the SOP solver takes those precedence

constraints into account when deriving the potentially optimal drilling sequence.

3. A method as claimed in claim 1 or claim 2, further comprising determining a
preferred drill orientation for each of said locations and inputting data reflecting the
preferred drill orientations into the motion planner so that the motion planner takes that

data into account when deriving the plan of drill motions.

4, A method as claimed in any one of the preceding claims, comprising motion
constraints to movements of the drill and inputting data reflecting those drill motion
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constraints into the motion planner so that the motion planner takes those motion

constraints into account when deriving the plan of drill motions.

5. A method as claimed in claim 4, wherein the motion constraints include an

obstacle avoidance constraint.

6. A method as claimed in claim 5, wherein the obstacle avoidance constraint

prevents a drill travel path which would result in travelling over an already drilled hole.

7. A method as claimed in any one of claims 4 to 7, wherein the motion constraints
include non-holonomic motion constraints limiting the possible directions of travel of the
drill.

8. A method as claimed in any one of claims 4 to 7, wherein the motion constraints

include limits on maximum speed of motion of the drill.

9. A method as claimed in any one of claims 4 to 8, wherein the motion constraints

include limits on the rate of change of direction of motion of the drill.

10. A method as claimed in any one of the preceding claims, wherein the successive
repetitions of the SOP solving and motion planning procedures are continued until a

predetermined termination criterion is met.

11. A method as claimed in claim 10, wherein the termination criterion is met if
successive plans generated by the motion planner are the same or within a

predetermined threshold of similarity.

12. A method as claimed in claim 10 or claim 11, wherein the termination criterion is
met by completion of a predetermined number of repetitions of the SOP solving and

motion planning procedures.

13. A method as claimed in any one of the preceding claims, wherein the SOP solver

uses a genetic algorithm.
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14. A method as claimed in any one of claims 1 to 12, wherein the SOP solver uses

a Swarm Intelligence algorithm.

15. A method as claimed in any one of claims 1 to 12, wherein the SOP solver uses

an Ant Colony Optimisation algorithm.

16. A method as claimed in any one of the preceding claims wherein the motion

planner uses a Probabilistic Roadmap motion planning algorithm.

17. A method as claimed in any one of the preceding claims, wherein the motion

planner uses a Rapidly-exploring Randomized Tree algorithm.

18. A method of operating an autonomous drill to drill blast holes in surface mining
wherein the drill is caused to execute a driling sequence derived by a method as

claimed in any one of the preceding claims.

19. A method as claimed in claim 18, wherein the autonomous drill is controlled to

execute a plan of drill motions derived by the motion planner referred to in claim 1.

20. Apparatué for producing a hole drilling sequence plan for drilling blast holes with

a mobile drill, comprising:

a Sequential Ordering Problem (SOP) solver to receive data reflecting a pattern
of locations at which holes are to be drilled and a cost table of costs of drill travel
between the drill hole locations in said pattern and operable to derive by a SOP solving
procedure a potential optimal drilling sequence;

a motion planner to receive data reflecting the potentially optimal sequence
derived by the SOP solver and to derive by a motion planning procedure a plan of drill
motions through the potentially optimal drilling sequence and revised costs of drill travel

between the drill locations resulting from that plan; and

a data transfer connection between the motion planner and the SOP solver to

feed the revised costs to the SOP solver whereby the SOP solver and the motion
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planner can perform successive SOP solving and motion planning procedures with
successive revisions of the cost table inputted to the SOP solver reflecting the revised

costs generated by the motion planner.

21. Apparatus as claimed in claim 20, wherein the SOP solver is also able to receive
data reflecting precedence constraints requiring that holes at certain locations in said
pattern must be drilled before holes at other locations in the pattern so that the SOP
solver takes those precedence constraints into account when deriving the potentially

optimal drilling sequence.

22. Apparatus as claimed in claim 20 or claim 21, wherein the motion planner is able
to receive data reflecting preferred drill orientations at said locations so that the motion

planner takes that data into account when generating the plan of drill motions.

23. Apparatus as claimed in anyone of claims 20 to 22, wherein the motion planner is
able to receive data reflecting drill motion constraints so that the motion planner takes

those motion constraints into account when generating the plan of drill motions.

24. Apparatus as claimed in any one of claims 20 to 22, wherein the SOP solver

uses a genetic algorithm.

25. Apparétus as claimed in any one of claims 20 to 24, wherein the motion planner

uses a Probabilistic Roadmap motion planning algorithm.

26. A method for producing a sequence plan for a machine to travel to a series of

specified locations, comprising:

determining an initial cost table of costs of travel between said specified

locations;

inputting into a Sequential Ordering Problem (SOP) solver data reflecting said
pattern of locations and the initial cost table to derive by a SOP solving procedure a

potentially optimal sequence;,
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inputting data reflecting the potentially optimal sequence into a motion planner to
derive by a motion planning procedure a plan of machine motions through the
potentially optimal sequence and revised costs of machine travel between locations

resulting from that plan; and

successively repeating the SOP solving and motion plahning procedures by
operation of the SOP solver and motion planner with successive revisions of the cost
table inputted to the SOP solver reflecting the revised costs derived by motion planner.

27. A computer program comprising machine-readable program code for controlling
the operation of a data processing apparatus on which the program code executes to

perform the method of any one of claims 1-19 and 26.

28. A computer program product comprising machine-readable program code
recorded on a machine-readable recording medium, for controlling the operation of a
data processing apparatus on which the program code executes to perform the method

of any one of claims 1-19 and 26.

29. A method for producing a sequence plan for a series of specified locations in a

configuration space, comprising:

inputting into a Sequential Ordering Problem (SOP) solver data reflecting said
pattern of locations and an initial cost table to derive by a SOP solving procedure a

potentially optimal sequence,

inputting data reflecting the potentially optimal sequence into a motion planner to
derive by a motion planning procedure a plan of motion through the potentially optimal

sequence.

30. The method of claim 29, wherein the motion planner evaluates a previously
recorded path within the configuration space, matches said path with adjacent specified
locations within the potentially optimal sequence and uses said previously recorded

path as part of the plan of motion if there is a match.
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AMENDED CLAIMS
received by the International Bureau on 6th August 2010 (06.08.10)

1. A method for producing a hole drilling sequence plan for drilling blast
holes with a mobile drill at locations in a drilling pattern, comprising:

determining an initial cost table of costs of drill travel between drill hole

locations in said pattern;

inputting into a Sequential Ordering Problem (SOP) solver data reflecting
said pattern of locations and the initial cost table to derive by a SOP solving

procedure a potentially optimal drilling sequence;

inputting data reflecting the potentially optimal drilling sequence into a
motion planner to derive by a motion planning procedure a plan of drill motions
through the potentially optimal drilling sequence and revised costs of drill travel

between drill locations resulting from that plan; and

successively repeating the SOP solving and motion planning procedures
by operation of the SOP solver and motion planner with successive revisions of
the cost table inputted to the SOP solver reflecting the revised costs derived by

motion planner.

2. A method as claimed in claim 1, further comprising determining
precedence constraints requiring that holes at certain locations in said pattern
must be drilled before holes at other locations in the pattern and inputting data
reflecting those precedence constraints into the SOP solver so that the SOP
solver takes those precedence constraints into account when deriving the

potentially optimal drilling sequence.

3. A method as claimed in claim 1 or claim 2, further comprising
determining a preferred drill orientation for each of said locations and inputting
data reflecting the preferred drill orientations into the motion planner so that the

AMENDED SHEET (ARTICLE 19)
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motion planner takes that data into account when deriving the plan of drill

maotions.

4, A method as claimed in any one of the preceding claims, comprising
motion constraints to movements of the drill and inputting data reflecting those
drill motion constraints into the motion planner so that the motion planner takes

those motion constraints into account when deriving the plan of drill motions.

5. A method as claimed in claim 4, wherein the motion constraints include

an obstacle avoidance constraint.

6. A method as claimed in claim 5, wherein the obstacle avoidance
constraint prevents a drill travel path which would result in travelling over an

already drilled hole.

7. A method as claimed in any one of claims 4 to 6, wherein the motion
constraints include non-holonomic motion constraints limiting the possible

directions of travel of the drill.

8. A method as claimed in any one of claims 4 to 7, wherein the motion

constraints include limits on maximum speed of motion of the drill.

9. A method as claimed in any one of claims 4 to 8, wherein the motion

constraints include limits on the rate of change of direction of motion of the drill.

10. A method as claimed in any one of the preceding claims, wherein the
successive repetitions of the SOP solving and motion planning procedures are

continued until a predetermined termination criterion is met.

11. A method as claimed in claim 10, wherein the termination criterion is met
if successive plans generated by the motion planner are the same or within a

predetermined threshold of similarity.
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12. A method as claimed in claim 10 or claim 11, wherein the termination
criterion is met by completion of a predetermined number of repetitions of the

SOP solving and motion planning procedures.

13. A method as claimed in any one of the preceding claims, wherein the

SOP solver uses a genetic algorithm.

14. A method as claimed in any one of claims 1 to 12, wherein the SOP

solver uses a Swarm Intelligence algorithm.

15. A method as claimed in any one of claims 1 to 12, wherein the SOP
solver uses an Ant Colony Optimisation algorithm.

16. A method as claimed in any one of the preceding claims wherein the

motion planner uses a Probabilistic Roadmap motion planning algorithm.

17. A method as claimed in any one of the preceding claims, wherein the

motion planner uses a Rapidly-exploring Randomized Tree algorithm.

18. A method of operating an autonomous drill to drill blast holes in surface
mining wherein the drill is caused to execute a drilling sequence derived by a

method as claimed in any one of the preceding claims..

19. A method as claimed in claim 18, wherein the autonomous drill is
controlled to execute a plan of drill motions derived by the motion planner

referred to in claim 1.

20. Apparatus for producing a hole drilling sequence plan for drilling blast

holes with a mobile drill, comprising:

a Sequential Ordering Problem (SOP) solver to receive data reflecting a
pattern of locations at which holes are to be drilled and a cost table of costs of
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drill travel between the drill hole locations in said pattern and operable to derive

by a SOP solving procedure a potential optimal drilling sequence;

a motion planner to receive data reflecting the poténtially optimal
sequence derived by the SOP solver and to derive by a motion planning
procedure a plan of drill motions through the potentially optimal drilling
sequence and revised costs of drill travel between the drill locations resulting

from that plan; and

a data transfer connection between the motion planner and the SOP
solver to feed the revised costs to the SOP solver whereby the SOP solver and
the motion planner can perform successive SOP solving and motion planning
procedures with successive revisions of the cost table inputted to the SOP
solver reflecting the revised costs generated by the motion planner.

21. Apparatus as claimed in claim 20, wherein the SOP solver is also able to
receive data reflecting precedence constraints requiring that holes at certain
locations in said pattern must be drilled before holes at other locations in the
pattern so that the SOP solver takes those precedence constraints into account

when deriving the potentially optimal drilling sequence.

22. Apparatus as claimed in claim 20 or claim 21, wherein the motion planner
is able to receive data reflecting preferred drill orientations at said locations so
that the motion planner takes that data into account when generating the plan of

drill motions.

23. Apparatus as claimed in anyone of claims 20 to 22, wherein the motion
planner is able to receive data reflecting drill motion constraints so that the
motion planner takes those motion constraints into account when generating the

plan of drill motions.

24. Apparatus as claimed in any one of claims 20 to 22, wherein the SOP

solver uses a genetic algorithm.
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25. Apparatus as claimed in any one of claims 20 to 24, wherein the motion

planner uses a Probabilistic Roadmap motion planning algorithm.

26. A method for producing a sequence plan for a machine to travel to a

series of specified locations, comprising:

determining an initial cost table of costs of travel between said specified

locations;

inputting into a Sequential Ordering Problem (SOP) solver data reflecting
said pattern of locations and the initial cost table to derive by a SOP solving

procedure a potentially optimal sequence;

inputting data reflecting the potentially optimal sequence into a motion
planner to derive by a motion planning procedure a plan of machine motions
through the potentially optimal sequence and revised costs of machine travel

between locations resulting from that plan; and

successively repeating the SOP solving and motion planning procedures
by operation of the SOP solver and motion planner with successive revisions of
the cost table inputted to the SOP solver reflecting the revised costs derived by

motion planner.

27. A computer program comprising machine-readable program code for
controlling the operation of a data processing apparatus on which the program

code executes to perform the method of any one of claims 1-19 and 26.

28. A computer program product comprising machine-readable program
code recorded on a machine-readable recording medium, for controlling the
operation of a data processing apparatus on which the program code executes

to perform the method of any one of claims 1-19 and 26.
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