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Abstract

A PATH PLANNING AND OBSTACLE AVOIDANCE

HYBRID SYSTEM USING A CONNECTIONIST NETWORK

Christopher Emmet Schuster

Automated path planning and obstacle avoidance has been the subject of intensive

research in recent times. Most efforts in the field of semiautonomous mobile-robotic

navigation involve using Artificial Intelligence search algorithms on a structured

environment to achieve either good or optimal paths. Other approaches, such as

incorporating Artificial Neural Networks, have also been explored. By implementing a

hybrid system using the parallel-processing features of connectionist networks and simple

localized search techniques, good paths can be generated using only low-level

environmental sensory data. This system can negotiate structured two- and three-

dimensional grid environments, from a start position to a goal, while avoiding all obstacles.

Major advantages of this method are that solution paths are good in a global sense and path

planning can be accomplished in real time if the system is implemented in customized

parallel-processing hardware. This system has been proven effective in solving two- and

three-dimensional maze-type environments.
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CHAPTER 1

Introduction

An important use for path planning and obstacle avoidance systems is the control of

semiautonomous mobile robots. Robotic navigation involves controlling the movement of

a vehicle from one location to another. While this problem seems trivial for humans, such

is not the case for our electro-mechanical creations. The problem can be further

complicated when travel requires movement through an unstructured, possibly changing,

and complex three-dimensional environment. Currently, most systems in use force the

human operator/ user to constantly control the robot's movement through a tele-operations

link, using wire, radio, or fiber-optics as the information transfer medium. Automating the

basic navigation ability of a robot would greatly simplify the human tele-operation

requirements and allow for greater concentration on whatever task is to be accomplished

when the robot reaches its goal location.

At Rice University alone, the Mechanical Engineering Robotics Group has been

actively investigating alternative strategies for robotic sensing, navigation and control. [See

Weiland (1989), Wu (1989), Norwood (1989), Cheatham (1987 & 1989), Adnan (1990),

and Regalbuto (1988 & 1990).] Possible applications of this technology are:

Semiautonomous navigation control system for the future NASA Mars Rover
exploration vehicle,

Household mobile robotic aids for the severely handicapped,

Automated roadmap routing system for use by police, fire, and ambulance
emergency vehicle drivers, as well as tourists, cabbies, delivery service vehicle
operators, etc,

Mobile robotic vehicle movement control system for travel between and through
building(s) to: deliver parts, mail, sentry/ security patrol, carry people, etc.
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The list above only hints at the possibilities for a reliable automated navigation system

which, when combined with the proper sensor/ feedback apparatus and mobile base, can be

used for a very wide variety of purposes. As an example, Figure 1 shows a layout for one

floor of a small office building. One of the goals of this research is to develop an efficient

path planning system which would allow a robot to travel throughout a similar multistory

building environment to deliver mail, materials, etc.

0 7W

Figure 1

An Example Path Planning/ Obstacle Avoidance Environment

The assumptions made are: 1) there is a sensor/ feedback system in place which

provides simple global environmental binary data input (i.e. represent space as a 3D 'grid'

of obstacle vs. free space unit cubes), 2) the mobile robot is capable of 2D movement in

eight directions (increments of 45 degrees), 3) the data grid scaling is suitable for

considering the robot a point mass (or possible pre-processing of data to expand obstacles

sufficiently to avoid collisions), and 4) other robot control routines are available to
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accurately update current position, handle opening/movement through doors and elevators,

and any other tasks desired.

Traditional methods for path planning and obstacle avoidance control use artificial

intelligence search algorithms on sequential computers, however these algorithms normally

do not provide real time control in a complex or changing environment and most are very

susceptible to problems caused by noisy or incomplete environmental input data. For every

special case, another routine has to be devised and programmed. One powerful

computational alternative is a system featuring components roughly modeled on biological

neural networks. These networks have advantages due to their highly interconnected/

parallel architectures.

The task investigated here is the use of a hybrid electronic connectionist network

system for path planning and obstacle avoidance using only low-level environmental

sensory input data. The system is called a hybrid due to its use of: 1) a combination

binary input/analog output resistive network which can be initialized, with sensory data, to

represent a complex environment (called a connectionist network due to its highly

interconnected nodal structure), 2) a second feed-forward' network which analyses the

output of the connectionist network and provides local path move guidance, and 3)

auxiliary digital control circuitry to handle the path finding procedure from start node to

goal. By properly fixing the voltage outputs for start and goal points, along with

modifying (disconnecting) connections to obstacles, the connectionist network can be

caused to output useful information. The output of the connectionist network can be

analyzed quickly by the second/ feed-forward local-move-finder network and additional

circuitry to yield good path solutions for the given problem. The potential advantages of

using this hybrid connectionist network system are speed, due to the massively parallel

architecture; the ability to function reasonably with noisy and incomplete input; and

efficient handling of changing environmental parameters. Neural-type networks have also
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been found to have an uncanny ability to survive minor damage/loss of internal circuitry

(much like the human brain, which functions even though neurons are constantly expiring).

This research was divided into two phases. First was the design and construction

of a hardware implementation of a modest hybrid connectionist network system, here-on

called the Maze Machine. The machine was built to prove and refine concepts and

demonstrate feasibility for a much more ambitious VLSI implementation. The second

phase of the research consisted of writing the software program AMAZ3D which simulates

the Maze Machine's behavior on a sequential computer and allows for testing of much more

complex navigation problems.

Sample Maze Initialization Key:

S Obstacle

E] Free Space

I•-qGoal

Figure 2

A Specific Maze Machine Problem Environment

The Maze Machine took the first step by solving simple two-dimensional 'maze'

navigation problems. With the assistance of William T. Atkinson, a small scale hybrid

electronic connectionist device was designed and built which can solve a subset of the

desired navigation problem. The subset problem consists of movement through a two-

dimensional environment where only four moves are allowed from a given point. Using

Cartesian space, these directions are plus or minus X and plus or minus Y (later referred to
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as East, West, North, and South respectively). The two-dimensional environment is

further limited to a seven-by-seven grid, or matrix, of possible locations. Each location, or

'node', will be externally designated as. Af four types: 1) obstacle, 2) free space, 3)

goal, or 4) start. The problem environment is graphically shown in Figure 2. Note that

the outer boundary around the maze is also treated as an 'obstacle' region, therefore

movement is constrained to remain in the seven-by-seven maze.

Having a working version of the hybrid system not only demonstrated the validity

of the concepts presented, but also provided the drive to conduct further research into

possible construction of systems with much greater capability. Rather than immediately

attempt the construction of custom analog VLSI chips to extend the capabilities of the Maze

Machine, the second phase of the research consisted of writing a software program to

simulate the operation of the hybrid system on a sequential computer. Thus the system's

capabilities could be greatly expanded and many more tests could be run cheaply, while

only sacrificing the speed advantage that would be gained by a true parallel processing

network system.

The current version of the AMAZ3D program is capable of handling any size three-

dimensional grid-type environment (limited only by the memory capacity of the computer

being used). The allowable move directions from a given point/node have been expanded

to allow for eight directions in the horizontal plane (labeled North, South, East, West,

North-East, North-West, South-East, and South-West) and two directions in the Vertical

plane (labeled Up and Down). These added capabilities allow for the creation of robotic

navigation environments which can reasonably simulate multistory building floorplans

(where the robot takes elevators to reach different floors) or simple modelling of large scale

outdoor terrain.
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CHAPTER 2

Background

The navigation problem can be viewed as a search for a path (from current location

to a goal) through an environment which contains obstacles. There are many different

procedures that have been developed to solve these 'search' problems. Some procedures

focus on finding feasible paths, while more complicated methods concentrate on finding

optimal (i.e. shortest distance, least energy, etc.) paths. Implementation of these

procedures is normally through the use of Artificial Intelligence (AI) software programs on

sequential computers. In recent years, alternative methods, derived from the study of

biological neural networks have been examined. These networks, although structurally

very different, can provide results which closely resemble the good, and some times

optimal, solution path Al methods.

Traditional Search Algorithms Approach

Basic Artificial Intelligence search procedures used to find feasible, and sometimes

good, paths include Depth-first, Breadth-first, Hill climbing, Beam, and Best-first

searches. [See Rich (1983), pp. 71-107, and Winston (1984), pp. 87-100.] These

methods can be used when the length/cost of the discovered path is not critical. The

procedures follow specific algorithms to systematically search for a path from a start

position to a goal position. Figure 3 is an example 'tree'-like roadmap through the space of

possibilities for the 'maze'-type problem. As can be seen, from any given node there are

four (for this example) children nodes/possible moves (to its right). From any given child

node there are again four follow-on moves that can be made. The basic search procedures
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listed above use different algorithms, but all result in the determination of a complete pa:h

from designated start to goal positions. For each method, ff a solution exists, it will be

found. However, there is no guarantee that it is the shortest/ optimal path. These

procedures will also vary in the amount of time/ wasted steps taken before a feasible path is

found.

Some. Possible Later Moves
Possible First (NOT AIL)

Moves

Start
Node

Figure 3

Diagram of Expansion of Potential Moves for Search Algorithms

To aid in understanding these search procedures, the Breadth-first algorithm will be

explained in greater detail. The basic algorithm is shown in pseudo-code below:

To conduct a Breadth-first search: [Winston (1984), pp. 95]
1. Form a one-element queue consisting of the start node.
2. Until the queue is empty or the goal has is reached,

determine ff the first element in the queue is the goal node.
2a. If the first element is the goal node, do nothing.
2b. If the first element is not the goal node, remove the

first element from the queue and add the first element's
children, ff any, to the back of the queue.

3. If the goal has been found, announce success; otherwise announce failure.
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Breadth-first search looks for the goal node among all the nodes at a given level (equal

number of steps from the start node) before using the 'children' of those nodes to push on.

The procedure would then move on, level by level, until the goal is found, or no more

moves are possible.

Procedures used to solve for optimal paths include Random-Exhaustive-Search

(British Museum), Branch-and-Bound, Dynamic programming, and the A* search

methods. [Winston (1984), pp. 101-113, Rich (1983), pp. 73-86] These procedures are

utilized when it is important to minimize the length (or cost function) of the path. The

Random-Exhaustive-Search approach finds all possible paths and then selects the best one;

therefore, it is a very computationally expensive method. The A* procedure is designed to

work efficiently, that is to say that it discovers an optimal path while expending minimum

effort in finding the path. The A* search is much more efficient than the Random-

Exhaustive-Search method and is really a combination of the two other mentioned optimal-

path search procedures (Branch-and-Bound and Dynamic programming). The A*

algorithm is shown in pseudo-code below:

To do A* search with lower-bound estimates: [Winston (1984), pp. 113]
1. Form a queue of partial paths. Let the initial queue consist of the

zero-length, zero-step path from the start node to nowhere.
2. Until the queue is empty or the goal has is reached,

determine if the first path in the queue reaches the goal node.
2a. If the first path reaches the goal node, do nothing.
2b. If the first path does not reach the goal node:

2bl. Remove the first path from the queue.
2b2. Form new paths from the removed path by extending

one step.
2b3. Add the new paths to the queue.
2b4. Sort the queue by the sum of the cost accumulated so far

and a lower-bound estimate of the remaining, with least-cost
paths in front.

2b5. If two or more paths reach a common node, delete all those
paths except for the one that reaches the common node with the minimum distance/ cost.

3. If the goal has been found, announce success; otherwise annountee failure.
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A* pursues the most-likely shortest path by first checking all of the nodes that immediately

follow the start node and creating a prioritized queue based on an estimated total distance to

the goal node. Then it takes the (assumed) best partial path and creates new path

extensions based on its new state. A* then resorts the queue of partial paths with least cost

paths in front. (For extra efficiency, A* also removes redundant / inefficient partial paths

which lead to the same node in the queue.) These checks continue as A* compares the

lengths of the paths (i.e. the total known distance travelled plus the estimated distance

remaining) and moves along the shortest path to the goal. Note: 1) A* will find the

optimal path if the 'estimated' distance remaining to the goal is a lower bound on the actual

distance. 2) A* wastes time when it checks potential paths that result in dead ends. 3)

The performance of A* is dependent upon using reasonably accurate estimated distances

between nodes. 4) The Random-Exhaustive-Search's disadvantage, as stated earlier, is

that it is very computation/time-consuming.

Summary of Al search procedures: [paraphrased from Winston (1984), pp. 131]

Depth-first and Breadth-first search are the simplest procedures. Both may be
considerably less efficient relative to more 'informed/ heuristic based procedures.

Hill climbing is a more informed procedure that explores 'tree' branches in the
order of their heuristically guessed plausibility. Hill climbing shares a problem
with its cousin, Depth-first search, in that a wrong decision early on can lead to
useless wandering later. Hill climbing can also run into trouble if local maxima
exist in the problem environment.

Beam search is a modification of Breadth-first search in which only the best nodes
at any level are retained for further search. Beam search may fail to find legitimate
paths.

Best-first searches push forward from the most promising open node yet
encountered.

Branch-and-Bound search is a fundamental procedure for finding optimal paths.
The basic idea is to extend the developing 'tree' from the end of the least costly
partial path. Branch-and-Bound search is often improved through the use of
estimates of distances remaining to the goal and by eliminating redundant paths to
intermediate nodes, thereby becoming A*.
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Several recent papers are included in the bibliography which concern topics which

relate to path planning using variations of the traditional search methods. Regalbuto (1990)

uses the A* algorithm as part of a control system for a mobile robot designed to help the

severely handicapped. Mitchell (1988) reviews several methods for optimal path planning

(including A*) combined with computational geometry terrain analysis techniques.

Badreddin (1990) use a Best-first algorithm in combination with a geometrical and logical

model of the environment and an associative memory for storing the paths. Tilove (1990)

experimented with the Hill climbing search algorithm as part of a mobile robot local

obstacle avoidance system based on the method of potential fields.

A Neural Network Approach

An interesting alternative to the traditional Al search techniques, all of which require

large computational efforts on sequential computers, is the use of a customized artificial

neural networks. The reference to neural networks comes from the study of biological

neural networks such as the human brain/ nervous system.

Due to billions of highly interconnected neurons, the human brain is capable of

solving complex problems, such as pattern recognition, very quickly. Many such tasks are

still beyond the capabilities of our best algorithms even when implemented on the fastest

supercomputers. The key difference is the use of a large number of simple processing

elementg (neurons) in parallel as opposed to a single complex central processing unit

(CPU) handling information in a sequential manner. It should be made clear that no current

artificial neural networks even slightly approach the complexities of the human brain,

however significant advances in perception, cognition, and adaptation have been made by

exploiting some of the features of the biological networks.

The basic building block of a biological neural network is the neuron. A neuron is

a cell in the nervous system with the special characteristics of electro-chemical excitability.
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Due to this excitability, the cell is able to conduct and process information. Figure 4 shows

a sketch of a typical biological neuron, with key components labeled.

Dendrites•

A Synapses

Figure 4

Biological Neuron

Main components of a neuron are: [See Wasserman (1989), Appdx. A, and Mead (1989),

Chap. 4, for further details.]

Synapses: junctions which form (usually) between the terminals of an axon and
the dendrites of other neurons. They allow passage of information/ signals between
cells.

Dendrites: 'tree'-like extensions/processes, which receive signals from other
cells at junction/ connection points called synapses.

Cell body: essentially averages the various signals received by the dendrites, thus
determining the cells excitation level (if the signal average over a short time interval
is sufficiently large, the cell 'fires').

Axon: when the cell 'fires', a pulse is produced down its axon that is passed as

signals to succeeding cells.

Note that hundreds of neuron 'types' have been identified, each with a distinctively shaped

cell body and found to exhibit important functional specializations.
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The information processing in the brain consists of a combination of chemical

signals sent across the synapses and electrical signals within the neuron. It is the complex

action of the cell membrane that creates the cell's ability to produce and transmit both kinds

of signals. Note that the 'firing rate' of a neuron is determined by the cumulative effect of a

large number of excitatory and inhibitory inputs, roughly averaged by the cell body over a

short time interval. In this way, the neuron signal is 'pulse-rate' or frequency modulated.

Inputs Node j Output(s)

X(1,j) W(1j)

W(2,j)O
X(2,j) - fct[X(Xij*Wij) - 8] [

X(m,j)

Figure 5

Artificial Neuron Model

Figure 5 shows a model of an artificial neuron. This model was designed to mimic

the first-order characteristics of the biological neuron and is typical of the type currently

being used in most neural network research. This sample neuron (Node j) has several

inputs (Xij) with associated weights (Wij), a fixed threshold (e), and an output (Yj)

(which may even reverberate back to Node j). Note that the function (fet) which is applied

to the sum of the inputs multiplied by their weights and then modified by subtracting the

threshold is normally a non-linearity function. Early/ simpler models often used the 'sign'

function (hard-limiter) shown below:
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sig function sn(x)

(Hard-Limiter)

For discrete time (and assuming the 'sign' non-liaear function) the neuron model's output

can be described mathematically as:

Yj(t+ At) =sgn ijXi(t)-O

Other non-linearity functions, such as and the sigmoid/ logistics function (which allows a

range between 0 and 1), are used more often now due to improved modelling

characteristics and continuous differentiability.

, Nodej uu

External JiX)
input Rj R

inputsI

• f~xx)

xi

Figure 6

An Electrical Circuit Neuron Model

An electrical circuit model for a basic (additive subclass) neuron is shown in Figure

6. It can be mathematically described by the following equation: [ref: Ogmen (1989)]
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CjdXj =__ jj[ jX
Sdt Rj m- ii~j

So far the neural network background review has covered a single neuron.

Although understanding a neuron's function is very important, the 'power' of neural

networks comes from their parallel/highly-interconnected structure, memory, and learning/

adapting capabilities. While the interconnected structure is visually obvious, the memory

of a network is hidden in the values of the connection weights and thresholds. No

individual neuron is used to store a complete 'single-memory', rather the network as a

whole responds to its input by producing a global (across the network) response based on

all stored connection weights and threshold values. Learning by the network involves

modifying these weights and thresholds to adapt the response to given input(s). An

example of a simple binary network which has been trained/taught to solve the classic

EXclusive-OR logic function is shown in Figure 7. The connection weights and neuromn

thresholds have already been set.appropriately, based on the input versus the desired output

set. (Here the nodal non-linearity function consist of outputing a 0 or 1, depending on the

False or True result of the threshold inequality, respectively.)

Inl 1XOR Table

=1 Input Output
Inl In2 Out

tor 0 ut 0 0 0w=1 w=l 0 1 1

In2 1 0 12:1 (ntuonoupus re0 ro) I 1 0

Figure 7

Binary Neural Network Taught to Perform EXclusive-OR Function
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Several recent papers are included in the bibliography which concern topics relevant

to using artificial neural networks for navigation. Norwood (1989) uses an neural-type

network to create potential fields as part of a robotic path planning/ obstacle avoidance

system. Hopfield (1985) uses recurrent networks to solve the classic Traveling Salesman

Problem' (results are not guaranteed to be optimal, yet 'good' solutions are reached rapidly

for even very complex cases). Badreddin (1990) uses an associative memory (often

implemented as neural networks) to store available paths in connection with a geometrical

and logical environmental modelling scheme. Hutchinson (1988) uses a combination

analog/ binary resistive network for computing optical flow as part of a biological early

vision model.
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CHAPTER 3

Hybrid Network System for Navigation

As stated earlier, a goal of this research project is to design and build an electronic

connectionist network system which will solve a specific two-dimensional maze-type

navigation problem. To solve this problem a hybrid system was designed which contains

two separate and very different network structures brought together with a supervisory/

control system. The first network processes the environmental sensory input using a

binary input/ analog output resistive 'connectionist' network. The output of the

connectionist network is repeatedly analyzed by the second network, a small feed-forward

analog input/ binary output network, which determines the local path moves.

Sensory Analysis Connectionist Network

Connectionist
Network

Grid
Pattern

isample node (iJ')

Figure 8

Connectionist Network Structure
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The first network consists of a seven-by-seven grid of simple processing 'nodes' as

shown in Figure 8. Each node is connected to its four nearest neighbors and receives

external input setting it as one of the four types mentioned earlier (obstacle, free space,

goal, or start). A sample neighborhood for the sample Node ij is shown in Figure 9. The

inputs to this network designate each node as either obstacle, free space, goal, or start.

Output 'i (Analog)V[i~j] t (nlg

SampleNeighborhood I/

j- +

Input ij (binary & tri-stat)
M[ij] & F[ij]

Figure 9

Connectionist Network Sample Node

A computationally convenient choice for the input is by way of two seven-by-seven

matrices. Matrix M (Maze Mask Matrix) contains elements which are set to 0 if the node is

an obstacle and a 1 if it is a free space, goal, or start. The second matrix, F (Forced Nodes

Matrix) contains tri-state elements. A goal node is represented by a 1, the start and obstacle

nodes are represented by a -1, and free space nodes are represented by a 0. The network's

output is represented by an analog seven-by-seven matrix V. Elements of V range

anywhere between -1 and 1. V represents an 'energy potential' map of the maze. The

values of forced nodes are known 'up-front', however a free space node's output is the
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average of the outputs of its four nearest neighbors which are non-obstacle or non-

boundary region. Optionally, matrix VSE, which is equivalent to V except that the range

of its elements are GND (0) to VCC, provides network output using the same scale as the

electronic implementation. Based on the roove input definitions we can analyze the output

for any given Node ij (at row i, colunn j). The possible outputs are:

Goal
Vij = 1 (VCC for electronic implementation)

Start / Obstacle
Vij = -1 (GND, 0 for electronic implementation)

Free Space
1: VkliMkl

vj neigb'aors
Vij= Mkl

neighbors

where neighbors (kl) are the four nearest nodes:
(i-1, j) up
(i, j+l) right
(i+l, j) down
(i, j-1) left

Note: If a free space node is surrounded by four obstacle nodes, this equation
would result in division by zero. This can be corrected with a conditional test
where if I Mkl = 0, then arbitrarily set Vij = -1. This does not cause a problem
for the electronic implementation, since suc a node (which would have a 'floating'
value) would never be reached by the solution path.

A 'General Node Output Equadion' can be represented by: (see Note above)

I kI kl
Vij="eighbors "- -- + Fij

t neig hMko ]
neighbors
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An examination of the general output equation makes it clear that computing the output for

this network consists of solving forty-nine simultaneous linear equations of up to forty-

seven unknowns (assuming the case where there is one goal, one start node and no

obstacles). The solution will take some time on a digital computer, however it is almost

instantaneous on the parallel processing network. For the optional output matrix VSE, the

General Node Output Equation (to simulate the electronic implementation) can be described

by: (see Note above)

"(l VkMk'l
VSEi. - neighbors Fi ---VCC Vcc

I Mk -• 2
neighbors j I

Vcc is the source/ supply voltage for the electronic implementation.

Local-Move-Finder Network

Input Hidden Layer OutputLayer Layer

(analog) (binary)

V[i-lj] North

V[i,j+l] East

V[i+lj] South

V[i~j-1] Ws

Figure 10

Local-Move-Finder Network Structure
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The second network consists of a three-layer feed-forward system with fourteen

nodes (4 input, 6 hidden, and 4 output). In the input layer, four nodes receive analog

inputs f'om the previous network through a control circuit which selects the four neighbor

node outputs for any 'given' current location. The network processes the input through six

hidden nodes and the four output nodes provide the information as to the 'best' move

direction from the current position (a 'winner-take-all' binary output signal). Figure 10

shows the structure for this network.

Input Hidden Output
Layer Layer Layer

vi IOnl Znl
MIMI 'node m Zn2 node n

ThresHmHOm 1n ThresOn OUTn
IE~n2 HOU OU

I~m2 1In3

Figure 11

Local-Move-Finder Network Sample Nodes

Figure 11 shows a sample node from each layer of this network. General output

equations for the nodes of each layer can now be derived. The Input Layer (node 1) is

purely a distribution layer, takcng its analog input signal and channeling it to three

destination nodes of the second (hidden) layer. Each Hidden Layer Node (example node

m) receives two inputs: IHml and HmI2. Each input is multiplied by its appropriate

weight ,Wml or Wm2, and these values are then summed. We subtract the threshold

value, ThresHm, from the input sum and then apply the sign (Non-Linearity) function to

this value. Thus if the value is negative, the output from the Hidden Layer would be

HOUTm = -1; if the value is positive, the output would be HOUTm = +1. For this

particular application, set Wml = +1, Wm2 = -1, and ThresHm = 0. This results in a
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simple comparator node, where the output is 'high' if the first input value is greater than the

second and 'low' if the first input is less than the second. Thus the output from a Hidden

Node can be described by:

HOUTm = SGN[X(IHmi)(Wmi) - ThresHm] = S(C-N[IHml - IHm2]
i=1,2

where ThresHm = 0
Wml =+ 1
Wm2-= -1

In the Output Layer, each node (example node n) receives three inputs: OHnl,

OHn2 and OHn3. Each input is multiplied by its appropriate weight: Znl, Zn2 or Zn3.

These values are then summed. Next, the threshold value, ThresOn, is subtracted from the

input sum and finally the sign (Non-Linearity) function is applied to this value. Thus if the

value is negative, the output from the Output Layer would be OUTn = -1; if the value is

positive, the output would be OUTn = +1. For this particular network, set ThresOn = 2.5

and the three weights appropriately to +/- 1 to match the three-input AND gates of Module

4 in Appendix A (-1 for AND inputs with inverters). Thus, the Output Layer's nodes

output become:

OUTn = SGN[X(IOni)(Zni) - ThresOn]
i=1,2,3

where ThresOn = 2.5
Znl = +/- 1
Zn2 =+/- 1
Zn3 = +I- 1

And individually:

OUTI = SGN[ I011 + 1012 + 1013 - 2.5]

OUT2 = SGN[ - 1021 + 1022 + 1023 - 2.5]

OUT3 = SGN[ - 1031 - 1032 + 1033 - 2.5]

OUT4 = SGN[ - 1041 - 1042 -1043 - 2.5]
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CHAPTER 4

Hardware Implementation of Hybrid System

Chapter 3 covered the theory behind the two network architectures proposed for use

in navigation control. This chapter covers the actual implementation of the hybrid system

using electronic hardware. The resulting device was named the 'Maze Machine'. It

consists not only of the two networks, but also the accessory electronic interface circuitry

(required for a simple stand-alone system) needed to provide the inputs, multiplexing,

control, and path display of solutions.

The Maze Machine

Maze Input - Plugs/ Sockets

Digital Indicator

Move Direction LEDs

User CnO:
- manual current node address input
- auto moN e/ step cycle button

-12UP ~- clear display

Figure 12

Sketch of Maze Machine

The design and construction of the hardware system resulted in the device shown in

Figure 12. It is slightly smaller than a 'bread box' and is a self contained unit capable of
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solving the seven-by-seven grid 'maze' problems explained earlier. The device was

constructed using six 'modules' that, when properly inter-connected, make up the Maze

Machine. Figure 13 shows a block diagram of the layout and information exchange

characteristics of the system modules.

Module 1 - Inputs Module 2

Maze Mask (initialization) Connectionist
Obstacle vs Free Space 9 Network
Goal node Vol Po t
Start Node Input Volt. Potentials

DtoA
External Control Inputs

CYCLE control 49 analog
Auto/ Manual
Manual Node Input
Memory Clear %

digital 3 control, 6 di Module 3 - 1 CVolt. Pot.
dgtl 6 address) 6dgital MultplCurrentogaddress analog Node

Mýodule 5 -adn eI
Move Control 4 analog

F Volt. pot~s

6 digital% (49 PATH LED, 4 digital
6 current node, move dir Module 4
4 direction lines, lines Local-Move-Finder
1 memory clear) L Network

Module 6 - 1 Move Chooser
Output Display AtolD

Figure 13

Block Diagram of Electronic Hybrid System

For detailed graphical views of the individual modules see Appendix A, Maze

Machine Electronic Module Diagrams. For module/ IC chip wiring/ connection information
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see Appendix B, Maze Machine Module Wiring Tables. For a parts inventory and

assembly notes see Appendix C, Maze Machine Tools/Parts Required. What follows is a

module by module description of the design and operation of the Maze Machine:

Module 1 - Input) This is the input block (hand-placed electrically-wired

plugs which fit into sockets of Module 2). Four kinds of plugs are used to represent the

four possible conditions of a node: obstacle, free space, goal or start. The particulars for

each of the four node types are: 1) for an obstacle node (and also the outer boundary),

force the node voltage output to GND and disconnect its resistor connection links to its

neighbors, 2) for a free space node, allow the node voltage output to 'settle' on the

average value of the neighbor nodes influencing it (while also allowing its output to

influence its neighbors, i.e. recurrent behavior), 3) for the goal node, force the node

voltage output to VCC (source/ supply voltage) and allow it to influence its neighboring

nodes, and 4) for the start node, force the node voltage output to GND and allow it to

influence its neighboring nodes. (user controlled binary data) (see Appendix A, Figure A1)

Module 2 - Connectionist Network) This network consists of 49 wired

sockets interconnected by 100 k.Q resistors. These nodes receive binary inputs through the

input plugs and the nodes provide appropriate output 'voltage potentials' (analog) derived

as a function of the various external inputs and the interconnections between neighboring

nodes. Note that no pins within a node socket are connected to each other until one of the

four plugs of Module 1 is inserted. (binary to analog) (see Appendix A, Figure A2 & A3)

Module 3 - Multiplexer) This module is a multiplexing circuit which

receives the 49 analog 'voltage potentials' from Module 2 and the current binary coded

decimal (BCD) location address (representing the robot's position in the maze) from the

Move Control Module. The module's output consists of five lines. The first four lines

carry the 'voltage potentials' of the four nearest neighbors of the current node to the Local-

Move-Finder Network, Module 4. The fifth line provides the current node's 'voltage
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potential' as a separate (external) output for test verification and review. (analog+binary to

analog) (see Appendix A, Figure A4 & A5)

Module 4 - Local-Move-Finder Network) This network takes the four

analog 'voltage potentials' from the Multiplexer, Module 3, and provides as its output four

binary lines which tell the Move Control Module and the user which direction, of the four

possibilities, shows the greatest voltage increase and is thereby the 'best' move (locally).

As with the network design, the comparison is internally done in parallel for speed

advantages. (analog to binary) (see Appendix A, Figure A6)

Module 5 - Move Control) This module provides the cycle control which

steps the machine through the navigation solution path, one step/ move, at a time, by

providing the appropriate current location address to the Multiplexer Module and updating

the current location, as required, based on the Local-Move-Finder Network Module's

output. This module can be provided with manual/ user controlled external inputs for

setting the current address to any desired value for running special tests (see Appendix D,

Procedure for Running Maze Machine Auto-Path Test). This circuit also sends the current

address to the Path Output Display Module. (binary) (see Appendix A, Figure A7)

Module 6 - Path Output Display) This module contains multiplexing

circuitry and 49 RS flip-flops, one per node. It controls an array of 49 LEDs which

display the solution path (and the intermediate moves as the path is being generated).

(binary) (see Appendix A, Figure A8)

Note: The plugs and sockets of Modules 1 and 2 are an awkward system used for its

relative simplicity and low cost. Figure A9, Appendix A, shows an alternative which

replaces the plug and socket nodes with a set of wired IC chips (3 off-the-shelf CMOS

chips required per node). These nodes would be controlled through flip-flop memory

which could be quickly initialized with test input data using a serial computer interface.
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Maze Machine Results

Key:
Optional Path 1

(17 moves)

F, Optional Path 2
(13 moves)

Optional Path 3
(11 moves)
(Shortest!)

Figure 14

Sample Maze Machine Test Problem Analysis

The Maze Machine was tested using a variety of sample 'mazes'/ path planning and

obstacle avoidance problems. The machine consistently provided good (often optimal)

solutions based on the environment and assumptions imposed. Figure 14 shows a typical

test 'maze', along with all possible solution paths.

1 2 3 4 5 6 7
1 0.00 6.86 6.86 6.86 8.03 9.29 10.53
2 6.72 6.76 0.00 5.60 0.00 0.00 0.00
3 6.62 0.00 4.44 4.45 4.07 3.80 0.00
4 0.00 0.00 0.00 3.47 0.00 3.51 3.20
5 1.33 1.72 2.13 2.56 0.00 0.00 2.91
6 0.87 0.0 0.00 2.06 0.00 2.40 2.70
7 44 Start 0.80 1.6 .8 2.12 20

Table 1

Voltage Potential Table for Maze Machine Sample Test Problem
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Table 1 shows the nodal voltage potentials for this problem. The solution path is

highlighted in bold print. (Reference Appendix E, Maze Machine Test Data and Results,

Test 4 -Table E6.) The path selected by the Maze Machine for this particular test was

Option Path 3 (which was shortest/ optimal).

in the -sts ran, the environment defined usually contained more than one feasible

path (from start to goal). After setting the environment (by defining start, goal, free space,

and obstacle nodes), voltage readings were taken for each node. As expected: 1) an

obstacle had a voltage output of GND/ 0 volts (note that the boundaries were treated as

obstacles), 2) the start point also had an output of GND/ 0 volts (it differed from obstacles

in that the start point outputs its 'forced' voltage to its neighbors), 3) the goal was set/

'forced' to source voltage, VCC/ approximately 12 volts, and 4) the free spaces had

voltage readings ranging from GND to VCC volts. Next, the path was determined step-by-

step, beginning at the start node. For each move, the voltage difference between the

'current' node and its four neighbors (i.e. north, east, south, west) was analyzed. The best

(local) move was selected as being in the direction of the greatest voltage increase. By

following the path of greatest local voltage increase, the path that #" ae Maze Machine would

select could be determined.

After sampling the voltage outputs, each actual test was run on the Maze Machine.

As stated earlier, in each case, the machine successfully navigated the maze andl avoided

obstacles while selecting a good (best, from a local voltage increase basis) path. The path

selected was indeed the same path that was found by following the path of greatest local

voltage increase from the recorded voltage potential table. This electronic hybrid network

system successfully solved the two-dimensional navigation problems that were presented.

See Appendix E for the nodal voltage potentials and the machine's results for several

sample mazes/ tests.
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Chapter 5

Software Simulation of Hybrid System

The design and construction of the Maze Machine was the first phase of this

research project. This device successfully demonstrated the real-time navigation control

capability of the described hybrid network system. The plan now called for. 1) going

beyond the seven-by-seven grid limitation, 2) allowing an option of eight possible

horizontal moves from a given node (thus allowing the robot diagonal travel), and 3)

allowing option of vertical (3D) movement (such as travel up and down a building's

elevator). To build a reasonably sized system in hardware would likely require extensive

use of custom analog VLSI technology. Rather than expend this large effort/ cost, the

second phase of research consisted of writing a software program which could simulate the

output characteristics of the parallel-architecture Maze Machine, while also permitting the

extended capabilities mentioned above.

It should be made clear that this chapter describes a simulation for the desired

system. A main advantage mentioned earlier, that of real-time control, is lost due to the

serial/ iterative processing required for such a software based system. Note that the Maze

Machine's connectionist network almost instantly 'settles' on stable nodal voltage potential

outputs (no matter what the size of the grid environment, 2D or 3D), while the software

program must process/ compute a large number of simultaneous linear equations (i.e. 49

equations of up to 47 unknowns for the 7-by-7 grid problems) in an iterative fashion.

Thus the software solution is very time consuming and its efficiency is highly effected by

the problem complexity/ grid size being analyzed, the memory capacity, and speed of the

computer/ CPU being used.
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The AMAZ3D Program

The result of the software simulation effort is a program named AMAZ3D. The

source code was written in FORTRAN77 and has been successfully compiled and run on

various computer systems (Macintosh PC, SUN workstation, and UNIX based network).

The main program AMAZ3D.f, along with its subroutines, comprises the complete

sequential computer simulation for the hybrid connectionist network system used for path

planning/ obstacle avoidance. Some of the program's organization and operation show

similarities to the traditional search algorithms mentioned in Chapter 2, Background (i.e.

the Local-Move-Finder Network has been replaced by a Best-first search routine). The

outline for AMAZ3D is shown in pseudo-code below:

To find a good path using AMAZ3D:
1. Enter program preferences.
2. Input problem parameters, environmental data, start and goal positions.

2a. Allow for modification of parameters and problem inputs.
3. Initialize nodal array. Set: free space = GND (initially),

obstacles = GND,
start = GND, &
goal = VCC.

4. Calculate values for nodal voltage potentials by 'setting'
free node Vouts to average of non-obstacle neighbors.
4a. Until # of iterations or accuracy is reached, return to 4.

5. Output # of iterations and error estimate.
6. Initiate PATH with current node position = start position.
7. Calculate path:

7a. If current position = goal position, go to 8.
7b. Determine move direction (DIR),

based on 'best' (local) move from current position.
7b1. If no volt increase move exists, announce failure, go to 9.

7c. Update PATH with new current position, based on old + DIR.
7d. Update path length info, return to 7.

8. Announce success, output PATH/ Problem Solution.
9. Return to 1. or exit program.

The actual AMAZ3D program reads in three data files:

1) amaz3d.prf [A preferences file for. a) describing the screen output device
number; 6 for IBM PCs/ SUN workstations and 9 for the Macintosh PC
and b) FILEDF, the default file-name for the assumed input parameter
file.],
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2) FILEDF or file-name entered by user [A parameter file which provides
key information to the program. All parameters but the sensory data file
array dimensions and FILEM, the initial node declarations file, can be
modified later by the user within the AMAZ3D program.],

3) FILEM [Sensory data input file, name provided by above mentioned parameter
file, which provides AMAZ3D program with initial environmental sensory
data for the nodal array which was dimensioned through FILEDF entries.].

Note: In the software program it is convenient to enter the free space versus obstacle
environmental-data as an array, the start and goal node positions as vectors, and several
other program preferences as appropriate variables.

The program accomplishes its simulation of the parallel processing connectionist

network by starting out with an initial unstable network output state. (Goal node set to

VCC, all other nodes initially set to GND. Note that obstacle nodes are disconnected/

isolated from their neighbors.) Next AMAZ3D iteratively updates/refines the network

towards a stable output array state. One iteration consists of resetting each free node's next

state to the average value of its 'connected! neighbor nodes' current states. In this way,

after numerous iterations, the output array state of the nodal network will approach a stable

value (with free node values between GND and VCC). The iteration stop/ cut off can be

set to a maximum number of iterations or to a maximum allowable single iteration nodal

change value.

After the network system has stabilized (to an acceptable degree), other subroutines

(described individually in Appendix F) are used to determine the actual path by using a

step-by-step examination of the current position node's nearest neighbors and selecting

moves which follow the path of greatest local nodal value increase.

Since this program is only a simulation of the desired parallel processes of the Maze

Machine, it has the unique feature of being able to provide the number of steps for (globally

optimal) minimum-distance solutions to the path planning problems presented. This is

accomplished by adding a step to the iterating process which checks to see if any of the

start node's nearest neighbors have been disturbed (i.e. if any of their output values change
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from their initial GND value). If a disturbance is detected, the program alerts the user with

the current number of iterations and presents the opportunity to stop the iterative process

and move directly to the localized path-finding subroutines. The user-alert occurs at the

minimum distance number of steps due to the fixed unit grid structure of the connectionist

network. Since all inter-node connections are assumed to be of equal distance, the

'voltage' disturbance radiating out from the goal will travel an identical distance in all

allowable directions from the goal for any given number of iterations. Therefore, the

shortest distance between goal and start will provide the earliest disturbance to the start

node's neighbors. If the iteration process is now stopped, the network will not have a

chance to 'settle' but will still provide a good path solution. (Note that the actual paths are

still found using the local optimizer routine which may provide non-optimal global

solutions due to forks in the potential paths.) This extra check step in the iteration process

can be described as a Breadth-first search technique (refer back to Chapter 2, p. 7 for

pseudo-code) which has been conditioned to allow only equal length moves, thereby

making the first path length detected also the shortest path by definition.

Finally, the program provides subroutines for displaying the path information in

two formats: 1) a step-by-step move list, which provides each path nodes' grid location

along with the direction to move and 2) a printout of the entire nodal environment with the

path steps highlighted by numbers counting up from 1 to 9, then a 0, and starting again at 1

(this count cycle is used to minimize the size of the output printout, while still keeping

critical information about move direction). (See Appendix F for AMAZ3D.f source code

listing, and Appendix G for sample problem outputs.)

Note that to keep the program memory requirements reasonable for a

microcomputer, the maximum sized sensory data input file has bee.' limited to a three

dimensional array of 80 rows by 80 columns by 8 layers of height (which requires

approximately 1 Mbyte RAM). These values are arbitrary, of course, and can be changed
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in the variable declaration statements of the program source code before compilation; the

only limitation is memory availability. Also note that two types of obstacles have been

allowed for: 1) 'normal' obstacles are set to OND and are isolated from their neighbors in

the network (i.e. do not influence the neighbors' nodal valae outputs) and 2) 'connected'

obstacles which have the same characteristics as the start node (i.e. set to GND but left

connected to the network so that their influence is felt by the neighboring free nodes). This

second type of obstacle node allows the program to approximate the potential fields

approach used by Norwood (1989) in his Master's Thesis on Robotic Path Planning and

Obstacle Avoidance: A Neural Network Approach. Paths created using the connected

obstacles show the tendency of trying to 'avoid' the obstacles rather than 'side-swipe' them

to minimize distance travelled.

AMAZ3D Results

The AMAZ3D program was tested using a variety of sample path planning/ obstacle

avoidance problems. The software simulation system consistently provided good (often

optional) solutions based on the environment and ass urptions imposed.

1 2 3 4 5 6 7
1 0.00 6.82 6.82 6.83 8.06 9.30 10.53
2 6.82 6.82 0.00 F5.60 0.00 0.00 0.00
3 -782 0.00 4.37 4.37 4.65 3.74 70.0
4 -0300 -0.00 0.00 3.46 0.00 3.43 3.11
5 1.27 1"70 2.12 2.55 0.00 0.00 2.80
6 0.85 0.00 0.00 -2.06 0.00 2.34 2.49
7 0.-42 Start 0.7-9-7 -58 1 2.19 2.34

Table 2

Voltage Potential Table for AMAZ3D Sample Test Problem
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'Fable 2 shows the program's final nodal voltage potentials for the same test maze run on

the Maze Machine and shown in Figure 14 of Chapter 4. (Also see Appendix E, Test 4 -

Table E6 for complete Maze Machine results, and Appendix G, maz.out, for complete

AMAZ3D printout.) The program was allowed to iterate through 371 cycles, until the

maximum individual nodal change per iteration was less than 0.001.

Note that the solution path given AMAZ3D was the same as the Maze Machine. Table 3

shows the comparative differences between the nodal voltage potentials of the Maze

Machine (see Chapter 4, Table 1) and AMAZ3D for the sample maze of Figure 4 (the

numl',rs in the table represent Vout (AMAZ3D) - Vout (Maze Machine) ).

1 2 3 4 5 6 7
I- 0.00 -0.04 -0.04 -0.03 0.33 0.01 0.00
2, 0.10 0.06 000 0.0 0.00 0.00 0.00
3 0.20 0.00 -0.07 -, -0.02 -- 0.6 0.00
4 .00 0.00 0.00 F-701 0.00 -0.08 -0.09
5 -0.06 -0.02 -0.01 -0.01 0.00 0.00 -0.11
6 -0.02 0.00 0.00 0.00 0.00 -0.06 -0.21
7 -0.02 0.00 -0.01 -0.02 0.05 0.7-T 0.25

Table 3

Voltage Potential Difference Table, Maze Machine vs. AMAZ3D

Note that node (7,7) has the largest error (approximately 12% difference), however, in

general the two tables match fairly closely. As stated before, the differences can be

e. •lained by component tolerances in -he Maze Machine (i.e. resistors), as well as some

error in the AMAZ3D results due to iteration cut-off before absolute stability/'settling'.

Figure 15 shows another seven-by-seven maze example (again with only

peipendicular moves are allowed). This problem is a sample of a case where th- system

produces a non-optimal solution path (see Appendix G, mazno.out). Table 4 shows th.

AMAZ3D voltage potential table for this problem.
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Key:

R Optional Path 1
(16 moves)

E Optional Path 2jj (16 moves)

Optional Path 3
(14 moves)
(Shortest!)

Figure 15

Analysis of AMAZ3D Non-Optimal Path Solution

1 2 3 4 5 6 7
1 0.00 5.01 5.68 6.35 7.56 8.78 10.00
2 3.69 4.35 0.00 5.80 0.00 0.00 0.00
3 3.03 0.00 5.26 5.27 4.73 4.21 0.00
4 2.38 0.00 0.00 0.00 0.00 3.69 3.17
5 1.73 1.52 1.31 1.10 0.00 0.00 2.66
6 1.30 0.00 =6 0.89 0.00 1.91 2T.6
7 0.86 0.43 Start 0.69 1.17 1.66 1.91

Table 4

Voltage Potential Table for AMAZ3D Non-Optimat Test Solution

The solution path returned is Option Path 1 (16 steps, highlighted in bold in Table 4). Note

however that a shorter alternative path exists, Option Path 3 (14 step, which is highlighted

in italics in Table 4). The explanation for this behavior can be found by analyzing the

output potentials. At row 7, col 4, there is a fork in the solution paths of Option Path 1 and
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2. Due to the initial combinational effect of these to paths, the first step from the start node

is east, for a voltage increase of .69, rather than west on the actual shortest path. (Note

that at position (7,4) the increases are only .20 for north and .48 for the east.) This is an

example of why this method can not guarantee global optimal solutions but only good

solutions based on tlocally' optimal moves.

1234567890123456789012345678901234567890123456789012345678901234

3 XXXXX.......00000..............X. 70886 70C
4 7000CC.......70000 .... ...G...........::XXX88686 . 70C70C::: X=)
5 )0000CC....... 00CC=:.........9................888. 0000C
6 70000CC .... 700000CC................ XXX@@@@@ ..... 00
7 70000CC....... CC........7.............700C8688.... .X700000
8 700000CC....... Cxx~(=..... :.....6 ........... 0(68.... .70000C
9 70000000C......0000(8@..........5 ............. 700(88888.... .700000C

10 7000000CC...... 88888.......... 4............700@@O8@8... .7000000
11 XX0X00000 ..C.7000@(888........... 3............0(88888... .7000000
12 XX0000000CC .. X70(86888............ 2..........XX780C86. .X70000CX7C
13 70000000CC...X70CX8888...........X.1 ......... 0(88888. .70000000CC
14 X0X0000000C . .XCCC888.......... M.00.O....... 88888.X700000000
15 X00000000(. ..7000C8898.........XX0C=. 9 .... X0C88888.7000000000
16 X000000000C ...XX7CC888.........7000CC. . 8....700C88888.X00000000
17 X00000000CC ...X70=X8@88.........X700CC..7 ..... CX80@88.XXX000000

18 7000000000CC...700(68888..........888 ... 6 ..... 0=@@88.70000000Oc
19 0000000000CC..700C8888.........888 ..5.... C6888870000000000

20 XXX000000000CC @Iq .0(88..........888e ... 4 ..... XX6O8IXXXXXXX00000
21 XX00000000000C7C888........3.M@88000000
22 X00000000000C.700C8888.............:::2-3:.-:XC8688670000000000C~x)
23 XXXO-:a:....::::386888..............1 ..... XXXIIS@XX0000000000
24 XX-XXXXXXXXXXz =@::. ..... ) . ...C. 0......... XceeS70oooaoocooXX)
25 *OOOOO =4@ .88 ...7000CC.. .9.........00C8887000000000000C
26 XXXXnXXXXXXXW: e@@ ..88 .. 700000( .. 8 .......... 00C888700000000000
27 ;::uno3 - .700 :.86888. ... 08o. )O X...7 ......... 0C888XX70000000000C
28 XCB3XXXXXXXOXM=Je868 .... XX8688 ........... XXeeeXK*ODOOOoooCM
29 tXt::Ahl:C....3:1t8888...xeeese. .. s. ........ XXX@e000XM 7000000CC
30 XX-------------XX88O@. 8886. . .O 4 .......... ee6XXXOOCOooo
31 i:..p:----------3:8886... 88@@... .3 .......... MC8870000000000000
32 XXX....:00003 00X88 ............. 2..........XX88`0C000C000000C
33 LXXXX ý@ ............. 888 7(6 8
34 XK3X:X*:tr::-fl OC::3 88.............0.........0c81t..::O::n-:-..:
35 XXXXXXXXXXXaXXXX)O=e@............9.......... XXXX)OO0
36 XXXXXXXXXX310:n:28............8..........30CX 70CX70000000000
37 XiXK3XXX.--------------88 ... 7 ........... 70CC61:::i.3 -X)
38 XXXK.t8 OOOf OOfl@ ..:........ 6...........xx: 0 3L:::XXXX)

40 XXXK* .O88O0OO 8O.e@.........4.............XXXODODW
4'. X=80000000000000= $..........3............. X3Zz..i33 -000
42 XXXX000 0 ....... 2 ..... 2 . .X. XXXXXMODOOOODOOO
43 X=0000000=....... 1 ........ H ::..XXXXX-
44 XKXXX000000 ......... S .... 388887CC::O::0:::Z13::Ut

Figure 16

Sample AMAZ3D 'Connected!-Obstacle Test Problem Solution
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Figure 16 is an example of an outdoor terrain environment where both 'connected'

and 'isolated'! normal obstacles, as well as the eight-way moves option, have been used

(see Appendix G, landnav.out). This test environment is one used by Norwood (1989) in

his work with a potential field approach to navigation. Here the 'connected' obstacle nodes

represent the actual obstacles (including two round obstacles in center area, and two long

obstacles to the sides) and the 'isolated' obstacle nodes represent shadow regions (based on

simulated laser scanner environmental input data taken on an incline rather than top down).

This method is an interesting alternative which warrants further study in the future.

12345678901234567890123456789012345678901234567890123A56789012345678901234567890

1 Xo0oCoXXX
2 X. X................X........X ........... X ................. X....... X
3 X.S1 ..... X...................X ....... X ......... X ................. X....... X
4 X...2 ... X ................... X . ...... X ......... D ............... X ....... X
5 X .... 3...X ................... X ......... X ........... X ................. X ......... X
6 X ..... 4..X ................... X ....... X ......... X ................. X....... X
7 XXXXXXX 5XXXXccccOOOC cooo)XXXXXX oooooooD::XXXXDX::C3 :OOOOOaCXXXXXXoXXcxD
8 X ....... 67890123456789012 ...................................................... X
9 X ........................ 3456 ........................................... X

10 X. 7 ................................................. X
11 X 8 ........ .- 00mo:20oCOXoXXX.D= .... XXXXXXX)OX
12 X .... D .......... X9...X. ...... X ........ X ............. X .... X ........ X
13 X.... X.....X. . X X ...XX..X . XX...X .... X .X..X
14 X .. .2CC. *.XX.XXXXX.X...X1.X.... ...... X.........XX..X .. ..X.. XX. .X
15 XXXX0CC...D . X .... XX000(XX2 ....... XX.X........XX...X .... D ..... XX..X
"i6 X...... 0 . ..X. X 3 . .X x........... XX, . .X .... X ......... X
17 XXX..X .... X .... X ..... X ...... X4 ........ X ... X .... XXXX .... X.... X ...... .. X
18 X .... X X .X.... X ..... X ..... X5 ........ X ........ X . ............. X .... X .... XX...X
19 X:rXXXXXXXXXXXXX:XX6........ L .... X70XX0000000
20 X ............................ 7 ................................................ X
21 X ........................... a .................................................. X
22 X .......................... 9..... ....................................... X
23 X000(XDIO• OC.Xt:XXDx3:XOXXDXXXXXXXXXX2 )C O:.:..zOE XOX8:3: 000000 X• xXX
24 X ........ X.G..X ..... X ..... .. X ......... X ........... X ....... CC ........ :(CX ....... X
25 X. X.6. .X . ... ... X ....... X ......... X . XX . ..... x
26 X. X..5.X .... 3....X..... . .X... .* .... XX XX.. X
27 X..X..X..X...43 . X. .. 4 .X ........ .XX.. . XX . X.......X
28 X. .XXXX. .X .... X21098765. X... ... CXXXX..X..XX ... X... XXXX ...... XXX ... .XX7CC.X
29 X ....... .X .X .......... X.X X......X. ... . X.XXXXXX ...... XXX .... XXXX.X
30 XXXXXXXXXXXXXXXXXX:D.... XXXXXXXCXXXXX7000X000XX

Figure 17

Sample AMAZ3D Building Layout Test Problem Solution

Figure 17 shows a typical building floorplan (see Appendix G, bldgnav.out). This

example shows a situation where the robot is required to travel from one room to another,
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through halls and doorways (unused doors are 'free spaces' shown with a 'D'). For a

similar two story (3D problem) building example see Appendix G, b3dnav.out.

Depth I Depth 2 Depth 3 Depth 4 Depth 5 Depth 6 Depth 7
1234567 1234567 1234567 1234567 1234567 1234567 1234567

1 432X432 5M(SX1 6X6X6XO 7X50OoC= 8X4X2X. XXXX3X. 87654X.
2 XXX1)0O X•OCXC0 )00X=X9 =000CX 9X3XIX. =0C0COC 9XXXOOC
3 . .SX456 .XXXXX7 .XSX8XB X00X9XX 012XOX. XXXXOXX 0123G..
4 O OXX O0O0( .X9X)00 =000OC X=0XC0. )X00XXX X=0000.
5 ,X2X210 .XIXXX9 .XOX678 XXXX5XX 012X4X. XX3X3X. 654X2X.
6 .X3)0=XX )0000= XXKXX XX=caX 9XXX0OX XXXXcXX 7X=1I0X
7 .X45678 XX)XXX9 6543210 7XX00XX 8X23456 XX1XXX7 890X098

Figure 18

Sample AMAZ3D 7-by-7-by-7 3D Maze Solution

As a final example, Figure 18 shows the solution to a seven-by-seven-by-seven

three-dimensional test problem (see Appendix G, maz3d.out). This 3D maze is the

software equivalent of a plastic Milton-Bradley 3D toy/maze-cube which can be negotiated

by a marble. (The 'cube' is in the possession of the author and I can verify that

AMAZ3D's solution is correct.)

These examples show some of the capabilities of AMAZ3D. The program can be

quickly reconfigured for a wide variety of navigation problems and the output can be easily

modified for control of a robotic vehicle. Its only disadvantage is relatively slow path

processing time. Typical computation time on a PC is on the order of two thousand node

revisions per second. [Thus total time in seconds equals: (rows * columns * layers *

iterations) / 2000].
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Chapter 6

Conclusions

The electronic hybrid network system presented in this thesis represents an original

method for constrained semi-autonomous robotic navigation control. It takes simple binary

environmental input, along with a start and goal location, and processes the data through a

connectionist network which provides a nodal 'voltage potential' look-up table. The

voltage potentials are analyzed by a second network which determines the move direction

based on an examination of the neighborhood around a given current node (beginning with

the start position). Finally, the system presents a solution path based on a set of locally

optimal steps.

This system exhibits some distinct advantages over the traditional approaches noted

earlier. Due to the parallel architecture of the connectionist network, the system can be

expected to be much faster (and possibly more damage resistant) than Artificial Intelligence

search algorithms. This navigation system also has the flexibility to account for both

moving obstacles and a moving goal. This is accomplished by simply applying new inputs

to the connectionist network and reevaluating the path problem. Also, assuming the hybrid

network syte..,,, is implemented in hardware, it does not require a dedicated CPU/

microcomputer to make it work and could conceivably be built right into the sensory

system and servomotors of a robot.

An example of a near term use for an expanded 'Maze Machine'-type navigation

system is the control of a robotic delivery vehicle in a large factory. The environment/

floorplan would be fairly stable, however local sensors in the factory could easily update

the 'maze' database on board the robot through radio communications. A human or central
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computer would assign the robot a task, probably also by radio link. An example task

could be to "take pallet #196 from point A to point B". The navigation system on board the

vehicle would then plan the path from the current location to point A (the pick up point for

the pallet) and then plan a second path from A to B (the pallet drop off point). Other

routines on board would handle the pallet upload/download procedure, emergency stop

procedures, etc.

There are disadvantages as well. First, the traditional AI procedures, regardless of

whether they find an optimal path or just feasible paths, are proven methods that can be

implemented relatively cheaply on microcomputers. The network system presented here

can not be implemented on microcomputers while keeping its parallel architecture, however

the sequential simulation AMAZ3D can be a valuable alternative method, especially in

feasibility tests to determine if a custom VLSI network setup is warranted for a particular

application. Since the AI approaches are software based, they can be modified much more

easily to represent different type/ size systems and environments. Also, because they are

tried and proven procedures, software is readily available for their implementation.

In summary, this electronic hybrid connectionist network system solves path

planning/ obstacle avoidance problems for a grid-structured two- or three-dimensional

environment This navigation system provides good (often optimal) path solutions based

on a collection of locally optimal steps/ moves found using the output of the sensory

analysis connectionist network. It operates using only low-level (binary) descriptions of

the environment which can be provided by a variety of current and experimental sensory

systems. The navigation machine would best be used in combination with a computer and

global sensory input systems. Possible applications of this hybrid network system span

from the home to industry and even to outer space.
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Chapter 7

Areas for Future Work

The work already done on the development of this hybrid connectionist network

system opens many possibilities for future efforts to expand this project and provides the

potential for other developments. One very useful development would be an interface for

input and output between a microcomputer and an expanded hardware 'Maze Machine'

network device. An efficient system is needed for updating the binary inputs of the

connectionist network, as well as for quickly taking the path output and formating it as

robotic movement instructions. This interface would replace the plugs used to establish a

particular maze initialization on the Maze Machine, the switches used to control external

input, and the LEDs used for the output displays. (Figure A9, Appendix A, shows an

improved system which handles the functions of Modules 1 and 2 of the Maze Machine and

also lends itself to a computer interface.) Another extension of the research is the use of

varied resistances and single direction links in the connectionist network. These

modifications would be used to simulate cross-country travel across rough terrain (i.e.

going uphill and downhill on varied slopes) and travel on city streets (where resistances

represent speed limits and one-way streets are modeled using diodes/ direction dependent

connections). Testing the navigation system, using an actual sensory system and robotic

vehicle, is also desirable for greater whole system credibility.

The most obvious extension is the development of a single analog VLSI chip to

represent a modular electronic hybrid system (thus replacing the 65 current 'off-the-shelf

CMOS IC chips used in this project). A modular electronic system could then be expanded

to represent much larger two- and three-dimensional environments. An alternative to
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building a complete 'Maze Machine' on-a-chip would be to provide a combination

hardware/ software interactive system by developing a plug-in VLSI based connectionist

network board for microcomputers; the computer would be required to do the auxiliary

work but the system would still take advantage of the parallel processing structure of the

sensory analysis connectionist network and thus almost instantaneously solve the

numerous simultaneous linear equations modeled by this method. Finally, this system

could be developed for commercial use. Such uses could include wheelchair control to

help the handicapped navigate through a known environment (such as their house) or a

robotic parts delivery system in a factory or warehouse. The possibilities are limited only

by our imagination.
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Appendix A

Maze Macnine Electronic Module Diagrams

The following electronic diagrams show the structures of the six modules that,

when properly inter-connected, make up the Maze Machine. For more detailed wiring

connection information see Appendix B, Maze Machine Module Wiring Tables. Notes for

each module are as follows:

Module 1 - Input) Consists of hand-placed electrically-wired 'plugs' (see

Figure A1) which fit into sockets of Module 2. Four kinds of plugs are used to represent

the four possible conditions of a node: obstacle, free space, goal or start. The wiring

pattern for each of the nodes results in:

1) Obstacle node voltage outputs (also the outer boundary) are forced to
GND and the links to its neighbors are disconnected.

2) Free space node voltage outputs are allowed to 'settle' on the average
value of the neighbor nodes influencing it (recurrent behavior).

3) Goal node voltage output is forced to VCC (source/ supply voltage)
and this voltage potential is allowed to influence the neighboring nodes.

4) Start node voltage output is forced to GND and this voltage potential is
allowed to influerce the neighboring nodes.

Module 2 - Connectionist Network) This network module (see Figures A2

and A3) consists of 49 wired sockets interconnected by 100 kl2 resistors as shown in the

diagrams. These nrde sockets receive binary inputs from the Module 1 plugs and output

'voltage potentials' (analog) derived as a function of the various external inputs and the

interconnections between neighboring nodes. Note that no pins within a node socket are

connected until a plug is inserted.
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Module 3 - Multiplexer) This module (see Figures A4 and A5) multiplexes

the 49 analog signals from Module 2 (using current node address from Module 5) and

outputs five analog values. The first four lines carry the 'voltage potentials' of the four

nearest neighbors of the current node and the fifth provides the current node's 'voltage

potential' as a separate (external) output for sampling.

Module 4 - Local-Move-Finder Network) This network module (see

Figure A6) takes input from Module 3 and outputs four binary lines to Module 5. It

provides the next-move direction (of the four possibilities), using the greatest local voltage

increase as the decision criteria.

Module 5 - Move Control) This module (see Figure A7) provides the cycle

control which steps the machine through the desired navigation path, one move at a time. It

provides the current location address to Module 3 and updates this BCD location based on

Module 4's output. This module can be provided with external inputs for manually setting

the current address to any desire!d value for running special tests as desired (see Appendix

D, Procedure for Running Maze Machine Auto-Path Test). This circuit also sends the

current ad&ess to Module 6. Not shown are two BCD to 7-segment LED displays used to

indicate the current row and column and 4 LEDs used to indicate the local move direction.

Module 6 - Path Output Display) This Module (see Figure A8) contains

multiplexing circuitry and 49 RS flip-flops, one per node, used to appropriately light an

array of 49 LEDs which display the solution path (and the intermediate moves as the path is

being generated).

Figure A9 - Diagram of Alternate Input/ Connectionist Network Node

Structure (To Replace Modules 1 and 2) is included to show an alternative

hardware method which can replace the 'awkward' plug and socket system of Modules I

and 2. The sketch shows the 3 IC chips needed for each node.
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Maze Machine
Module 1 Diagram - Input

Key to Node Plug Connections

V= 1 8 to upper neighbor
to left neighbor 2 7 to right neighbor

Volt Pot Out 3 6 to lower neighbor
Ground 4 5 Path LED In

Obstacle node plug Goal node plug

1 8 1 8
2 2 7
3 3 6
4 4 5

Free Space node plug Start node plug/ alt obst.

2 7 7

405 40 5

figure Al

Module 1 Diagram - Input
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Maze Machine
Module 2 Diagram - Connectionist Network

Connectionist Network
Grid Pattern

node (i-1, j)

V CC

node (i~j-1) |Nodel node (i, j+l)
Vout 0--9-I(i j)I

_•Pat In

node (!+lIj)--

Figure A2

Module 2 Diagram - Connectionist Network
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Maze Machine
Module 2 Diagram - Connectionist Network

continued

Partial Wiring Diagram for
nodes 1, 2, 8, 9, 15, & 16

vC VC

2 FiNode Ne
M3 2 Diagm s N

5 SS

NodegNoe A

2Modue 02 Darm-CNne ondt etwrotne
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Maze Machine
Module 3 Diagram - Multiplexer

Voltage Potential
Inputs (by Rows)

Row 1, Io

u j
Row 2

•~Mu -

Row 3 vi,

Row 4
u +1 >

Row 5

Row 6

Row 7

Row i-

Col j ----- _

Figure A4

Module 3 Diagram - Multiplexer
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Maze Machine
Module 3 Diagram - Multiplexer

continued

Voltage Potential
Inputs (by Cols)

Col 1 _ Vi, j-l

U -41 >

Col 3--f vi, j+

Col 27

Row i

Col j

Figure AS

Module 3 Diagram - Multiplexer continued
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Maze Machine
Module 4 Diagram - Local-Move-Finder Network

OUTPUT
(digital)

&[ North

& East

b- & iSouth

west

[ompare Compare Compare Compare Compare Compare
N>E N>S N>W E>S E>W S>W

INPUT I
(analog)

Vi-1, j
(N)

Vi, j+1 _____- _ -
(E)

Vi+1, j
(S)

Vi, j-1
(W)

Figure A6

Module 4 Diagram - Local-Move-Finder Network
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Maze Machine
Module S Diagram - Move Control

OUTPUT

'Row i

Register
Col j

INPUTS low

North - - - -

East -
South -- _-
West -- -

Cycle SA B A B

Auto/ !- s swith ADDER ADDERManual 'I! switch=o Sum "__ •"..• s Ud•~° Sum]

'Manual Node
Input

Row i

Col j

Figure A7

Module 5 Diagram - Move Control
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Maze Machine
Module 6 Diagram - Path Output Display

Memory NOTE: E = RS flip flop connected to green PATH' LED

Clear of output display (# = node number)

Clear

12 34 56 7

8910 11 1131

Set
Lines

15 1 111 2 2

2 2 22

29 3 31 2 3

36 841

43 4 5 48

-ij R

w

Figure A8

Module 6 Diagram - Path Output Display
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Diagram of Alternate Input/
Connectionist Network Node Structure

(To Replace Modules I and 2)

N

3/4 of _• •____...]

404 4066404 16----4066 14---c
B INARY - 2 1 & 13

INPUTS: 3 14 312

non-obst. 4 0 13 4

CZ R 12 -10591

start/ 6 S = 119I

obstacle R

goal Gnd 8 9

clear-

VCC 2 15

I"c Gnd
S12 Vout

Gna.-- 9

Figure A9

Diagram of Single Node for Alternate Method
to Replace Modules 1 and 2
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Appendix B

Maze Machine Electronic Module Wiring Tables

The following wire wrapping tables are grouped by Maze Machine Module and

comprise the complete list of connections needed to construct the machine. Wire wrapping

was used rather than bread-boarding or soldering in order to keep the size down and

simplify to the highly interconnected customized design, which incorporated large numbers

of IC chip pin connections that had multiple routings to other chips. The wire wrapping

took Bill Atkinson (see Acknowledgements) and myself more than a month to complete and

debug.

NOTES:

1) Module 6's chip numbering does not start with 1, but rather 32, due to my use

of a surplus 60 chip-socket custom wire wrap board which was prenumbered and used to

house both Modules 3 and 6. (The pre-printed numbers on the board were used.)

2) There are several individual 'chip' tables, as well as destination entries in other

tables, which refer to Data Bus(ses) and Resistor Pack. This format was used due to its

simplicity, as we!: as for the fact that actual chip sockets and compatible jumper cables were

used to connect the modules (and hold the needed resistors in some cases).
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Module #3 - MULTIPLEXER - Wiring Table B1

# 1 40511 of 8 swtch # 2 40 11 of 8 swFR # 3 40511 of 8 swtc
Chi Connection Connection ec
Pin PDesc Chip Pin Desc Pin Desc Chip Pin I Desc Desc Chip Pin Desc

1 4 OUT2 4 node 1 4 Oun 11 node 1 4 OUT-2 18 node
2 6 OUT2 6 node 2 r- _dU7T 77' node 2 6 OUT2 1 20 node

1 -3 8,9
8,9 14 = 2 -3 _W_ 8,9 12 3

OITTY" 7 node 4 7 OUT2 14 node 4 7 OUT7 1 node
5 5 OUT-2 5 node OUT-2 12 node -5- 5 OUT2 19 node
6 INH x x Grid 6 MN_ x x Grid -6 _M x x Urd-
7 Grid x x (37d- 7 Grid x x I Gnd -7 -GTd- x x Ond

__8 Grid x x Ond _Md- x x Grid __T _Gd- x X 7GFd-E;X9
9 C/4 DB 9 co14 9 C1_4 M_ 7- co14 -9 C/4 DB 9 co14

10 B/2 I DB 10 co 1 DB COL. B /2 - _ff B__ 1-0 _col2
11 A/1 I DB 11 Coll 11 A/1 DB 11 coll. 11 A/1 DB 11 coll.
12 3 1 0 U _T_'2 -3 node -12-3 OUT2 10 iTc;je- -12-3 -O=n - 17 node
13 0 x I x Grid 31 x _x _Gnd -13 -5_ x x Gnd
14 1 OUT-21 1 node 1 mTiT_§,_1_node 14 -f--O=T'2 =1 node
15 OUT2 2 node CTUNY 9 1 node 15 2 OUTF-16 node

Vcc 21 i -VC-C
Vcc x x )(cc v I x x I Vcc

# 4 4051 1 of 8 swtch # 5 40511 of 8 swtch # 6 4051 1 of 8 swtch
Chi Connection 01i Connection Connection
Pin FDsc Odp Pin I Desc Pin F Des-. Mp Pin I Desc Desc Chip I Pin Desc:

1$4 OUT2 25 node 1 4 OU17 32 node 1 4 OUT2 39 node
OUIT 27 ; Fod-e -2--7- W7T - -MIT _71- -node

3 C9- -1 -4 -3-1-/67- - 89 3 1/0 819 2 6
4 7 OUT-2 28 node -4--7- Oft2l 3 -7o-de -4 -7- -OUT-'2 77 node
5 OVT-'2- 26 node 5 5 OUT12 node 5 5 OUT2 40 node

Gr_ __9 -= Ond __9 x x Gnd
scGrid x x Grid 7 Grid x x I Grid - 7 Grid x _x -=nd

8 Grid x x Grid __T -(jWd- x x Grid 8 Gnd x _x -dWd-
9 C/4 DB 9 co14 9 E/4 DB 9 ;;1-4- -9 C/4 DB 9 co14 I

10 B/2 DB 10 col2 -10 -9/-2- _M_ __1r `=o -10 __T/2_ _1TB_ -10 coI2
11 _V1__ DB 11 Coll Ill A/I D33 11 coll. 11 A/1 DB 11 c-oTi-
12 3 OUT2 24 node 121 3 OUT_'2 31 node 12 3 OU12 __3F node

13 0 x x Grid 31 0 x _x - Ond -13 0 x x Gnd
14 1 UT2 141 1 -6UT-2 -36 -node

-5 - 22 node oun '-279- -ýo-de
15 2 -UU _T2 23 node 151 2 1 OU-12 3FO_ node OUT2 37 1 node

cc 161 Vcc I x x I VcC I
16 Vcq _vCC

7 40 1 1 of 8 swtch # 8 40 11 of 8 swtch # 9 14051 1 of 8 swtch
Chi Connection Connection Chi onnection
Pin FDesc Chip Pin Desc Pin Desc: Chip Pin I Desc Pin F Desc Chip Pin Desc

1 4 OUT2 46 node 1 4 4 3 node 11 4 4 3 node
OU72 48 node 2 6 6 3 node 21 6 6 3 node

3 I/U- -8-3- 4 7 3 1/0 _M_ I -VW- 3 1/0 DB = S
End

I 

S

4 7 OUT2 49 node 4 7 7 3 node -4 -7- node
__3 __S_ _= -4-'F 70-e __3 5 _iTo-de __3 _-3- __-3_ = node

IMT _x x Grid -7 x x Grid x x Grid
7 Grid x x GTd_ __7 d x x Grid 7 Ond x x I Grid

__T =d _x _x - _G Td_ __T d x It Ond __T __Gd_ x x Ch.d
C/4 DB __!T_ 731-4 _7t/ý4 1-0 1-2 row4 9 C/4 11 12 row4

DB 10 col2 10 B/2 10 11 row2 -17 11 11 ow2
11 _V1_ _DB 11 coll 11 A/I 10 10 rowl. 11 A/1 1- 1 1 rowl.
12 3 OUT2 _7U_ -- iTo-de -12-3 -3 -3 n e _12_3 __3 g3 node
131 0 x I x Gnd 13 0 x x Grid 13 0 x x Grid
141 1 OUT2 I Wo-de -14 1 - 1 3 node

43 1 ýd_ 14
-12 1 44 nogde 15 2 2 3 node 1

151 2 1 OU cc __ 2 n! N 15 M2
161 Vcc I x I x I v 13 cc - x 16 cc - x x vcc
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Module #3 - MULTIPLEXER - Wiring Table BI, continued

# 10 4051 1 of 8 swtch # 11 4051 1 of 8 swtch # 12 DATA BUS (DB)
pC'nhit•Des. Connection C Connection hi onnection
Pin Des I C ip Pn .les Chip Desc Pin Dese Chip Pin Desc

1 A4 x x Gnd 1 A4 x x Gnd I VN U x VN
2 B3 x x Vcc 2 B3 x x Grid 2 VE OUT3 x -V
3 A3 DB 12 row4 3 A3 DB 12 row4 3 VS OUT= x VS
4B2 x x Vcc 4 B2 x x Grd 4VW' OUT-3 VW-

A2 DB 13 row2 5 A2 DB 13 row2 N OUT4 x N
6 BI x x Vcc 6 B x x Gnd 6 E OUT4 x E
7 AA1 DB 14 row1 7 Al DB 14 rowl 7 S OUT4 x S
8 Gnd x x Gnid 8 Grid x x Gnd 8 W OUT4 x W
9ZC1 x x Gnd 9 CI x x Vcc 9 co14 OUT5 x col3

10 S1 8 11 rowl 10 Si1 9 11 1row1 10 co2 OUT5 x co12
11 92 7 10 row2 11 S2 9 10 row2' 11 colil UT5 x Coll
12 S3 8 9 row4 12 S3 T 9 row4 21 row4 OUT5 x row4
13 S4 x x open 13 54 x x open 13 row2 OUT5 x row2
14 CO x o _4 x Ie 14rowl OUT5 x rowl
15 B4 x x Vcc 15 B4 x x Gnd 15 Gind x x Gnd
_l6Vcc x x4e 16Vcc x x VIc 16Vce x x Vcc

# 13 4051 1 of 8 swtch # 14 4051 1 of 8 swtch # 15 4051 1 of 8 swtch
Chip Connection inChi Connection Chi ConnectionPi DscChip IPnDsc P in fses Chip Pi ec i ec Chip PnI 10 sc

1 4 OUT2 22 node 1 4 OUT2 23 node 1 4 OUT2 24 node

2 6 OUT2 36 node 2 6 OUT2 37 node 2 6 OUT2 71 node
3 77O 20,21 14 1 3 I7O 20,21 15 2 _3 1/0 20,21 12 3
4 7 OUT2 43 node 4 7 OUT2. 44 node 4 7 OUT2 45 node
5 5 OUT2 29 node 5 5S- 3r node 5 5 OUT2 31 node
6 INH x x -Grd - =IH x x Gnd _6 IN x x Gnd
7Gnd x x Gid 7 Gnd x x Gnd _7 7 nd x x Gnd
8 Gnd x x Grd - Gnd x x Gnd Gnd x x Grid
SC/4 74 BO 12 row4 _C/4 DB 12 row4 9 C14 DB 12 row4

10 B/2 DB 13 row2 10 B/2 DB 13 row2 10 B/2 DH 13 row2
11! A/1 DB 14 rowl 11 A/1 DB 14 row1 11 A/1 DB 14 rowl
121 3 OUT2 15 node 12 3 OUT2 16 node 12 3 OUT2 17 node
13 0 x x Grd 131 0 x x Gnd 13 0 x x Gnd
141 OUT6 1 node 14 1 OU12 2 node 14 1 OUT2 3 node
15 2 OUT2 8 node 15 2 OUT2 9 node 15 2 OUT2 10 node
6Vc 1 x Ve Vc x x Vcc 16 Vcc x I Vx c

# 16 4051 1 of 8 swtch # 17 40511 of 8 swtch # 18 4051 1 of 8 swtch
Chi Connection Chi Connection Chip Connection
Pin Desc ChipIPin Desc Pin Desc Chip Pin Desc Pin Desc Chipv Pin Desc

1 4 OUT2 node 1 4 OUT2 26 node 1 4 OUT2 27 node

2 6 OU=72 39 node 2 6 OUT142 40 node 2 6 OUT2 4-1 node
3 ITO 20,21 1 4 3 O 20,21 = 5 T 3 I/O 20,21 2 ___6

4 7 OUT2 46 node 4 7 OUT2 47 node 4 7 OUT2 48 node
5 5 OUT2 32 node 5 5 1OUT2 33 node 5 5 OUT2 34 node
6 M x x Gid 6 INH x x Gnd 6 INH x x Gnd
71 Gd x x _Gd 7 Griad 7 6d- x x Gnd
8 Gnd x x __d 8 75d x Tx Gd- 8Gd- x x Gnd
9 C/4 DB 12 row4 3 C14 B 1-2 row4 9 C14 B 1-2 row4

10 B/2 DB 13 row2 10 B72 DB5N 13 row2 10 B/2 DB 13 row2
11 A/1 DB 14 rowl 11 A/1 DB 14 fowl 11 A/1 DB 14 rowl
12 3 OUT2 18 node 121 3 OUT2 19 node 12 3 OUT2 20 node
13 0 x x Gnd 31 01 x x IGd 13 0 x x Gnd
14 1 OUT2 4 node 14T2 OU T 5 node 14 1 OUT2 6 node
15 2 OUT2 11 node 15 2 1OUT2 12 node 152 OUT2 13 node
16Vcc x x Vee 16 VcI x xVe 16 Vce x x Vcc
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Module #3 - MULTIPLEXER - Wiring Table BI, continued

# 19 40511 of 8swtch # 20 40 11 of 8swtch # 2 401)1 of 8swtch
Chi p Connection ChiF 1 Connection Ch Connection
Pin Desc Jhl i esc Pin f Desc jhi Pi Desc Pin FDesc Chip Pin IDesc

1 4 OU72 node 1 4 ]16 3I node 1 4 16 3T node
2 -T -0='1 4- -node -1 t d 3node 2T 1 node
3 W7 20 21 4 7~F 3 w~ *i D 4VW -- T -M- -Dr 2
4 T- ti --4 node 4 7F 193-T nio-de 4 7 19~ 3 no-de

5- -1T -~ no-de _- TFr = nWo-de 3 3 i Tnoe-
6N11 x x Gnd- _- x x and - W x x Ud

O7 nd x x dn x x Gd x 7-xGd
_ __ x x Gnd _8 jiW x x Gnd x9 x _

9 C4 B*~ 12 'ow4 9 C/4 22 1 -o 9 C/4 23--- 12 col4
10oB/ DB 113 7ow2 10OB/2 22 11 col2 01 B/2 123 11 1col2
111 A/ DB 14rw 11 A/F 2r 7T col 111A/I1 23 10 1Coll
12 3 OUT2 21 node -12- 3 15 T7 node 12 3 153T node
13 0 x x Gnd 13 0 x x Gid13 0 x x d_
14 1 OUT2 7 nd 14 1 13T3 node _ 41 13W f ode

Tsr U2 4nd ig 4 ode 14T ~ node

#22 4008bitF~dder # 34084bit F dder # 4451 1of 8 stch

4B24 x x Vond A4B x x Gdii 1 4 16 19 3 node~ D 10co2 A ~ 10 ol -7 - 18T node
_ B3 x x cc 2~ 3h x x 3

7ýU Al FB co -3 _A3 DB- iF7 c -3 -- W Ou x nd

B2r x x Gnd 4 2 x x Gn 4 7 9 3nod
A1 2 DB 10 col2 1~ 5F A2 B 10 Al o cl

~2~T 2 Wca4 12 S3 21m- 9 o 13 -ma-od
13S4 x x vc 6 B 1 x x d x

714 A! xB ope =1 ~ 1 7 open 1 4 ol 1n x x no4jde
8Gd x x Gccl8B4n x x Gnd 8O2 14 -node

9 CI x x W__ x x cc --Z7~ x_
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Module #4 - LOCAL-MOVE-FINDER NETWORK - Wiring Table B2

#_ITN_-quad conip MI33 quad on- ____4073 G 5 AND

Ch Connection Chi Cunnection hlip Connection

1 W 3\4 23 C)3ffP2 I 3\4 DO Cop6 Iu> Ina -2-gLp[21 Outi 3\4 1\1 Compi 2 Ousi1 3\4 5\1 2F=b 1 op
31 Vcc x x Vcc 3 Vc x 3~I~ 2 4

4 nI D 2 ~'IE 4 -M1 DB 47 -VVW 4 -Mb 1 13 Crn~
511 -F DBjT 2YF VE 5 ILn2c 2 2 1CM
6 n2- DB 3~ vs 6h ITh same 4 6- W T

7 0.n2+ s-amre- -5-- F -- -. - x x 'Gd
8JJ 0- -B 4 ~VW 89 * x -x -- iflic 1 14 op3 j
9 -n3 sam 5 VN 9In3 x x Gnid N i~

Id Jnj-sae 'i-VS -1- 1F4- -x- -x Gnd~ 17 7923- 5B
11l 1n4+ same 4 VS In4+ x xGnd 1I-!i7a 4 '- ____

_I2 EGnd x x (I Ud 12 Gnd x x Gnd -12~ 4 -lnit)4
13 Our4 3\ '5Cm 13 tT~ x x open ~ 1Cop
14 juL 3\4 8\9 1Comnp, 14 x x oJp~ 111 con xj x. I cc

# 4 4069 hex ~imverer #~ 5 407 tr 3 AAR 19
Chii Connection Cli Connecion C - Connection
Pin Desc Chip Pin Desc: Pin Dcsc I hpPin IDesc Pin FDesc Chip Pin Desc

Ihh iTnl 1 2-opl I l 4 8 Icn3 9 _i3 007JT x VW
2 Our!. 3 3 Icrnpl 2 STF 4 10 -Icmp 2-VE 00n S7i-VE
3 In.2 1 1 Came2 3 InOa- x Gaid _3W VS U0M x -§

4Ot-2 -3 -11 1 m2 -4 --O x x Gnd 4VW 3_
I3 11 13 Corn4 _n ____ x x N__ F 1T

60Out3 3 1? Icn. 4 6 Qut2 x x 0 6 otJT4
71Gnd x x (hid 7Grid x x (tid 7 S OUT4 x S

810ut4 5 1 10p3 86n 2ý 8 W OUT4
191 n4 1 14 Comp39 Owl DB 8 W 9 co14 OUT1 5~ 2 2 cpoI4 nd i~ 1J37__

12_ 8 ýM612TT3x x ow row4

13 In6 2UT 1 VCc61 c x x jd
2Rd OUTc V 1cc- -cq ol U5xrwA -i ___ _

R~i1 OUC x c

I Rlin OUT4C x Vcc:

R6Min OUT4 x VC-W
7 i m3#7 3 1resistI
8R8in ni5#7 4 resist

9 PC-u m5#7 5 -Nand I
[-677otm5)7 -i ff-

[1 6ir 2 1 Cornp6
12 R~out 2 2 Cop
131 MouZt 1 13 om
14 R3ou t, 14 Comp3
15 PKouli 1 1 Con2
]6 1o~1 2 1op
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Module #5 - MO\ % CONTROL - Wiring Table B3

# 1 4053 tri . vf2 sw # 2 4053 tri lof2 sw # 3 40174 hex D reg
Chip Connection Cli Cnnection Cli Connection
Pin Desc Ch, Pin Dew Pin Desc Chp Pin Desc Pin Desc p Pin Desc

I|BI 4 11 Arow2 1 BI 5 11 Acol2 A1 CLR- x x Vc
2 BO PC 13 Mrow2 2 BY PC 1. 0 Meol2/_ 2 Q1 4\DB 3\12 row4
3 C1 4 12 Arow4 3 C1 5 12 Acol4 3 Dl 1 4 Nrw4
4 C 1/0 3 3 Nrow4 4 C 1/0 3 11 Ncol4 4 D2 1 1l5 Nrow2
5 CO PC 12 Mrow4 5 CO PC 9 Mccl4 5 Q2 4\DB 5\3 row2
6 INH x x Gnd 6 INH x x Gnd 6 D3 1 14 Nrowl
7 Gnd x x rnd 7 Gnd x x Gnd _ Q3 4\DB 7\i4 rowl
81 nd x x Gnd 8 Gnd x x Gnd 8 Gnd x x Gnd
9 Csel PC 1 A/Man 9 Csel PC 1 AM~an 9 CLK 7 6 CYCLE

10 Bsel same Q A/Man 10 Bsel same 9 A/Man 10-F4 50DB 39 col4
11 Asel same 9 A/Man 11 Asel same 9 Aian -11 -&4 2 4 9co14
12 AO PC 14 Mrowl 12 A0 PC 11 Mcoll 12 Q5 5\DB 5\10 co12
13 Al 4 10 Arowl 13 Al 5T 10Aoll 13 D5 2 15 Ncol2
14 A1/0 3 6 growl 14 AI1/ 3 14 1Noll 14 D6 2 14Nc1
15 L To- 3 4 Nrow2 15 BI/O 3 13 1eol2 1B 7\1 coil16 c cec 161 Vee_ __x x IVee 1 "ve x x _Vce

4 4008 4 bit F Adder ' # 5 4008 4 bit T kdder # 6 4071 quad 2 in OR
Connection Chi Connection Ch-p Connection

Pin Desc Chip Pin Desc Pin Desc Chip Pin IDesc Pin[ Desc Chip IPin Dese
1 A4 x x Gnd 11 A4 x xL Gid 1 Lila DB 5 N

2 B3 DB 5 N 2 B3 DB 8 W 2 Inlb DB 7 S
3 A3 3 2 row4 3 A3 3 10 col4 3 Outl 4 6 OR1
4 B2 same 2 N 4 B2 same 2 W 4 Ou 5 6 OR2
5 A2 3 5 row2 5 A2 3 12 co2 5 ir2a DB 8 W
6 B1 6 3 OR1 6 71 6 4 6R2 6 In2b DB 6 E
7 A1 3 7 rowl 7 Al 3 15 coil 7 Gnd x x CGid
8 Gnd x x GTd 8 Gnd x xI Grd 81 In3a x x Gnd
9 CI x x Gnd 9 CI x x Gnd 9 In3b x x Gnd

10 S1 1 13 Arowl 10 Si 2 13 Acoll 10 Out3 x x c.p.n
11 S2 1 1 Arow2 11 S2 2 1 Aeol2 11 Out4 x x open
12 S3 1 3 AxiŽw4 12 83 2 3 Acol4 12 In4a x x Gind
13 S4 x x open 13 S4 x 13 In4b x x Gnd
14 CO x x open 14 x x open 14 VcI x x Vce
15 B4 same 2 N 15 B4 same P2 I W
16 VcI x I x Vc_ 16 Von x x Vee

# 7 4011quad2inNAND # 8 PANEL CTRL BUS # Mod4#4 DATA BUS(DB.
~Chi Connection Chi - ConnectionT Chii Connection
Pin Desc Chip Pin Desc Pin Desc Chip Pin Desc Desc Chip Pin I Desc

I Inla PC1RP 2\16 CyswL 1 A/Man PANout x A/Man 1 VN OU x I VN
2 Inlb same 1 CyswL 2 CyswL PANout x CyswL 2 VE OUT3 x VE
3 util RP 7 resist 3 CyswH PANout x CyswH 3 VS OUT3 x VS
4 Out2 PR 8 resist 4 MmC~r PANout x MmClr 4 -VW OUT3 x VW
5 ii,2a PC.RP 3\15 CyswH 5 DSN D 5 DSN OUT4 x N
61 In2b same 5 CYCLE - D-SE DB DSE 66 E OUT4 x 9
7 Gnd x x Gnd 7 DSS DB 7 DSS 7 -S OUT4 x S
8 In3a x x Gnd 8 DSW DB 8 DSW 8 W OUT=,- x w
9 In3b x x G_ d -9 Mcol4 PANout x Mvi14 9 col4 OUT5. x cot4

10 Out3 x x open 10 Mco-2 PAfout x Meol" 10 col OUT5 x coL2
,i1 7Out4 x x o peMnoll ANoutx Mcoll 11 coll OUTS x cl11
12 In4a x x Gnd 12 Mrow4 PANout x .Mrow4 =Tw4 xUT5 x row4
13 In4b x x 1hid Mx Mrow2 13 oow2 OUUT5 x row2
1F4 on x x Vcc 14 MrtwI PANout x Mrowl 14i rowi "OUT5 x rowl

15 Grid x x Gnd 1 15 Gnd x x Gnd
16 Von x x VWee 16 Von x x Von
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Module #6 - PATH OUTPUT DISPLAY - Wiring Table B4

# 12 DATA BU(DBF) #~ 32409 hex invatrt

Clih Cnnrection hti Connection
PiniFDesc Chip Pin Desc P~in Desc ChvIPin Desc

1 VN OU3x V1 1 Inl 381 Scoll.
2Ž VE 't1 5U T x- 2 Oul 33 1 Ecoli
3h -V MW x VS -3~ 6 col2
4 VW OUT x -W- 4 8 Ecol2
5 N 0 T41 x NW 7E- -M- W 'Dcol3

6 E UT41 x f- 6 0t 34 -1 coi3
7h S OUT4 I = S 7Gnd Ix x =d
8 W OUT4 x -w-8 W 34 8 co14
9h coi4 0UT51 X co14 -- 4- -- 3i- =W 1 =Scol4

10 ccl OUT5 x7 Co12 10l = -i3 --3 i Coli
11 coil OUT5 x Coll r1- ihL3- 3-8 1-1 0S- ol 5
12 row4 OUT5 x row4 1i2 M iiW *35 8 Co16
13 o-w2 OUU-T T row'2 1131 1n6 38 10 DScol6

141 rowi OUT5 x rowi 14 _ c x Ix Vcc
151Gnd x x Gnd

- 33 401 uad 2 inO #W 134071 qiuad 2 in OR 35 4071 quad 2 in OR
Chii Connectio 7"'1 Connection Concto
Pin Desc Mp I i Desc: N" Desc Chp Pi Desc Pin Desc Cldp Pin Dcsc

1Inla 32 2 ENcoll I lInla 32 6 Eol3 1Inla 32 10~i
2 T TF- 3 roW4- _2 1iTb 37 1 row4 21 liiW 37 1 row4

3h OFF -7- 1 row4 - 6 41 1 r-ow4r 3 utl -4:r ___w

4 Out2 39 15 Irow4 4 Oui2 4'1 = 1 Io 4 &U W 4lrw
5i--- -= EScoil -1 M -C-f 1i-7 ae

=b -T-7- -2 w4 -9 =b-2 -&T T -7W -2- -T7- = -UNko4

8 a 32' A ~c__ -9-= - 32 8" E~io4 -9 -= 32 12 MENZoi
Inbsame 2 ro4 7- b s ame- 2 row4 - nb same ='row4

10to3 40 1 __w 101i 0Lt314 1 row4 10 M 44 1 row

012 =4a s;a-me - 121 InaI~ sam 12 Tio T __

3h k4b, sae~ 6 "Irow4 131 TIn~b same 1row 1 7ui ef_ W w4
l4Vc ~ x cc 4Vc 7 __ 4Vc x cc_

-36 4071qud 2 in' OR 37 4069 hex invete - 3 4555dua 13 ecd

Pin PDesc Chi42.I Pin Desc: Pin Desc ChpPin IDesc PnDesc Chuiv Pin Dese
_1 Inla 3 12ENcoi7 I uIFI DB 1 1r 1 Adisab ___ 4

2lnb - ff I" rFw-4- 336 Y w4 -IAsell d W D 11 Coill
3h Outi 4TW I row4 7- = -15F --'§ col4 3 Asei2 DB 10 c__
4 ORi2 --4T *W Irw4 4 Ou2 38 = W TIco 4 -- U x x oe
5 In2a same 1 ENCol,' -7-0W x x _n 1 32 1 DScoll
6 =b~ 3-7 2 -E- -6 **M- x x opn2"-f 3 D~co2
7 Gnd x Ix MR 7 n x x Gnd = -- T2 DScopl3

Ina x x XfL Gnd 1 7- 4 ox -g- x =d
9 In3b x*~ *7 **n 9 IM x x Gnd 9 7 37T13 D~co71

11 O-Ut4 Ix x lg i ii x x Gd 11 53 2 11 =c
12 1K4a x x Qu-d 77-Og 36 1 1 T co17 1' 4 oW14

T x x Md- -17 1n -W 9 1 D~ol -9;i BscI2 n =~i T T~o
1 VW x x V- -14 -- c- Tx xT F 14 Bsieil samne=79-

I BdisabV -4 T I-o14
16V ccJx x-rVc,



63

Module #6 - PATH OUTPUT DISPLAY - Wiring Table B4, continued

# 39 4555 dual lof4 deed # 40 4555 dual lof4 decd # 41 4555 dual lof4 decd
Chi Connection Chi Connection Chii Connection
Pin Des Chip Pin Desc Pin Dese Chip Pin Desc Pin Desc Chip Pin Desc

1 Adisat 33 3 row4 1 Adisab 33 10 row4 1 Adisab 34 3 row4
2 Asell DB 14 rowl 2 Asll DB 14 rowl 2 Asell DB 14 rowl
3 Asel2 DB 13 row2 3 Ase12 DB 13 row2 3 Asel2 DB 13 row2
4 0 x x c-"en 4 0 x x open 4 0 x x open
5 1 46 47 s 1 48 4 s2 5 1 50 4 s3
62 46 6 s8 6 2 M4 6 sT 6 2 75 7 slo
7 3 46 12 s15 7 3 48 12 s16 _ 7 3 530 12.. s17
SGnd x x Gnd 8 Gnd x x Ond 8Gnd x xGnd
9 7 47 12 s43 9 7 49 12 s44 9 7 51 12 s45

10 6 47 6 s36 10 6 49 6 s37 10 6 51 6 s38
11 5 47 4 s29 11 5 49 4 s30 11 5 51 4 s31
12 4 46 14 s22 12 4 48 14 s23 12 4 50 14 s24
13 Bsel2 same 3 row2 13 Bsel2 same 3 row2 13 Bsel2 same 3 row2
141 Bsell same 2 rowl 14 Bsell same 2 rowi 14 Bsell same 2 rowl
I1503disa 33 4 Irow4 15 Bdisab 33 11 Irow4 151 Bdisab 34 14 Irow4
16 VCe x x Vcn 16 Vcc x x Vee 161 Vce x x IV I

# 42 4555 dual lof4 decd # 43 4555 dual lof4 decd # 44 4555 dual lof4 decd
ChDi Connection Chii Connection Chii Connection

Pin Desc hip Pin Desc Pin Desc Chip Pin Desc Pin Desc Chip IPin Desc
1 Adisat 34 10 row4 1 Adisab 35 3 row4 1 Adisab 35 10 row4
2 Asell DB 14 rowl 2 Asell DB 14 rowl 2 Asell DB 14 rowl
3 Asel2 DR 13 row2 3 Ase12 DR 13 row2 3 Asel2 DB 13 row2
4 0 x x open 4 0 x x open 4 0 x x oven
5 1 52 4 s4 5 1 54 4 s5 5 1 56 4 s6
6 2 52 6 sll 6 2 54 6 s12 6 2 56 6 s13
7 3 52 12 118 7 3 54 12 s19 7 3 56 12 s20
8 Gnd x x Grd 8 Gnd x x Gnd 8 Gnd x x Gnd
9 7 53 12 s46 9 7 55 12 s47 9 - 7 1-2 s48

10 6 53 6 s39 10 6 55 6 s40 10 6 57 6 s41
11 5 53 4 s 2 11 5 553 4 -03 11 5 37 7 s79
12 4 57 14 -23 12 4 -4 14 sT 6 12 4 56 1W s27
13 Bsel2 same 3 row2 13 Bse12 same 3 row2 13 Bs12 same 3 row2
14 Bsell same 2 rowl 14 Bsell same 2 rowl 14 7s1li s 2 rowl
15Bdisa 34 11 I 15 Bdisab 35 Irow4 77 Bdisab 3 11 w4
16 Vcc x x Vcc 116 Vcc x x Ie 16V x x V

# 45 4555 dual of4 decd # 46 4043 quad R/S ff # 47 4043 quad R/S ff
Chip Connection Cir Connection Chip Connection
Pin IDese Chip Pin I Desc Pin Desc Chip Pin Desc Pin Desc Chip Pin Desc

1 Adisat 36 3 row4 1  Q4 OUT6 22 Paul I x x open
2 Asell DB 14 row1 2 Q1 OUT6 1 Path 2 01 OUT6 29 Path
3 Asel2 DB 13 row2 3 RI M6 x CLR *3 R1 IM6 x CLR
4 0 x x o 4 S1 39 5 sl 4 S1 39 11 s29
5 1 58 4 s7 5 x x Vcc 5 x x V__
6 2 58 6 s14 6 $2 39 6 s8 6 2 39 10 s36
7 _1 3 58 12 s21 7 R2 same 3 CUR-- 7 R2 -same :3 CLR
81 Gnd x x Gnd 8 Gnd x x Gnd 8 53d x x Ond
9 7 59 12 s49 91 2 OUT6 8 Path 9 52 OUT6 36 Path

10 6 59 6 s42 101 3 OUT6 1*W Path 10 Q3 OUT6 43 Path
11 5 59 14 s35 11 R3 same 3 CLR 11 R3 same 3 CLR
12 4 58 14 s23 12 S3 39 7 s15 12 53 39 9 s43
13 Bsel2 same 3_ row2 I NC I x x open 13 NC x x open
14 Bsell same 2 rowl 14 1- 39 1 s22 14 $N x x Gnd
15 Bdisat 36 4 lowT4 .1 R4 I same 3 R4 same - CLR
16 Voc x x V 16 We"I x x VI 16Vee x x cc
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Module #6 - PATH OUTPUT DISPLAY - Wiring Table B4, continued

# 48 4043q.uad R/S ff # 49 4043 quadtR/S ff # 50 14'J43 auad R/S ff'
Chip Connecton Cm pr Connection Chir , fw~cri=on
Pin Desc Chip, I Pin IDese Pi IDese Chip PinI tesc i Des c Chip PnI P i-l

I Q4 OUT6 23 Path 1- !h x x Iopen " Q4 OUT6 24 [Path
2 Q1 OUT6 = Path 2 Q1 OUT6. 30S Path 2 Q1 O6U T6 3, ,Path
3 R1 IN6 x CLR 3 R1 IN6 x CLR 3 R1 INT6 x CLR
4 S1 40 ,,5 s2 41 S1 40 11, s30 4 S1 41 -5 s3
51 EN x x Vc 5 EN x x Vcc' -5 EN x - x -Vrcc
6 S2 4F0 69' s9- 6 $2- -460 0l s377- 6- S2 41 -6--710
7 R2 same 13 CLR- -7 R2 same 3 1CLR 7 R2- same 3 CLR
8 Grid x x Grid 87 -5Rd x- x Grid 8 nd- x x Ond

T-Q OUT6 9 Path 9 Q2 OUT6 '37 Path 0 2 OUT --1- P-at-h
10 Q3 OU616 Path 110 03 OUT6 FU4 2a- 10 •3 -OU-T6- 17 Fa-th
11 R3 sarme 3 CLR 1 11 R3 same P3 CLR 11 R3 same 3 CLR
121 S3 40 7 s16 ,12 S. 3 40 9 s44 12 Z- 41.. 7 71-7,
13 NC x Ix open 13 NC Ix x Iopen 13 NC x x 0 _9..
14• S4 140 112 s23 14 S4 Ix x IGrid 14 S4 41 12 s24
15 R4 Isame 13 CLR T' 5-R same 3 1CLR " 15' R4 same 3 CL
16 Vcc x Ix 1Vcc 161 VceI x Ix IVc 16 Vee x ... x Vc

# 51 4043 quad R/S ff # 52 4043 quiad R/S ff # 53 4043 quad R;5 iir
Chi• Connection Chip Connection hip Connection
Pin rDesci Chip Pi n D P i Fls Chip I Pin D esc Pn D esc Chip Pin es

11 04 x x open __I, Q4 OUT6 25 Path 11 04 x x Iopen
2Q1 OUT6 31 Path 2 Q1 OUT6 R4 -Path 2 Q1 OU632 1Path

3 R1 IN6 x CUR 3 R1 IN6 x CETR -3 R IN6 x CLR
4 S1 41 11 s3l1 4 S1 .4f2 5 s4 4 S1 - 2 Q 11 s32
5 EN x x Vcc: 5 EN x x Vee, 5 - x x Ve
6 S2 41 10 s38 6 $92- 42 6 sl ri 6 -- 2- 42 -10r -73-9
7 R2 same 3 CLR 7 R2 same 3 CDCf -7 R2 same 3 'CLR
8 Gnd x x Gnd 8 Grid x x Grid 8 nd x x Gn
9i Q2 OUT6 38 Path 9 Q2 OUT6 11 Path 9 02 O-UT76- 79- Path

10i 03 OUT6 475- Path -10 Q3 OUT-6 1-8 -Path -10 03 OUT6- 46 Path
11i R3 same 3 CR 1 R3 same 3 ELR 11 R3 sm L
12; S3 41 9 s45 12 $S3 4-2 -1 s18 12 S3 42 -9 s46
131 NC Ix Ix oe 13NC x Ix Ioven -13 NC x x oe
141 S4 Ix x Grid 14 S4 42 12 2 14 $4 x x _- -d-
151 R4 Isame 3 CLR- 15 R ame 3 FCLR 151 4 same 3 CLR
161 VccI x x Vet 16Vc x 1 e 161 Vee: x I Vce

# 54 4043 quad R/S ff # 55 4043 quad R/S ff # 56 404 udRSf

Pin Desc Chip [Pin[ Desc PnFDesc Chip Mr. I Desc Pi" Dese Chip Pi De~sc
11 Q4 OUT6 26 Path I Q x x opn 1 4 OUT6 27 Path
'2 Q1 -OUT6 5 PFa-t-h 1-2 1 OUT6 33 PatQ2 1 OUT6"6 Path

3 R1 IN6- x CLR 3 11 IN6 -x t!LR 37 R1 IN6 -x CLR
4 §1- 43 5 s5 4 S11 43 11 s33 41 S1 4 V -5 s61
5 E27 -x x Vee 5 EN x x Ve 5 EN x x Vee;
6 S2 43 6 s12 6 $S2 43 1-0 -s40 6 S2 44 •6 s13
7 R2 same 3 CLR 7[R same 3 1CLR -7 -R2- Samre 31 CLRF
8 Grid x x -Gnd- 8l- d x x IGrid 8 NFd x x Gn-d
9 f2OT 12- P-ath 9i 2 OUT6 40 Path 9 02 OUT6 13 Path

10 Q3 OUT6 19 "Path 10 3 OUT6 47 Path 10] Q3 OUT6 2F Pth
11 R3 same 3 CLR I 1 R3 same -3 -CLR -11 R3 same -3 CLR
12 S3 43 7 s--19 12 -S3 4-3 -9 s47 12 S3 -4-4 7 -s20O
113 NC -x x open 13 NC x x open 13 NC x x open
14 S4 43 12 s26 14 S4 x x Grid 14 S4 44 12 s27
15 [4 same 3 'CL-R i5 R4 -"' same -37 CLR- 151 R4 same -3 CLRC
16 Vcc x x -1Vcc- L 161 Vcc 1, x Vee 16 FVce x x FVcc
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Module #6 - PATH OUTPUT DISPLAY - Wiring Table B4, continued

# 57 4043 quadR/S ff # 58 4043 quad R/S ff # 59 44 uad R/S ff
ci Connection Chi Connection Ch Connection
Pin Desc Chip Pin Desc Pin Desc Chip -Pin Desc PfDesc Chip 1Pin DesI 10 x opn 1 0 23 Path 1 04 x x oven

2 QL 0U6- 34 Path 2 OUT6 7 Path 2 01 OU 35 Path
3 R1 iN6 x CLR 3 R1 IN6 x CLR R1 " T*x CLR

S4 1 144 1 s34 4 S1 45 5 s7 4 S1 45 11 s35
5 EN x x Vcc x xx Ve 5- EN x x Vc
6 S2 44 10 s41 6 S2 45 6 s14 S $2 45 10 s42
7 ~R2 same 3 CLR 7 R2 same 3 CL 7 same 3 CLR
8 Grid x x Grid I Grid x x Gnd 8 rd 7 x x Gnd

2 Q2 UT6 41 Path 9 14 Pat 9 2 OUT6 42 Path
10 Q3 OT 48 Path 10 3 OUT6 21 Path 10 - 3 OUT6 49 PatW
11 R3 same 3 CLR 11 R3 same 3 CLR 11 R3 same 3 CLR
12 S3 44 9 s48 12 S3 45 7 s21 12 $3 45 9 &49
13 NC x x open 13 NC x xx open
14 S4 x x Grid 14 4 45 12 s28 14$4 x x Gnd
15 R4 same 3 CLR 1 R4 same 3 ... CLR 15 R4 same 3 CLR
161 Vc x x V 16 6Ve 7 x xVe 16 Ve I x x Vee
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Appendix C

Maze Machine Tools/ Parts Required

The electronic 'Maze Machine' required funds in the vicinity of $360 to purchase

the needed off-the-shelf IC chips and accessory components necessary to build the system.

Thesis director, Dr. John B. Cheatham, Jr., provided monetary support for building the

machine through a contract and grant from NASA/ JSC and RICIS.

The following table shows the parts inventory for the completed Maze Machine.

Note that 65 IC cbips are used to construct the machine, however 28 of the chips are

simply used to store the path output display by way of RS flip-flop chips for memory and

an array of LEDs to highlight the path.

As constructed, the machine requires an 'awkward' system of hand-placed plugs to

set the maze environment. This method was employed due to low cost. An alternative

system could use CMOS 4066 (quad digital/analog bilateral switchs), 4503 (tri-state hex

buffers), and 4043 (quad R/S flip-flop) chips, (thus integrating Modules 1 and 2). This

was not pursued since the machine was only built to prove a concept and any practical sized

machine rio.,ld require custom analog VLSI chips.

A practical implementation of this technology would be through the use of a custom

add-in board for a microcomputer, which would use the aforementioned VLSI chips. The

computer would be used for interfacing with both a semiautonomous mobile robot (and

handle the robot's numerous other functions) and the 'Maze Machine' on-a-board. The

board would perform its path planning functions (in real time, due to the parallel processing

nature of the connectionist network) while the computer directs the robot's actions.
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MAZE MACHINE, Electronic Hybrid Network Parts Inventory

IC Item (.-.t H Module Requirements Qty Cost
Chip# Description (ea) Ji1 2 3 4 5 6 rgd total

339 quad comparator $0.55 22 2 $1.10
4008 4 bit full adder (or 74C83) $1.50 4 2 6 $9.00
4011 quad 2 input NAND $0.30 1 1 $0.30
4043 quad RS ff (NOR logic) $0.20 14 14 $2.80
4051 1 of 8 analog switch $1.50 19 19 $28.50
4053 triple SPDT chip $1.50 - 2 2 $3.00
4069 hex inverter $0.55 - 1 21 3 $1.65
4071 quad 2 input OR $0.30 1 4 5 $1.50
4073 3 input AND $0.30 2 1 21 $0.60
4555 dual 1 of 4 decoder non-inv $0.99 8 8 $7.92

40174 hex-D storage register $1.50 - 1 1 $1.50
74C48 BCD to 7 seg decoder $1.50 2 2 $3.00

x 510U resistor 1/4w $0.03 100 4 104 $3.12
x 10k.Q resistor 1/4w $0.03 6 6 $0.18
x 100kQ resistor 1/4w $0.03 84 1 2 86 $2.58
x 8 pin IC socket, wire wrap $0.40 100 49 - 149 $59.60
x 14 pin IC socket, wire wrap $0.75 5, 1 - 5 $3.75
x 16 pin IC socket, wire wrap $0.75 24 1 7 24 56 $42.00
x LED flashing , green, GOAL $0.85 1 1 $0.85
x LED green, round, 5mm PATH $0.15 49 - 49 $7.35
x LED red, round, 5mm OBST $0.15 49 4 53 $7.95
x LED yellow, md, 5mm START $0.15 49 49 $7.35
x LED sockets, 5mm $0.10 4 4 $0.40
x decimal LED display $1.79 2 2 $3.58
x ribbon connection, 16 strand $3.00 1 1 1 2 $6.00
x ribbon connection, 50 strand $14.00 2 - 2 $28.00
x switch SPDT $2.89 7 7 $20.23
x switch SPDT, momentary $3.69 1 1 2 $7.38
x protoboard 8" x 6" $6.00 1 1 1 3 $18.00
x wire, wire wrap, 50ft $5.20 4 4 $20.80
x Socket, banana plug $1.50 2 2 $3.00
x power supply, 12v DC $30.00 1 1 $30.00
x cabinet, alum, 13x10x4 in. $22.94 1_1 1 $22.94

Grand Total $355.93

Table C1

Maze Machine Parts Inventory
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Appendix D

Procedure for Running Maze Machine Auto-Path Test

The following steps refer to switches on the front face of the Maze Machine cabinet.

(Figure D 1 is a diagram of the front of the Maze Machine.)

1. Establish/ define the maze environment by identifying obstacles, free spaces, the

start node, and the goal node. Place the required plugs in the appropriate node sockets on

the top of the Maze Machine. (Ensure that the plugs are oriented in the right direction.) The

plugs can be easily identified in the following manner, obstacle plugs have red stickers,

free spaces have green LEDs and green stickers, the start has a green LED and a yellow

sticker, and the goal has a regular green path LED plus a blinking green LED.

2. With dhe machine in the MANUAL mode, use the "manual current node input"

switches to set the start point (i.e. row and column, using binary representation). Push the

cycle button to load the data to the Move Control Module. The start node LED will light

and the current node display will indicate the current location digitally (i.e. row and

column). Also, one red direction indicator LED will light, indicating the direction in which

to move.

3. Next, place the machine in the AUTO mode. Push the cycle button to tke one

step along the path. The appropriate path LED on the top of the machine will hght and the

current node location digital display and direction indicator LED will become updated

accordingly. Continue to take one step at at time, by pushing the cycle button, until the

entire path is lit-up and the goal node is reached.
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4. To start over and clear the maze path display, simply push the spring loaded

MEM/ CLR toggle switch to CLR and release. The machine will now be reset and all maze

LEDs will be off except the blinking goal.

CURRENT NODE

0
0 DIR*

ROW COL

4 2 1 4 2 1 AUTO MEM

ROW COL MAN CLR

MANUAL CURRENT NODE INPUT

0
CYCLE

Figure D1

Maze Machine External Input and Output Display

NOTE:

To read out the current node voltages, plug a voltmeter into the back of the machine

at the marked socket and either take readings as you step through a maze problem's path or

use the MANUAL switch and manual current node input toggles to select the desired

node(s) for voltage sampling.



70

Appendix E

Maze Machine Test Data and Results

The Maze Machine was tested using a variety of sample 'mazes' / path planning and

obstacle avoidance problems. The machine consistently provided good (near-optimal)

solutions based on the environment and assumptions imposed.

In the tests ran, the environment usually contained more than one feasible path

(from start to goal). After setting the environment (by defining start, goal, free space, and

obstacle nodes), voltage readings were taken for each node in the 'maze'. After sampling

the voltage outputs, the test navigation problem was run on th'o Maze Machine. As stated

earlier, in each case, the machine successfully navigated the maze and avoided obstacles

while selecting a good (best, from a local voltage increase basis) path. The results of some

sample tests that were run are included as tables in this appendix. Their significance are as

follows:

Table El: Test 1 shows the maze from Figure 2 in the Introduction Chapter.

First the 'Maze Mask' with start and goal positions is displayed. Next, the Vout Sampling

Table with voltage potential output values listed per node. Finally the Auto-Path Results

are shown

T t 2a shows a new maze layout, with 'Maze Mask' + start & goal,

Vout Samp - nd Auto-Path Results.

Table E3: Test 2b uses the same *Maze Mask' as Test 2a, however the start

position has been altered. Note new Vout Sampling Table and Auto-Path Results.

Table E4: Test 3a shows a new maze layout where the 'Maze Mask' contains

no obstacles. This test was.run to show the tolerance errors in the hardware system. Note
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that since the start & goal were placed in opposing comers the system is symmetrical. The

Vout readings should be identical on the cross diagonals (perpendicular to straight line

between start and goal). The small errors found in the actual Vout readings can be

accounted for easily by the tolerances in the components that make up the Maze Machine

(especially the resistors of Module 2, each with a 5% manufactures' tolerance). Also note

that any path that moves only right or down (East or South) is equally good based on the

assumptions/ limitations made.

Table E5: Test 3b uses the same no obstacle 'Maze Mask' as Test 3a, however

the start position has been altered. Note new Vout Sampling Table and Auto-Path Results.

Table E6: Test 4 shows the maze from Figure 14 and Table 1 in Chapter 4.

Here again, the 'Maze Mask' with start and goal positions, along with the Vout Sampling

Table and Auto-Path Results are shown.
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MAZE MACHINE, Test Run Printout Test 1

Maze Mask + External Inputs:
1 2 3 4 5 6 7

1 Start XXX XXX
2 XXX XXX XXX
3 XXX XXX XXX
4 XXX XXX
5 XXX XXX XXX XXX
6 XXX XXX
7 XXX XXX Goal

Vout Sampling:
1 2 3 4 5 6 7

1 0.00 0.00 4.43 4.98 5.53 6.10 0.00
2 1.11 0.00 3.88 0.00 0.00 6.68 7.25
3 2.22 2.77 3.35 0.00 0.00 0.00 7.84
4 2.72 0.00 3.28 0.00 7.35 7.89 8.47
5 3.24 000 000 .00 6.80 000 9.7
63.75 4.25 .00 6.02 6.32 0.00 10.73
7 0.00 4.75 5.25 5-80 6-01 0.00 211.9

Auto Path Results:
1 2 3 4 5 6 7

1 V XXX > > > v XXX
2 v XXX A XXX XXX > v
3 > > A XXX XXX XXX v
4 XXX XXX v
5 XXX XXX XXX XXX v
6 XXX XXX V
7 XXX XXX Goal

Comments:
Successfully navigated the maze while
minimizing the number of moves required.

Table El
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MAZE MACHINE, Test Run Printout Test 2a

Maze Mask + External Inputs:
1 2 3 4 5 6 7

1 XXX Goal
2 XXX XXX
3 XXX XXX
4 XXX XXX XXX XXX
5 Start XXX XXX
6 XXX
7 XXX

Vout Sampling:
1 2 3 4 5 6 7

1 3.30 0.00 7.30 7.82 8.66 10.28 11.95
2 3.25 0.00 6.83 7.51 7.88 0.00 10.89
3 3.38 4.52 5.66 0.00 7.43 0.00 9.88
4 2.21 0.00 0.00 0.00 7.01 0.00 8.91
5 1.05 0.00 0.73 0.00 6.60 0.00 7.95
6 0.92 0.79 1.44 0.00 6.22 6.49 7.02
7 0.91 0.00 2.81 4.17 5.54 6.21 6.59

Auto Path Results:
1 2 3 4 5 6 7

1 XXX > > Goal
2 XXX > > A XA X
3 > A XXX
4 A XM XXX XXX XXX

5 A < XXX XXX

6 XXX
7 XXX

Comments:
Successfully navigated the maze while
minimizing the number of moves required.

Table E2
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MAZE MACHINE, Test Run Printout Test 2b

Maze Mask + External inputs:
1 2 3 4 5 6 7

1 XXX Goal
2 XXX I XXX
3 XXX XXX
4 XXX XXX XXX XXX
5 XXX XXX
6 XXX
7 Start XXX

Vout Sampling:
1 2 3 4 5 6 7

1 4.861 0. 8.17 8.62 9.29 10.60 11.95
2 4.92 0.00 7.80 8.36 8.66 0.00 11.10
3 4.97 5.89 6.83 0.00 8.31 0.00 10.28
4 4.02 -030 0.00 0 . 00TT 0.0 9.52
5 3.08 3.18 3.44 0.00 7.69 0.00 8.76
6 2.03 2.98 3.75 0.00 7.41 7.62 8.04
7 0.00 0.00 4.78 5.82 6.89 7.40

Auto Path Results:
1 2 3 4 5 6 7

1 XXX > > Goal
2 XXX > > A XXX
3 > > A XXX XXX

4 A • XXj .... XXX
5 A XXX

6 A XXX

7 A XXX

Comments:
Successfully navigated the maze while
minimizing the number of moves required.

Table E3
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MAZE MACHINE, Test Run Printout Test 3a

Maze Mask + Extern. Inputs:
1 2 3 4 5 6 7

1 Start _

2

3
4
5
6
7 Goal

Vout Samplihag:
1 2 3 4 5 6 7

1 0.001 2.32 3.71 4.63 5.Z7 5.69 5.87
2 2.31 3.25 4.16 4.93 5.51 5.91 6.10
3 3.70 4.16 4.77 5.38 5.91 6.32 6.52
4 4.63 4.93 5.39 5.93 6.45 6.91 7.18
5 5.27 5.41 5.91 6.46 7.06 7.67 8.1.16 5.. 5.91 6.31 6.92 7.68 86 9.51
7 5.87 6.510 T52 7.17 8.10 9.50 11.84

Auto Path Results:
1 2 3 4 5 6 7

1 > > > > > v
2 v
3 v
4 v
5 v
6 v
7 Goal

Comments:
Successfully navigated the 'non-maze' while
minimizing the number of moves required.

Table E4
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MAZE MACHINE, Test Run Printout Test 3b

Maze Mask + External Inputs:
1 2 3 4 5 6 7

1 Goal
2
3
4
5
6
7 Star.

Vout Sampling:
1 2 3 4 5 6 7

1 6.15 6.21 6.55 7.20 8.11 9.52 11.84
2 5.52 5.89 6.30 6.91 7.66 8.57 9.48
3 5.17 5.45 5.87 6.42 7.01 7.63 8.05
4 4.58 4.89 5.34 5.90 6.42 6.88 7.1.4
5 3.66 4.12 4.72 5.35 5.86 6.26 6.46
6 2.29 3.21 4.12 4.89 5.46 5.86 6.04
7 0.00 2.30 3.65 4.56 5.20 5.62 5.80

Auto Path Results:
1 2 3 4 5 6 7

1 > Goal
2L A
3 A

4 A

5 A

6 A

7 > > > > > A

Comments:
Successfully navigated the 'non-maze' while
minimizing the number of moves required.

Table E5
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MAZE MACHINE, Test Run Printout Test 4

Maze Mask + External Inputs:
1 2 3 4 5 6 7

1XXX Goal
2 XXX XXX XXX XXX
3 XXX XXX
4 XXX XXX XXX XXX
5 XXX XXX
6 xxx xxxXX
71 Start

Vout Sampling:
1 2 3 4 5 6 7

1 0.00 6.86 6.86 6.86 8.03 9.29 10.53
2 6.72 6.76 0.00 5.60 0.00 0.00 0.00
3 6.62 0.00 4.44 4.45 4.07 3.80 0.00
4 0.00 0.00 0.00 3.47 0.00 3.51 3.20
5 1.33 1.72 2.13 2.56 0.00 0.00 2.91
6 0.87 0.00 0.00 2.06 0.00 2.40 2.70
7 0.44 0.00 0.80 1.60 1.83 2.12 2.09

Auto Path Resuhs:
1 2 3 4 5 6 7

1 XXX > > > Goal
2 XXX A XXX XXX XXX

3 XXX A XXX

4 XX= XXXy xX XXX A

5 A XXX

AXXX XXX

7 > A

Comments:
Successfully navigated the maze while
minimizing the number of moves required.

Table E6
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Appendix F

AMAZ3D.f Source Code Listing

The AMAZID.f program code was written in FG,.± k 4aN7 The main program

AMAZ3D.f along with its subroutines comprise the complete serial computer simulation for

the hybrid connectionist network system used for path planning and obstacle avoidance.

"L he subprograms used are listed below, along with short explanations of there functions:

program AMAZ3D is the main program for finding good paths through 3D
mazes.

subroutine MAZLGO(UNIT) prints the AMAZ3D logo to device labeled U.

subroutine MAZINP inputs maze data and set WTS array.

subroutine MAZOUT(U) outputs maze environment (and any pa, -data such
as start, goal and path steps if calculated) to device labeled U.

subroutine PAROUT(U) outputs parameter/ maze data to device iajeled U.

subroutine UPDATE allows user to modify maze/ parameter data before going
to iteration process.

subroutine MAZPOT converts maze input data from a character array MAZ to a
value array POT, plus it initializes the array PFLD (the nodal voltage
potentials array).

subroutine MAZFLD calculates final values for potential field nrray by iteration
process and shows in-progress error calculations for every 10 iterations.

subroutine MAZFNL(U) outputs nodal voltage potential field to device labeled
U.

subroutine MAZMOV calculates path ini a step-by-step procedure using locally
,,timal moves/ steps.

subroutine MAZPTH(U) outputs the solution path in a list format (includes
path ncc. - vector addresses and next move directions) to device labeled U.

function MAZDLI(IDIR) produces direction character string from integer input
(i.e. N, E, S, W,NE, SE, SW, and NW).
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subroutine beII(NUM) rings bell NUM times to alert user to input
requirements.

The AMAZ3D program also reads in three date files:

amaz3d.prf (A preferences file for: 1) describing the screen output device
number, 6 for IBM PC and SUN workstations, 9 for Macintosh PC and 2)
FILEDF, the default file-name for the assumed input parameter file.),

FILEDF or file-name entered by user (A parameter file which provides key
information to the program. All parameters but the sensory data file array
dimensions and FILEM, the initial node values file, can be modified later by
the user within the AMAZ3D program.),

FILEM (Sensory data input file, name provided by above mentioned parameter
file, which provides AMAZ3D program with initial environmental sensory
data for the nodal array whi ch was dimensioned through FILEDF entries.).

Notes:

1) To keep the program memory requirements reasonable for a microcomputer,
the maximum sensory data input file has been limited to a three dimensional
array of 80 rows by 80 columns by 8 layers of height (thereby requiring
approximately 1 Mbyte RAM). These values are arbitrary, of course, and
can be changed in the variable declaration statements of the program source
code before compilation. The only limitation is memory availability.

2) Also note that two types of obstacles have been allowed for: 1) 'normal'
obstacles are set to GND and are isolated from their neighbors in the
network (i.e. do not influence the neighbors' nodal value outputs) and 2)
'connected' obstacles which have the same characteristics as the start node
(i.e. set to GND but left connected to the network so that their influence is
felt by the neighboring free nodes). This second type of obstacle node
allows the program to approximate the potential fields approach used by
Norwood (1989) in his Master's Thesis on "Robotic Path Planning and
Obstacle Avoidance: A Neudal Network Approach".
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Program AMAZ3D.f Source Code Listing

c --- 2 --------- 3 --------- --------- --------- 6---------7--

program AMAZ3D
"c main program for finding good paths through 3D mazes
"c declaration of global/common variables

integer SCR,FIL, ROW, COL, DEP,STARTN(3),GOALN(3)
integer MAXIT,CNT,MOVE, I,J,K, DIRALL
real OBSX,OBSC, GND,VCC, DIST
real ALLERR, ACTERR, TTLERR
integer WTS(0:81,0:81,0:9)
real POT(0:81,0:81,0:9)
real PFLD(0:81,0:81,0:9)
integer PATH(0:1000,4)
character*l2 FILEDF,FILEP,FILEM, FILEO
character*l MAZ(0:81,0:81,0:9)
character*l OBSTX,OBSTC, FREEl,FREE2,FREE3,START,GOAL
common SCR, FIL, ROW, COL, DEP,STARTN,GOALII,MAXIT,

2 CNT,MOVE, I,J,K,DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR, ACTERR, TTLERP,WTS,
4 POT, PFLD, FILEDF, FILEP,FILEM, FILEO, PATH,
5 MAZ,OBSTX,OBSTC, FREEl,FREE2,FREE3,START, GOAL

"c declare local variables
character*l BYPASS,QUITER
logical PRFEXS

" SCR = screen device/unit # default
"c FILEDF = default parameter input file
"c read in preference file for SCR,FILEDF

inquire(file- amaz3d.prf',exist=PRFEXS)
if (.not.PRFEXS) then

pause 'Needed preference file "amaz3d.prf" not found!
stop

endif

open(2,file='amaz3d.prf')
read(2,2000) SCR,FILEDF

2000 format(il/,al2/)
close(2)

"c FIL - output-file unit default
FIL = 8

"c print logo to screen
10 call MAZLGO(SCR)
"c input parameter data

call PARINP
"c input maze data

call MAZINP
" update maze/parameter data

write(*,*) 'Maze E.nvironment...
call MAZOUT(SCR)
if (SCR.eq.9) call bell(l)
if (SCR.eq.9) pause 'press <CR> to continue...
if (SCR.eq.9) write(*,*)
call PAROUT.ZCR)
call UPDATE

"c output maze/parameter data to file
write(FIL,*) 'Maze Environment...
call MAZOUT(FIL)
call PAROUT(FIL)

"c create real valued array from char array
call MAZPOT

"c calc final values for pot fld array
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call MAZFLD
call bell(l)
write(*,2010)

2010 format('Enter <Y> to printout the pot. values array, or',/
+ I <CR> to bypass output of potential values

BYPASS-' I
read(*,'(al)') BYPASS
write(*,*)
if (BYPASS.ne.'Y' .and. BYPASS.ne.'y') gcto 20

" output final potential field
call MAZFNL(SCR)
call MAZFNL(FIL)

"c output final iteration info
20 write(*,2030) CNT,ACTERR,TTLERR

write(FIL,2030) CNT,ACTERR,TTLERR
2030 format(/' Total Iterations =

2 'Maximum individua.l nodal change = ',f8.4,/
3 ' Total iteration nodal change -',f8.4//)

if (SCR.eq.9) call bell(l)
if (SCR.eq.9) pause 'press <CR> to continue...
if (SCR.eq.9) write(*,*)

c calculate path
call MAZMOV

c output path
call MAZPTH(SCR)
call MAZPTH(FIL)
if (SCR.eq.9) call bell(l)
if (SCR.eq.9) pause 'press <CR> to continue...
if (SCR.eq.9) write(*,-)
write(*,*)

* output maze solution (in character form)
write(*,*) 'Maze Solution...
call MAZOUT(SCR)
write(FIL,*)
write(FIL,*) 'Maze Solution...
call MAZOUT(FIL)
write(*,*)
write(*,*) 'NOTE: Duplicate A-MAZ3D output',

+ ' written to file ',FiLEO
close(FIL)
call bell(l)
write(*,2040)

2040 format (/'Enter <Y> to restart program, or',/
+ ' <CR> to quit : 'S)

QUITER='
read(*,'(al)') QUITER
write(*, A)
if (QUITER.eq.'Y, .or. QUITER.eq.'y') goto 10
end
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c ....---- i ......... 2 --------- --------- 4--------- 5 -------- 6 --------- 7--

subroutine MAZLGO(UNIT)
" printout logo
" declare local variable

integer UNIT
write(UNIT, 2000)

2000 format(/
2 '%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%',/
3 5%

4 '% A M M A ZZZZZ 333 DDDD %',/
5 T% A A MM MM A A Z 3 D D %,/
6 1% AAAAA M M M M AAAAA Z 33 D D %',/
7 '% A A M M N A A Z 3 D D %',/
8 I% A A M M A A ZZZZZ 333 DDDD %',/

9 '%
+ .%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%',/
1 'Chris Schuster MEMS/Robotics,Rice University v6.03',/
2 /)

return
end

c -+--- --------- 2 --------- 3 --------- 4 --------- 5--------- 6 --------- 7--

subroutine PARINP
"c input parameter/maze data
"c declaration of global/common variables

integer SCR,FIL,ROW,COL,DEP,STARTN(3),GOALN(3)
integer MAXIT, CNT,MOVE, I,J,K, DIRALL
real OBSX,OBSC,GND,VCC, DIST
real ALLERR, ACTERR, TTLERR
integer WTS(0:81,0:81,0:9)
real POT(0:81,0:81,0:9)
real PFLD(0:81,0:81,0,9)
integer PATH(0:1000,4)
character*12 FILEDF,FILEP,FILEM, FILEO
character*l MAZ(0:81,0:81,0:9)
character*l OBSTX, OBSTC, FREEI,FREE2,FREE3,START, GOAL
common SCR, FIL, ROW, COL, DEP,STARTN,COALN,MAXIT,

2 CNT,MOVE, I,J,K,DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR,ACTERR, TTLERR, WTS,
4 POT,PFLD, FILEDF,FILEP,FILEM, FILEO, PATH,
5 MAZ,OBSTX,OBSTC, FREE1,FREE2,FREE3,START, GOAL

"c declare local variables
logical PAREXS

"c get parameter file-name, (default parameter file - FILEDF)
10 FILEP=FILEDF

call bell(l)
write(*,2000) FILEP

2000 format('Enter <CR> for the default parameter file ',a12,/
+ I or <filename> of a custom parameter file :

read(*,'(al21') FILEP
if (FILEP.eq.' ') FILEP=FILEDF
write(*,*)
write(*,*)
inquire(f.le=FILEP,exist-PAREXS)
if (PAR:*() 4oto 20
writý.(*,•) ' Parameter file ',FILEP,' not found! I
write(*,*)
qotn :0

c input program parameters
20 FILEDF = FILEP
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open(l, file-FILEP)
read(l, 2010) ROW,COL,DEP,OBSTX,OBSTC, FREEI,FREE2, FREE3, START,

2 GOAL,STARTN(l),STARTN(2),STARTN(3),GOALN(1),
3 GOALN(2) ,GOALN(3) ,OBSX,OBSC,
4 GND,VCC, ALLERR,MAXIT,FILEM,FILEO,DIRALL

close (1)
inquire (file=FILEM, exist=PAREXS)
if (PAREXS) goto 8888
write(*,*) ' Maze data file ',FILEM,' not found!'
write (*, *)
goto 10

8888 return
end

-+------1 --------- 2----------3 --------- 4----------5 ---------- 6 --------- 7--

subroutine MAZINP
"c input maze data, set WTS array
"c declaration of global/common variables

integer SCR, FIL, ROW, COL,DEP,STARTN (3) ,GOALN1(3)
integer MAXIT,CNT,MOVE, I,J,K,DIRALL
real OBSX, OBSC,GND,VCC, DIST
real ALLERR, ACTERR, TTLERR
integer WTS(O:81,0:81,0:9)
real POT(O:81,O:81,0:9)
real PFLD(O:81,0:81,0:9)
integer PATH (0:1000,4)
character*12 FILEDF, FILEP, FILEM, FILEO
character*1 MAZ(0:81,0:81,0:9)
character*l OBSTX,OBSTC, FREEl, FREE2,FREE3, START,GOAL
common 5CR, FIL, ROW, COL, DEP, STARTN, GOALN,MAXIT,

2 CNT,MOVE, I, J,K,DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR,ACTERR, TTLERR,WTS,
4 POT, PFLD, FILEDF, FILEP, FILEM, FILEO, PATH,
5 MAZ, OBSTX, OBSTC,FREE1, FREE2,FREE3, START,GOAL

"c declare local variables
integer INK

"c initialize maze outer boundaries to obstacle nodes
"c iit top and bottom of maze

do 20 J=O,COL+l
do 10 I-0,ROW+l

MAZ (I,J, 0) OBSTX
MAZ (I,J,DEP+1)-OBSTX

10 continue
20 continue
c mnit sides of maze

do 50 K=1,DEP
do 30 J=O,COL+l
MAZ (0,j, K) -OBSTX
MAZ (ROW+l, J,K) -OBSTX

30 continue
do 40 I=1,ROW

14AZ (1, 0, K) -OBSTX
MAZ (I,COL+l,K) -OBSTX

40 continue
50 continue
c read in maze data (layer by layer)

open (1,file=FILEM)
do 70 K=l,DEP

if (DEP.ne.1) then
read(l,1'(13) ') INK
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if (INK.ne.K) then
pause 'error reading in maze data file !!'
stop

endif
endif
do 60 I=l,ROW

read(1,2000) (MAZ(I,J,K),J=I,COL)
2000 format(128al)
60 continue
70 continue

close(l)

return
end

c . +----- 12 - 2.--------- 3 --------- 4 --------- 5 --------- 6 ---------7--

subroutine MAZOUT(U)
c output extended maze to screen and file FILEO
"c declaration of global/common variables

integer SCR, FIL, ROW, COL, DEP,STARTN(3),GOALN(3)
integer MAXIT,CNT,MOVE,I,J,K,DIRALL
real OBSX,OBSC,GND,VCC,DIST
real ALLERR, ACTERR, TTLERR
integer WTS(0:81,0:81,0:9)
real POT(0:81,0:81,0:9)
real PFLD(0:81,0:81,0:9)
integer PATH(0:1000,4)
character*12 FILEDF,FILEP,FILEM, FILEO
character*1 MAZ(0:81,0:81,0:9)
character*l OBSTX,OBSTC,FREE1,FREE2,FREE3,START,GOAL
common SCR, FIL, ROW, COL, DEP,STARTN, GOALN,MAXIT,

2 CNT,MOVE, I,J,K, DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR, ACTERR, TTLERR, WTS,
4 POT,PFLD, FILEDF,FILEP, FILEM, FILEO, PATH,
5 MAZ,OBSTX,OBSTC,FREE1,FREE2,FREE3,START,GOAL

"c declare local variables
integer COLUMN(0:129)
integer U

"c output initial maze parameters
write(U,2000) FILEM,ROW,COL,DEP,OBSTX,OBSTC,FREEI,FREE2,FREE3,

+ START, (STARTN(I),I=1,3),GOAL, (GOALN(I),I=1,3)

2000 format(/,' The Maze: ',a12,' has ',i3,' Rows ,.,
2 i3,' Cols ,',i3,' Depth Layer(s)',
3 //' Key: Obstacles - ',al,' (isolated) , ,al,
4 ' (connected)',/' Free Space -',al,3x,
5 ' + ',al,' (doors) , ',al,' (elevators) ]',/
7 Start node = ',al,' , at C',i3,',',i3,',',i3,')',/
8 ' Goal node = ',al,' , at (',i3,',',i3,',',i3,')',/)

c create column header
do 20 I=0,12

do 10 J=0,9
ZOLUMN(10*I+J)=J

10 continue
20 continue
"c output maze
"c first check if DEP = 1 or
"c horizontal printout of layers is practical

if (DEP.eq.1 .or. (COL+3)*DEP .gt. 80) goto 100
"c for horz layers: output depth layer titles

write(U,2010)
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2010 format(' 1,$)
do 30, K=1,DEP

write(U,2020) K
2020 format(' Depth',i2,$)
30 continue

write (U, *)
c output column headers

write(U,2030) ((char(48+COLUtMlr(J)),J=1,COL),' ,', ',K=l,DEP)
2030 format"' 1,128al)

write (U, *)
c output row headers and mazes

do 40, I=1,ROW

2040 format(13,3x,128al)
40 continue

goto 8888
"c for layers printed out vertically:
"c output column header
100 write(U,2050) (COLUMN(J) ,J-1,COL)
2050 format(' 1,128il)

write (U, *)
do 120, K=1,DEP

if (DEP.ne.1) then
write (U, *)
write(U,*) 'Depth Layer:',K

endif
do 110, I=1,ROW

write(U,2060) I, (MAZ(I,J,K) ,J-1,COL)
2060 format (i3, 3x, 128al)
110 continue
120 continue
8888 return

end

c ---- I----- 2 --------- 3----------4 ----------5 ----------6 --------- 7--

subroutine PAROUT (U)
"c output parameter/maze data
"c declaration of global/common variables

integer SCR,FIL,ROW,COL,DEP,STARTN(3) ,GOALN (3)
integer MAXIT,CNT,MOVE, I,J,K,DIRALL
real OBSX, OBSC,GND,VCC, 01ST
real ALLERR, ACTERR, TTLERR
integer WTS(0:81,0:81,0:9)
real POTCO:81,0:81,0:9)
real PFLD(0:81,0:81,O:9)
integer PATH (0:1000,4)
character*12 FILEOF, FILEP, FILEM, FILEO
character*1 MAZ(O:81,0:81,0:9)
character*1 OBSTX,OBSTC, FREE1, FREE2, FREE3, START,GOAL
common SCR, FIL, ROW, COL, DEP, STARTN, GOALN, MAXIT,

2 CNT,MOVE, I, J,K,DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR, ACTERR, TTLERR, WTS,
4 POT, PFLD, FILEDF, FILEP, FILEM, FILEO, PATH,
5 MAZ, OBSTX,OBSTC, FREE1,FREE2,FREE3, START,GOAL

"c declare local variables
integer U

"c write node potential parameters
write(U, 2000) OBSX,OBSC,GND,VCC,ALLERR,MAXIT,DIRALL

2000 format (/'Node Potential Paramet'srs:1,//
2 1 Isolated obstacle value (ObsX) - ,8.,
3 ' connected obstacle value (ObsC) - ',f 8.4,/
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4 Start node value - - - - (Gnd) - ',f8.4,/
5 Goal node value ------- (Vcc) - ',f8.4,/
6 ' Max nodal change allowed per iter - ',f8.4,/
7 ' Max number of iterations allowed - ',i8,/
8 ' Horiz directions allowed (4 or 8) = ',i8/)

return
end

c --- ------. 2 3--------- 4 --------- 5 -------- 6 --------- 7--

subroutine UPDATE
"c allows user to modify maze/parameter data
"c declaration of global/common variables

integer SCR, FIL, ROW, COL,DEP,STARTN(3),GOALN(3)
integer MAXIT,CNT,MOVE, I,J,K, DIRALL
real OBSX, OBSC,GND,VCC, DIST
real ALLERR, ACTERR,TTLERR
integer WTS(0:81,0:81,0:9)
real POT(0:81,0:81,0:9)
real PFLD(0:81,0:81,0:9)
integer PATH(0:1000,4)
character*12 FILEDF,FILEP,FILEM, FILEO
character*l MAZ(0:81,0:81,0:9)
character*i OBSTX, OBSTC, Fk'E1,FREE2,FREE3,START,GOAL
common SCR,FIL, ROW, COL, DEP,STARTN, GOALN,MAXIT,

2 CNT,MOVE,I,J,K,DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR, ACTERR, TTLERR, WTS,
4 POT,PFLD,FILEDF,FILEP,FILEM,FILEO, PATH,
5 MAZ,OBSTX,OBSTC,FREEI,FREE2,FREE3,START,GOAL

"c declare local variables
character*l UPD, MOD,NCHAR
integer NROWNCOL, NDEP
UPD='N'

"c ask if modification is desired
call bell(l)
write(*,2000)

2000 format('Enter <Y> to modify the parameters, or',/
+ I <CR> to use default parameters

read(*,'(al)') UPD
write%'*,*)
if (UPD.ne.'Y' .and. UPD.ne.'y') goto 8000
write(*,*)

1000 MOD='Q'
write(*,2010) (STARTN(I),I-l,3),(GOALN(I),I-1,3),

+ OBSX, OBSC,GND,VCC, ALLERR, MAXIT,DIRALL, FILEO
2010 format(/'--- PARAMETER MODIFICATION MENU --- I,//

2 'Enter character of item to modify:',//
3 <S> for START node, currently at (',i3,',',i3,',',13,)',/
4 <G> for GOAL node, currently at P',i3,',',i3,',',i3,')',/
5 <X> for OBSX node (isolated) , currently =',f8.4,/
6 <C> for OBSC node (connected), currently =',f8.4,/
7 <B> for B=GND (start node) pot, currently =I,f8.4,/
8 <V> for VCC (goal node) pot, currently =',f8.4,/
9 <N> for max NODAL change allowed per iter -',f8.4,/
+ <I> for max number of ITERATIONS allowed -',i8,/
1 <D> for horiz move-DIRECTIONS (4 or 8) =',i8,/
2 <M> for MAZE element positioning',/
3 <R> for RE-SHOW maze environment',/
4 <O> for OUTPUT filename, currently : l,a12,//
5 :Q> or <CR> to QUIT modification menu !')

call bell(l)
write (*, 2020)
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2020 format('CHOICE : I$)
read(*,'(al)') MOD
if (MOD.eq.'Q' .or. MOD.eq.'q' .or. MOD.eq.' ') then

goto 8000
else if (MOD.eq.'S' .or. MOD.eq.'s') then

call bell(l)
write(*,4010)

4010 format ('Enter new Start ROW,COL,DEP '$)
read(,,*) NROW,NCOL,NDEP
if (NROW.lt.1 .or. NROW.gt.ROW .or.

2 NCOL.It.1 .or. NCOL.gt.COL .or.
3 NDEP.lt.1 .or. NDEP.gt.DEP) then

write(*,*)
write(*,*)'Node mu- ,between ( 1 - ',ROW,

', 1 - ',COL,', 1 - ',DEP, ')
write(*,*)

write(*,*)

goto 1000

end if
STARTN (i) =NROW
STARTN (2) =NCOL
STARTN(3)=NDEP
write(*,*)

write(*,*)
else if (MOD.eq.'G' .or. MOD.eq.'g') then

call bell(1)
write(*,4020)

4020 format ('Enter new Goal ROW,.COL,DEP
read(*,*) NROW,NCOL,NDEP
if (NROW.lt.1 .or. NROW.gt.ROW .or.

2 NCOL.It.1 .or. NCOL.gt.COL .or.
3 NDEP.lt.1 .or. NDEP.gt.DEP) then

write (*, *)

write(*,*) 'Node must be between ( 1 - ',ROW,
+ ', 1 - ',COL, ', 1 - ',DEP, ')I

write(,,*)

write(*,*)

goto 1000
end if
GOALN(1)=NROW

GOALN (2) =NCOL

GOALN(3)=NDEP
write(*,*)

write(*,*)
else if (MOD.eq.'X' .or. MOD.eq.'x') then

call bell(l)
write(*,4030)

4030 format ('Enter new OBSX value 'S)
read(*,*) OBSX
write (*, *)
write (*, *)

else if (MOD.eq.'C' .or. MOD.eq.'c') then
call bell(l)
write(*,4040)

4040 format ('Enter new OBSC value
read(*,*) OBSC
write (*, *)
write (*, *)

else if (MOD.eq.'B' .or. MOD.eq.'b') then
call bell(l)
write(*,4050)

4050 format ('Enter new GND value : I$)
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read(*,*) GND
write(*,*)

write(*,*)

else if (MOD.eq.'V' .or. MOD.eq.'v') then
call bell(l)
write(*,4060)

4060 format ('Enter new VCC value : '$)
read(*,*) VCC
write(*,*)
write(*,*)

else if (MOD.eq.'N' .or. MOD.eq.'n') then
call bell(l)
write(*,4070)

4070 format ('Enter new MAX NODAL value 'S)
read(*,*) ALLERR
write(*,*)

write(*,*)

else if (MOD.eq.'I' .or. MOD.eq.'i') then
call bell(l)
write(*,4080)

4080 format ('Enter new MAX # ITER value
read(*,*) MAXIT
write(*,*)

write(*,*)
else if (MOD.eq.'M' .or. MOD.eq.'m') then

call bell(l)
write(*,4090)

4090 format ('Enter ROW,COL,DEP of node to be changed I$)
read(*,*) NROW,NCOL,NDEP
if (NROW.lt.l .or. NROW.gt.ROW .or.

2 NCOL.lt.l .or. NCOL.gt.COL .or.
3 NDEP.It.I .or. NDEP.gt.DEP) then

write(*,*)
write(*,*) 'Node must be between ( 1 - ',ROW,

+ ', 1- ',COL,', 1- - ,DEP,')'
write (*, *)

write (*, *)
goto 1000

end if
write(*,*)
write(*,4100)

4100 format ('Enter CHARacteristic for new node '$)
read(*,'(al)') NCHAR
write(*,*)
write(*,*)

if(NCHAR.ne.OBSTX .and. NCHAR.ne.OBSTC .and.
2 NCHAR.ne.FREEI .and. NCHAR.ne.FREE2 .and.

3 NCHAR.ne.FREE3) then
write(*,*) 'CHARacter must be ',OBSTX,' , ',OBSTC,

+ ' , ',FREE1,' , .,FREE2,' , or ',FREE3
write(*,*)
write(*,*)

else
MAZ(NROW, NCOL,NDEP)=NCHAR

end if
else if (MOD.eq.'R' .or. MOD.eq.'r') then

write(*,*)
call MAZOUT(SCR)
if (SCR.eq.9) call bell(l)
if (SCR.eq.9) pause 'press <CR> to continue... I
if (SCR.eq.9) write(*,*)

else if (MOD.eq.'D' .or. MOD.eq.'d') then
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call beli(1)
write (*, 4110)

4110 format ('Enter new horiz move-DIRECTIONS allowed '$)
read(*,*) DIRALL
write (*, *)
write (*, *)
if MDTRALL.ne.8 .and. DIRALL.ne.4) then

write(*,*) 'DIRALL must be 4 or 8'
DIRALL=4
write (*, *)
write (*, *)

end if
else if (MOD.eq.'O' .or. MOD.eq.'o' .or. MOD.eq.'0') then

call hell(l)
write (*,4120)

4120 format ('Enter new OUTPUT file-name
read(*,*) FILEO
write (*, *)
write (*, *)

else
write(*,*) MOD,' is not a valid OPTION...'
write (*, *)
write (*, *)

end if
7000 goto 1000
8000 if (STARTN(1).lt.1 .or. STARTN(1).gt.ROW .or.

2 STARTN(2).it.1 .or. STARTN(2).gt.COL .or.
3 STARTN(3).lt.1 .or. STARTN(3).gt.DEP) then

write (*, *)
write(*,*) 'Start node must be between ( 1 - ',ROW,

+ ', 1 - ',COL,', 1- - ,DEP,')I
write (*, *)
write (*, *)
goto 1000

end if
if (GOA:.N(l).lt.1 .or. GOALN(1).gt.ROW .or.

2 GOALN(2) .lt.1 .or. GOALN(2).gt.COL .or.
3 GOALN(3).it.1 .or. GOALN(3).gt.DEP) then

write (*, *)
write(*,*) 'Goal node mu,-t be between ( 1 - ',ROW,

+ ', 1 - ',COL,', 1 - ',DEP,')'
write (*, *)
write (*, *)
goto 1000

end if
c set weights array

do 30 K=O,DEP+1
do 20 J=0,COL+1

do 10 I=O,ROW+1
if (MAZ(I,J,K).eq.FREEI .or. MAZ(I,J,K).eq.FREF2 ,or.

+ MAZ(I,J,K).eq.FREE3 .or. MAZ(I,J,K).eq.OBSTC) then
WTS (I, J,K) =1

else
WTS(I,J,K)-0

end if
10 continue
20 continue
30 continue
c open output file

if (SCR.eq.9) then
open (FIL, file-FILEO, status='NEW')

else
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open (FIL, file-FILEO)
endif
write(FIL,2030) FILEO

2030 formý ('file: l,a12//)
call MAZLGO(FIL)

"c add start/goal data to MAZ
MAZ (STARTN(l) ,STARTN (2) ,STARTNi(3) )-START
MAZ(GOALN(1) ,GOALN(2),GOALN(3))=GOAL

"c add start/goal data to WTS

WTS (STARTN(l) ,STARTbN(2) ,STARTN(3) )=l
WTS(GOALN(l) ,GOALN(2) ,GOALN(3) )-l

8888 return
end

-+------l1----------2 ---------- 3 ---------- 4 ---------- 5 ----------6 --------- 7--

subroutine MAZPOT
"c converts info from char array MAZ to value array POT, + mint PFLD
"c declaration of global/common variables

integer SCR,FIL,ROW,COL,DEP,STARTN (3) ,GOALN(3)
integer MAXIT, CNT, MOVE, I,J, K,DIRALL
real OBSX,OBSC,GND,VCC,DIST
real ALLERR, ACTERR, TTLERR
integer WTSCO:81,O:8l,O:9)
real POT(0:8l,O:81,O:9)
real PFLD(O:81,O:81,0:9)
integer PATH(O:lOOO,4)
character*l2 FILEOF, FILEP, FILEM, FILEO
character*1 MAZ(O:81,O:8l,O:9)
character*1 OBSTX, OBSTC, FREE1,FREE2, FREE3, START,GOAL
common SCR,FIL, ROW, COL,DEP, STARTN, GOALN,MAXIT,

2 CNT,MOVE, I,J,KDIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR, ACTERR, TTLERR, W-S,
4 POT,PFLD, FILEDF, FILEP, FILEM, FILEO, PATH,
5 MAZ,OBSTX,OBSTC,FREE1,FREE2,FREE3, START,GOAL

"c declare local variables
character *1 TEMP
integer U
do 40 K=O,DEP+1

do 30 I=O,ROW+J.
do 20 J=0,COL+l

TEMP=MAZ (I, J, K)
if (TEMP.eq.OBSTX) then
POT(I,J,K) = OBSX

else if (TEMP.eq.OBSTC^) then
POT(I,J,F.) -OBSC

else if (TEMP.eq.FREE1 .or. TEMP.eq.FREE2 .or.
+ TEMP.eq.FREE3) then

POT(I,J,K) - GND
else if ýTEMP.eq.START) then

POT(I,J,K) -GND
else if (TEMP eq.GOAL) then

POT (, J, K) - VCC
else

POT(I,J,K)=OBSX
do 10 U=FIL,SCR ,SCR-FIL

write (U, *)
write(U,2000) TEMP,I,J,K

2000 format(/'Error while assigning values to maze,',/
2 'unknown character entry : al
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3 , at (',j3,',',i3,',',i3,')',/
4 '(entry set to isolated obstacle value)'//)

.0 continue
end if

20 continue
30 continue
40 continue
"c initialize array PFLD outer boundaries to obstacle values
"c init top and bottom of array

do 60 J-0,COL+I
do 50 I=0,ROW+1

PFLD(I,J,0)--OBSX
PFLD(I,J,DEP+l)=OBSX

50 continue
60 continue
c init sides of array

do 90 K-1,DEP
do 70 J-0,COL+3

PFLD (0, J,K) =OBSX
PFLD(ROW+1,J,K) OBSX

70 continue
do 80 I-1,ROW

PFLD (I, 0,K) =OBSX
PFLD(I,COL+I,K)-OBSX

80 continue
90 continue

return
end

c --- 2 --------- 3 ---------4 --------- --------- 6 --------- 7--

subroutine MAZFLD
"c calculate final values for potential field array
"c and show in progress error calculations
"c declaration of global/common variables

integer SCR,FIL,ROW,COL,DEP,STARTN(3),GOALN(3)
integer MAXIT,CNT,MCVE, I,J,K, DIRALL
real OBSX,OBSC,GNDVCC,DIST
real ALLERR,ACTERR,TTLERR
integer WTS(0:81,0:81,0:9)
real POT(0:81,0:81,0:9)
real PFLD(0:81,0:81,0:9)
integer PATH(0:1000,4)
character*12 FILEDF, FILEP,FILEM, FILEO
character*l MAZ(0:81,0:81,0:9)
character*l OBSTX,OBSTC, FREE1,FREE2,FREE3,START,GOAL
common SCR, FIL, ROW, COL, DEP,STARTN,GOALN,MAXIT,

2 CNT,MOVE, I,J,K,DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR,ACTERR, TTLERR,WTS,
4 POT, PFLD, FILEDF, FILEP,FILEM, FILEO, PATH,
5 MAZ, OBSTX,OBSTC,FREE!,FREE2,FREE3,START, GOAL

"c declare local variables
integer PINTVL, PRNCNT, ITGLOP
real SUM, ERROR, INVSR2,SNWTS
character*l GBLANS
INVSR2 =1.0 / sqrt(2.0)
ITGLOP-0
PINTVL=-0
write(*,*)
write(*,*) 'Node Potential Array Iteration/Error Status:
write(w,*)
CNT=l
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PRNCNT=P INTVL-l
10 ACTERR-O.O

TTLERRO0.O
do 60 K=l,DEP

do 50 I-l,ROW
do 40 J-1,COL

if (MAZ(I,J,K).eq.FREE1 .or. MAZ(I,J,K).eq.FREE2 .or.
+ MAZ(I,J,K).eq.FREE3) then

if(DIRALL.eq.4) then
SNWTS - WTS(I-1,J,K) + WTS(I,J+1,K) + WTS(I+l,J,K)

+ + WTS(I,J-l.K) + WTS(I,J,K-1) + WTS(I,J,K+1)
else
SNWTS =WTS(I-l,J,K) + WTS(I,J+l,K) + WTS(I+1,J,K)

2 + WTS(I,J-l,I() + WTS(I,J,K-l) + WTS(I,J,K+I-)
3 + ( WTS(I-1,J+l,K) + WTS(I+1,J+1,K)
4 + WTSCI+1,J-1,K) + WTS(I-1,J-1,K)) *INVSR2

endif
.if (SNWTS .eq. 0.0) then

PFLDCI,J,K) = POT (I,JK)
else

if(DIRALL.eq.4) then
SUM -POT(I-1,J,K) * WTS (I-1, J, K)

2 + POT(I,J+l,K) * WTS(I,J+1,K)
3 + POT(I+1,J,K) * WTS(I+1,J,K)
4 + POT(I,J-1,K) * WTS(I,J-1,K)
5 + POT(I,J,I{-l) - WTS(I,J,I(-1)

6 + LIOT(I,J,K+l) * WTS(I,J,K+l)%
else

SUM POT(I-1,J,K) * WTS(I-l,JK)
2 + POT(I,J+l,K) * WTS(I,J+1,K)

3 + POT(I+1,J,K) - WTS(I+1,J,K)
4 + POT(I,J-1,K) * WTS(I,J-1,K)
5 + POT (I, J, K-1) * WTS (I, J,K-l)
6 + POT (I, J, K+l) * WTS (I, J, K+1)
7 + ( POT(I-1,J+1,K) * WTS(I-1,J+l,K)

8 + POT(I+1,J+1,K) * WTS(I+l,J+1,K)
9 + POT(I+l,J-l,K) * WTS(I+1,J-l,K)
+ + POT(I-l,J-1,K) * WTS(I-1,J-l,K)) *INVSR2

endif
PFLD(I,J,K) - SUM / SNWTS;

end if
ERROR=ABS(PFLDII,J,K) -POT(I,J~,K))
TTLERR-TTLEP.R+ERROR
if (ERROR.gt.ACTERR) ACTERR=ERROR

"c check if neighbors of START PT show "potential change"
"c thus indicating first path found between GOAL and START!!!

else if (ITGLOP.eq.O .and. MAZ(I,J,K).eqSTART) then

PFLID(I,J,K) .POT(I,J,K)
if(DIRALL.eq.4) then

SUM = POT(I-l,J,K) - WT.S(I-l,J,K)
2 + POT(I,J+1,K) * WTS(I,J+1,K)
3 + POT(I+1,J,K) * WTS(I+1,J,K)
4 + POT(I,J-1,K) * WTSCI,J-1,R)
S + POT(I,J,K-l) * WTS(IJ,K-l)
6 + POT CI,J,K+1) * WTS(I,J,K+l)

else
SU~4 POT(X-"1,J,K) * WTS(Z-1,JX0

2+ POT(IJ+1,K) * WTS(I,J+1,K)
3 4' POT(I+l,J,K) * WTS(I+l,J,l()

4 + POT(IJ-l,K) * WTS(I,J-1,K)
5 + POT(I,J..K-l) *W2s(I.JK-*l)

6 + POT(I,J,K+l) *WTS(I,J,K+i)
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7 + PO(-,J1K WTS(I-1,J+1,K)
8 + POT(I+1,J+1,K) * WTS(I+1,J+1,K)
9 + POT(I+1,J-l,K) * WTS(I+1,J-1,K)
+ + POT(I-1,J-1,K) * WTS(I-1,J-1,K)) *INVSR2

endif
if (StIM.gt.GND) then

ITGLOP=CNT
write (SCR, 2000) ITGLOP
write(FIL,2000) ITGLOP

2000 format(//Global minimal distance solution found '

+ 'using',i5,' iterations!!'/)
call bell(l)
write (*, 2010)

2010 format('Enter <Y> to continue iterating, or',/6x,
+ '<CR> to compute path with current nodal values:'$)

GBLANS='

read(*, I (al)'1) GBLANS
write (*, *)

if (GBLANS.ne.'Y' .and. GBLANS.ne.'y') goto 100
endif

else
PFLD(I,J,K)=POT(I,J,K)

end if
40 continue
50 continue
60 continue

do 90 K=0,DEP+l
do 80 I-0,ROW+1
do 70 J0O,COL+l

POT(I,J,K)-PFLD(I,J,K)
70 continue
80 continue
90 continue

PRNCNT=PRNCNT+l
if (PRNCNT.eq.PINTVL) then

write (*, 2020) ONT, ACTERR, TTLEPRR
2020 format('Iter:',i4,5x,'Max nodal chg - ,f7.4,

+ 5x, 'Total iter chg - ',f8.4)

PRNCNT=0
if CCNT.eq.1) PRNCNT=1

end if
if (CNT.ge.MAXIT) goto 100
CNT=CNT+l
if (ACTERR.gt.ALLERR) goto 10

100 return
end

c ---- 1----- 2 --------- 3--------- 4--------- 5----------6 --------- 7--

subroutine MAZFNL (U)
c outputs potential field
c declaration of global/common variable~s

integer SCR,FIL,ROW,COL,DEP,STARTN(3) ,GOALN(3)
integer MAXIT, CNT, MOVE, I, J,K, DIRALL
real OBSX, OBSC, GND, VCC, DIST
real ALLERR, ACTERR, TTLERR
integer WTS(0:81,0:81,0:9)
real POT(0:81,0:81,0:9)
real PPLD(0:81,0:81,0:9)
integer PATH(0:l000,4)
character*12 FILEDF, FILEP, FILEM, FILEO
character*1 MAZ(0:81,0:81,0:9)
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character*l OBSTX, OBSTC, FREE1, FREE2, FREE3, START,GOAL
common SCR, FIL, ROW, COL, DEP, STARTN, GOALN, MAXIT,

2 CNT,MOVE, I,J,K,DIRALL,OBSX,OBSC,GNDVCCDIST,
3 ALLERR, ACTERR, TTLERR, WTS,
4 POT, PFLD, FILEDF, FILEP, FILEM, FILEO, PATH,
5 MAZ,OBSTX, OBSTC, FREE1, FREE2,FREE3, START,GOAL

"c declare local variables
integer 0

"c output potentials array
write (0,*)
write(tJ.*) 'Final Nodal Potentials...
write (U, *)
do 20, K=1,DEP

if (DEP.ne.l) then
write (U, *)
write(U,*) 'Depth Layer:',K

endif
do 10, I=l,ROW

write(U,2000) (POT(I,J,K) ,J=l,COL)
2000 format (128e11.3)
10 continue
20 continue

write (U,*)
return
end

c -----I ----- 2----------3 ----------4 ----------5 --------- 6--------- ---

subroutine MAZMOV
c calculate path
"c declaration of global/common variables

integer SCR,FIL,ROW,COL,DEP,STARTN(3) ,GOALN(3)
integer MAXIT,CNT,MOVE, I,J,K,DIRALL
real OBSX, OBSC, GND, VCC, DIST
real ALLERR, ACTERR, TTLERR
integer WTS(0:81,0:81,O:9)
real POT(0:81,0:81,0:9)
real PFLDCO:81,0:81,0:9)
integer PATH(0:1000, 4)
character*12 FILEDF, FILEP, FILEM, FILEO
character*l MAZ(0:81,0:81,0:9)
character*l OBSTX, OBSTC,FREE1,FREE2, FREE3, START, GOAL
common SCR, FIL, ROW, COL, DEP, STARTN, GOALN, MAXIT,

2 CNT,MOVE, I,J,K,DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR, ACTERR, TTLERR, WTS,
4 POT,PFLD, FILEDF,FILEP, FILEM, FILEO, PATH,
5 MAZ,OBSTX,OBSTC,FREE1, FREE2,FREE3, START,GOAL

"c declare local variables
integer L,RC,CLOC (3) ,NLOC(3) ,MKR
real SR2,CNODE,DN,DE,DS,DW,DU,DD,DNE,DSE,DSW,DNI,M2,LXD

SR2=sqrt (2. 0)
c: initialize array PATH to all zeros

do 20 RC-1,4
do 10 L=1, 1000

PATH (L, RC) =0
10 continue
20 continue
"c set MOVE to 0, and MKR to ASCII char code for '0'

MOVE-0
DIST-0.0
MKR-48

"c set current location
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CLOC(1) =STARTN(l)
CLOC(2) =STARTN (2)
CLOC (3) =STARTN (3)

c set path start
PATH(0,1)--STARTN(l)
PATH(O,2) =STARTN(2)
PATH(0,3)=')TARTN(3)

30 if (CLOC(l).eq.COALN(l) .and. CL0C(2).eq.GOALN(2)
+ .and. CLOC(3).eq.GOALN(3)) then

PATH (MOVE, 4) =0
goto 8888

end if
CNODE = PFLD(CLOC(1),CLOC(2),CLOC(3))

"c cal delta potentials for North, East, South, West, Up, Down
DN = PFLD(CLOC(l)-1,CLOC(2),CLOC(3))-CNODE
DE - PFLD(CLOC(1),CLOC(2)+l,CLOcC3))-CN0DE
DS = PFLD(CLOCC1)+l,CLOC(2),CLOC(3)) -CNODE
DW = PFLD(CLOC(1),CLOC(2)-l,CLOC(3))-CNODE
DU = PFLD(CLOC(l),CLOC(2),CLOC(3)-l)-CNODE
DD = PFLD(CLOC(l),CLOC(2),CLOC(3fl-l)-CNODE
if (DIRALL.eq.4) goto 40

"c calculate delta potentials for NE, SE, SW, & NW
DNE = (PFLD(CLOC(l)-1,CLOC(2)+l,CLOC(3))-CNODE) I R2
DSE - (PFLD(CLOC(l)+l,CLOC(2)+l,CLOC(3))-CNODE) / R2
D5W -CPFLD(CLOC(l)+l,CLOC(2)-3.,CLOC(3))-CNODE) /SR2
DNW = (PFLD(CLOC(l)-l,CLOC(2)-l,CL0C(3))-CNODE) /SR2
MAXD =MAX(DN,DE,DS,DW,DU,DD,DNE,DSE,DSW,DNW)
goto 50

40 MAXD = MAX(DN,DE,DS,DW,DU,DD)
c check for no solution
50 if (MAXD .le. 0.0) then

write (SCR, 2000)
write (FIL, 2000)

2000 format(/'H No solution found for this problem !!P,/
+ *(allow more iterations or look for blocked path) '//)

PATH(MOVE,4)= -1
goto 8888

end if
"c check N move

if (MAXD.eq.DN) then
NLOC(l)=CLOC(1)-l
NLOC (2) =CLOC (2)
NLOC (3) -CLOC (3)
PATH (MOVE, 4)=l

DIST=DIST÷1 .0
goto 60

"c check E move
else if (MAXD.eq.DE) then

NLOC(l)=CLOC(l)
NLOC (2) -CLOC (2) +1
NTOC (3) =CLOC (3)
PATH (MOVE, 4) =2
DIST=DIST+1 .0
goto 60

"c check S move
else if (MAXD.eq.DS) then

NLOC(l)=CLOC(l) +1
NLOC (2) -CLOC (2)
NLOC(3) -CLOC (3)
PATH (MOVE, 4)-3
DIST-DIST+1 .0
goto 60
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c check W move
else if (MAXD.eq.DW) then

NLOC(i) =CLOC (1)
NLOC (2) =CLOC (2)-i
NLOC (3) =CLOC (3)
PATH (MOVE, 4) =4
DIST-DIST+i .0
gato 60

c check U move
else if (MAXD.eq.DU) then

NLOC (1) =CLOC (1)
NLOC (2) =CLOC (2)
NLOC (3) =CLOC (3)-i

PATH (MOVE,4) =10
DIST-DIST+i .0
goto 60

c check D move
else if (MAXD.eq.DD) then

NLOC (1) =CLOC (1)
NLOC (2) =CLOC (2)
NLOC (3) -CLOC (3) +1-

PATH (MOVE, 4) =20
DIST=DIST+1 .0
goto 60

end if

"c check NE move
if (MAXD.eq.DNE) then

NLOC (1) =CLOC (1)-i
NLOC (2) =CLOC (2) +1
NLOC (3) =CLOC (3)
PATH (MOVE, 4) =S
DIST=DIST+SR2

"c check SE move
else if (MAXD.eq.DSE) then

NLOC (1) -CLOC (1) +1
NLOC (2) -CLOC (2) +1
NLOC (3) -CLOC (3)
PATH (MOVE, 4) =6
DIST=DIST+SR2

"c check SW move
else if (MAXD.eq.DSW) then

NLOC (1) =CLOC (1) +1
NLOC (2) =CLOC (2)-i
NLOC (3) =CLOC (3)
PATH (MOVE, 4) =7
DIST=DIST+SR2

"c check NW move
else if (MAXD.eq.DNW) then

NLOC (1) =CLOC (1)-i
NLOC (2) -CLOC (2)-i
NLOC (3) =CLOC (3)
PATH (MOVE, 4) -8
OIST=DIST+SR2

end if
60 MOVE=MOVE+i

MKR-MI(R+l
if (MI(R.eq.59) MKR-48
CLOC(l)-NLOC(i)
CLOC(2)-NLOC(2)
CLOC(3) =NLOC (3)
PATH (MOVE, 1) -CLOC (1)
PATH(MOVE,2)=CLOC (2)
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PATH (MOVE,3) =CLOC (3)
if (CLOC(l).ne.GOALN(1) .or. CLOC(2).ne.GOALN(2)

2 .or. CLOC(3).ne.GOALN(3))
3 MAZ(CLOC(l),CLOC(2),CLOC(3)) = char(MKR)

goto 30
8888 return

end

-+------lI----------2 --------- 3----------4---------------------------7--

subroutine MAZPTH(tI)
"c output path
"c declaration of global/common variables

integer SCR,FIL, ROW, COL,DEP,STARTN(3) ,GOALN (3)
integer MAXIT, CNT,MOVE, I, J, K,DIRALL
real C -SX,OBSC,GND,VCC,DIST
real ALLERR, ACTERR, TTLERR
integer WTS(0:81,0:81,0:9)
real POT(0:81,0:81,0:9)
real PFLD(0:81,0:81,0:9)
integer PATH(0:1000,4)
character*12 FILEDF, FILEP, FILEM, FILEO
character*l MAZ(0:81,0:81,0:9)
character*l OBSTX, OBSTC, FREEl, FREE2, FREE3, START,GOAL
common SCR, FIL, ROW, COL, DEP, STARTN, GOALN, MAXIT,

2 C-NT,MOVE, I, J,K,DIRALL,OBSX,OBSC,GND,VCC,DIST,
3 ALLERR, ACTERR, TTLERR, fTS,
4 POT, PFLD, FILEDF, FILEP, FILEM, FILEO, PATH,
5 MAE, OBSTX, OBSTC,FREE1,FREE2, FREE3, START,GOAL

"c declare local variables
integer STEP,U
character*4 MAZDIR
write(U,2000) MOVE,DIST

2000 format(/,'Solution Path... '

2 1 Path =',i4.' steps,',f8.2,1 units,,//
3 ' Step Current Node Next Move',/
4 ' Number (Row, Col, Depth) Direction'/)

c output STEP ROW COL DEPTH DIRECTION
write(t3,2010) I START PT',PATHCO,1),PATH(C,2),PATH(0,3),

+ MAZDIR(PATH(0,4))
2010 format (a9,3x,'(I,i3,' 1,1,3,1 1,13,1 )',6x,a4)

if (MOVE.aq.0) goto 20
do 10 STEP=1,MOVE

write(U,2020) STEP,PATH(STEP,1),PATH(STEP,2) ,PATH(STEP,3),
+ MAZDIR(PATH (STEP, 4))

2020 format (15,7x,'(I,i3,1 ,1i3., I,i3f' ý',6x,a4)
10 continue
20 write(U,*)

return
end

c ---- 1----- 2 --------- 3----------4 ---------- 5 ---------- 6 --------- 7--

function MAZDIR(IDIR)
c produces direction character string from imteger input

character*4 MAZDIR
integer IDIR
if CIDIR.eq.1) then

MAZDIR=' NI
else if (IDIR.eq.2) then

MAZDIR-' EI
else if (IDIR.eq.3) then



98

MAZDIR=' S
else if (IDIR.eq.4) then

MAZDIR=' W
else if (IDIR.eq.5) then

MAZDIR=' NE
else if (IDIR.eq.6) then

MAZDIR=' SE
else if (IDIR.eq.7) then

MAZDIR=' SW
else if (IDIR.eq.8) then

MAZDIR-' NW
else if (IDIR.eq.lO) then

MAZDIR=' UP
else if (IDIR.eq.20) then

MAZDIR='DOWN'
else if (IDIR.eq.0) then

MAZDIR='GOAL'
else

MAZDIR-' ??
end if
return
end

c -+--- --------- --------- 3 --------- 4 --------- 5 --------- 6 --------- 7--

subroutine bell (NUM)
"c rings bell NUM times
"c declare local variables

integer NUM, RINGS, DELAY
"c ASCII code 7 = bell ring

do 20 RINGS=l,NUM
write(*,*) char(7)

"c delay loop
do 10 DELAY=l,8000

10 continue
20 continue

return
end

amaz3d.prf
(preferences data fl e)

9 SCR (screen device output number) (use 6 for SUNs)
bldgnav.par FILEDF (default input parameter file-name)
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Appendix G

AMAZ3D Test Data and Output

The following output listings show some of the capabilities of the AMAZ3D

program. The first two example problems, comprised of six files total, arc complete: 1)

maz.par and 2) maz.dat are the parameter and sensory data files for the same two-

dimensional (2D) maze solved by the Maze Machine in Appendix E as Test 4, and 3)

maz.out is the AMAZ3D output listing for this problem (Note the similarity in final nodal

values for the connectionist network and the identical path solutions.), 4) maz3d.par,

and 5) maz3d.dat are the parameter and sensory data files for a three-dimensional (3D) 7

row, by 7 column, by 7 layer maze, and 6) maz3d.out is the program's output listing for

this example.

In an effort at brevity, no other parameter or sensory data files, nor the AMAZ3D

standard logo at the beginning of output listings, are included. Since all the pertinent

parameter and sensory data information is included in the program's output listing, no loss

of understanding should occur. The remaining sample output listings and their significance

are as follows:

File: mazno.out shows a 7 by 7, 2D maze which results in a non-optimal (in

terms of minimal distance) solution path. The reason for the path diversion is a fork in the

shortest distance path which combines with an alternative path near the start to cause the

alternate (longer) path to initially show a greater nodal value increase for the first step East

as opposed to West. (Remember that the solution path is based on locally optimal moves.)

File: maznoc.out (using iteration cut-off feature) shows the same 7 by 7, 2D maze

as mazno.out, however this time the feature of iteration cut-off for faster solutions is



100

implemented. (Note a path length of 14 units as opposed to 16 for the mazno.out solution.

This solution happens to provide the optimal path for this problem.)

File: mazn.out shows a 15 by 17, 2D maze which results in an optimal (in terms

of minimal distance) solution path.

File: maznc.out (using iteration cut-off feature) shows the same 15 by 17, 2D

maze as mazn.out, however this time the feature of iteration cut-off for faster solutions is

implemented. (Note a path length of 45 units as opposed to 43 for the mazn.out solution.)

This solution happens to be sub-optimal. The reason for the path diversion is the large free

space near / on the optimal path which causes the nodes in this region to have smaller nodal

values during early iterations due to dispersion, while the isolated longer path is not

influenced by any neighboring free space nodes.

File: landnav.out shows a 44 by 64, 2D land navigation problem implementing

the connected obstacles feature. The data for this example was provided by Peter Weiland

from research he conducted on using scanning lasers for robotic navigation [see Weiland

(1989)]. The data depicts processed local terrain sensory input from a cross-country

mobiie robot. In this example, it is assumed to be desirable to avoid the two 'round'

obstacles and the West side wali while traveling from start to goal. Here, connected

obstacles are obstacles to be avoided, while isolated obstacles represent shadow regions.

(Note the different behavior due to the connected obstacles.) The extension of using

connected obstacles as 'repulsive potential fields' was inspired by the work done by

Norwood (1989).

File: landnavc.out (using iteration cut-off) shows the same 44 by 64, 2D maze as

landnav.out, however this time the feature of iteration cut-off is implemented. (Notes: 1)

Diagonal moves have a unit value of-> square root of 2. 2) This run results in a path

length of 44.14 units as opposed to 46.63 for the landnav.out solution.)
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File: bldgnav.out shows a 30 by 80, 2D building interior navigation problem.

The objective is to efficiently move from one room to another while travelling through

hallways as necessary. Doors are shown differently from regular free space nodes to

highlight the fact that this program could be easily used to control a mobile robot where the

program calls on additional routines which allow the robot to properly open and close

doors during its travels.

File: b3dnav.out shows a 3D problem similar to the 30 by 80 building interior, of

bldgnav.out, however this time a second story is implemented through the addition of an

elevator in the North-East corner of the floorplan. Layer 2 is used as a divider between the

first and second stories/ floors, thus causing this implementation to use 3 layers.
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maz.par

7 ROW (maze i cim)
7 COL (maze j dim)
1 DEP (maze k dim)
X OBSTX (character representation)
@ OBSTC (character representation)

FREEl (character representation)
D FREE2 (character representation)
E FREE3 (character representation)
S START (character representation)
G GOAL (character representation)
7 STARTN(i) (start i coord)
2 STARTN(J) " j coord)
1 STARTN(k) " k coord)
1 GOALN(i) goal i coord)
7 GOALN(J) " j coord)
1 GOALN(k) k k coord)
0.0 OBSX (forced potential value for ObstX)
0.0 OBSC (forced potential value for ObstC)
0.0 GND (forced potential val'ie for Start)
10.0 VCC (forced potential value for Goal
0.0001 ALLERR (max node change/iter allowed)
3000 MAXIT (max # of iterations allowed)
maz.dat FILEM (maze input file) (12 char max)
maz.out FILEO (data output file) (12 char max)
4 DIRALL (2D move-directions allowed, 4 or 8)

Maz.dat

.. X.XXX

.X .... X
XXX.X..

x.... XX.
.XX.X..
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file: maz.out

% A M M A ZZZZZ 333 DDDD %

% AA MM MM AA Z 3 D D%
% AAAAA M M M M AAAAA Z 33 D D %
% A A M M M A A Z 3 D D%
% A A M M A A ZZZZZ 333 DDDD %

Chris Schuster MEMS/Robotics,Rice University v6.03

Maze Environment...

The Maze: maz.dat has 7 Rows , 7 Cols , 1 Depth Layer(s)

Key: Obstacles = X (isolated) @ (connected)
Free Space = . [ + D (doors) , E (elevators) ]
Start node = S , at ( 7, 2, 1)
Goal node = G, at ( 1, 7, 1)

1234567

1 X ..... G
2 . .X.XXX
3 .X .... X
4 XXX.X..
5 .... XX.
6 .XX.X..
7 .S .....

Node Potential Parameters:

Isolated obstacle value (ObsX) = 0.0000
Connected obstacle value (ObsC) - 0.0000
Start node value - - - - (Gnd) - 6.0000
Goal node value - - - - (Vcc) = 10.5300
Max nodal change allowed per iter = 0.0010
Max number or iterations allowed = 2000
Horiz directions allowed (4 or 8) = 4

Global minimal distance solution found using 11 iterations!!!

Final Nodal Potentials...

0.OOOE+00 0.682E+01 0.682E+01 0.683E+01 0.806E+01 0.930E+01 0.105E+02

0.682E+01 0.682E+01 O.000E+00 0.560E+01 0.OOOE+00 0.OOOE+00 0.OOOE+00
0.682E+01 0.OOOE+00 0.437E+01 0.437E+01 0.405E+01 0.374E+01 0.OOOE+00

0.OOOE+00 0.OOOE+00 0.OOOE+00 0.346E+01 0.OOOE+00 0.343E+01 0.311E+01

0.127E+01 0.170E+01 0.212E+01 0.255E+01 0.OOOE+00 0.OOOE+00 0.280E+01
0.847E+00 0.OOOE+00 0.OOOE+00 0.206E+01 0.OOOE+00 0.234E+01 0.249E+01
0.424E+00 0.OOOE+00 0.788E+00 0.158E+01 0.188E+01 0.219E+01 0.234E+01



104

Total Iterations = 371
Maximum individual nodal change = 0.0010

Total iteration nodal change = 0.0127

Solution Path... Path = 11 steps, 11.00 units

Ste* Current Node Next Move
Number ( Row, Col, Depth) Direction

START PT 7, 2, 1 E
1 7, 3, 1 E
2 7, 4, 1 N
3 6, 4, 1 N
4 5, 4, 1 N
5 4, 4, 1 N
6 3, 4, 1 N
7 2, 4, 1 N
8 1, 4, 1 W
9 1, 5, 1 E

10 1, 6, 1 E
11 1, 7, 1 GOAL

Maze Solution...

The Maze: maz.dat has 7 Rows , 7 Cols , 1 Depth Layer(s)

Key: Obstacles - X (isolated) , @ (connected)
Free Space = . [ + D (doors) , E (elevators)
Start node = S, at ( 7, 2, 1)
Goal node = G, at 1 1, 7, 1)

1234567

1 X..890G
2 .. X7XXX
3 .X.6..X
4 XXX5X..
5 ... 4XX.
6 .XX3X..
7 .S12...
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maz.3d.par

7 ROW (maze i dim)
7 COL (maze j dim)
7 DEP (maze k dim)
X OBSTX (character representation)
@ OBSTC (character representation)

FREE1 (character representation)
D FREE2 (character representation)
E FREE3 (character representation)
S START (character representation)
G GOAL (character representation)
3 STARTN(i) (start i coord)
3 SIARTN(j) " j coord)
1 STARTN(k) " k coord)
3 GOALN(i) goal i coozd)
5 GOALN(j) " j coora.
7 GOALN(k) " k coord)
0.0 OBSX (forced potential value for ObstX)
0.0 OBSC (forced potential value for ObstC)
0.0 GND (forced potential value for Start)
10.0 VCC (forced potential value for Goal
0.01 ALLERR (max node change/iter allowed)
150 MAXIT (max # of iterations allowed)
maz3d.dat FILEM (maze input file) (12 char max)
maz3d.out FILEO (data output file) (12 char max)
4 DIRALL (2D move-directions allowed, 4 or 8)
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maz3d.dat

xx. xxxx

xxxx. xx
.x.x...
.x xxxx

2
.xxx. x.
xxxxxxx
.xxxxx.
xxxxxxx
.x.xxx.
xxxxxxx
xxxxxx.
3

Yx.x...
xxxxxxx

4
.x. xxxx
xxxxxxx
xxxx.xx
xxxxxxx
xxxx.xx
xxxxxxx
* xxxxxx
5

*. X.x.x.
x.xxxxx

6
xxxx.x.

*xxxxxx 

x

xxxxxxx
xxxyxxxx
XX~xYx.
xxxxxxx

7
.x...X

.xxxxxx

xxx. x..
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file: maz3d.out

A M M A ZZZZZ 333 DDDD %
% AA MM MM AA Z 3 D D %
% AAAAA M M M M AAAAA Z 33 D D %
% A A M M M A A Z 3 D D %
% A A M M A A ZZZZZ 333 DDDD %

%%%% b%%%%%%%%%%%%%%~%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Chris Schuster MEMS/Robotics,Rice University v6.03

Maze Environment...

The Maze: maz3d.dat has 7 Rows , 7 Cols , 7 Depth Layer(s)

Key: Obstacles = X (isolated) , @ (connected)
Free Space - . + D (doors) , E (elevators)
Start node = S ,at ( 3, 3, 1)
Goal node - G, at ( 3, 5, 7)

Depth 1 Depth 2 Depth 3 Depth 4 Depth 5 Depth 6 Depth 7
1234567 1234567 1234567 1234567 1234567 1234567 1234567

1 ... X . XXX.X .X.X.X .X.XXXX .X.X.X. XXXX.X.. ..... X.
2 XX.XXXX XXXXXXX XX.X.X. XXXXXXX .X.X.X. XXXXXXX .XXXXXX
3 .. SX... XXXXX .X.X.X. XXXX.XX ... X.X. XXXXXXX .... G..
4 XXXX.XX XXXXXXX .X.XXXX XXXXXXX XXXXXX. XXXXXXX XXXXXX.
5 .X.X... X.XXX .X.X... XXXX.XX ... X.X. XX.X.X. ... X.X.
6 .X.XXXX XXXXXXX XXXXXXX XXXXXXX .XXXXXX XXXXXXX .XXX.XX
7 .X ...... XXXXX............ XXXXXX .XA...... XX.XXX ... X...

Node Potential Parameters:

Isolated obstacle value (ObsX) = 0.0000
Connected obstacle value (ObsC) = 0.0000
Start node value ------- (Gnd) = 0.0000
Goal node value ------- (Vcc) = 10.0000
Max nodal change allowed per iter = 0.0010
Max number of iterations allowed = 3000
Horiz directions allowed (4 or 8) = 4

Global minimal distance solution found using 104 iterations!!!
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Final N4odal Potentials ...

Depth Layer: 1
0.193E+00 0.144E+00 0.962E-01 O.OOOE+OO 0.714E+01 0.701E+01 0.687E+01
O.OOOE+OO O.OOOE+OO 0.480E-01. O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
O.OOOE+OO O.OOOE+OO O.OOOE+O0O .OOOE+OO 0.583E+01 0.595E+01 0.608E+01

O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 0.570E+01 O.OOOE+OO O.OOOE+OO

O.OOOE+OO O.OOOE+OO 0.113E+01 O.OOOE+OO 0.558E+01 0.545E+01 0.533E+01

O.OOOE+OO O.OOOE+OO 0.119E+01 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO

O.OOOE+OO O.OOOE+OO 0.125E+01 0.131E+01 0.137E+01 0.143E+01 0.149E+01

Depth Layer: 2
0.241E+00 O.OOOE+OO O.OOOE+OO O.OOOE+OO 0.728E+01 O.OOOE+OO 0.674E+01
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOEi-OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+0O O.OOOE+OO O.OOOE+OO 0.621E+01
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+0O
O.OOOE+OO O.OOOE+OO 0.107E+01 O.OOOE+OO O.OOOE+OO O.OOOE+OO 0.521E+01

O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO

O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 0.156E+01

Depth Layer: 3
0.290E+00 O.OOOE+OO 0.797E+00 O.OOOE+OO 0.742E+01 O.OOOE+OO 0.661E+01
O.ODOE+OO O.OOOE+OO 0.850E+00 O.OOOE+OO 0.756E+01 O.OOOE+OO 0.647E+01
O.OOOE+OO O.OOOE+OO 0.905E+00 O.OOOE+OO 0.770E+01 O.OOOE+OO 0.634E+01
O.OOOE+OO O.OOOE+OO 0.960E+00 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
O.OOOE+OO O.OOOE+OO 0.102E+01 O.OOOE+OO 0.486E+01 0.498E~+01 0.509E+01
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
0.204E+01 0.197E+01 0.190E+01 0.183E+01 0.176E+01 0.169E+01 0.162E+01

Depth Layer: 4
0.334E+00 O.OOOE+OO 0.744E+00 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO

O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
O.OOOE-OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 0.784E+01 O.OOOE+OO O.OOOE+OO

O.OOOEN-OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO

O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO 0.474E+01 O.OOOE+OO O.OOOE+OO
D.OOOEýOO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
0.211E+01 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO

Depth Layer: 5
0.388E+00 O.OOOE+OO 0.692E+00 O.OOOE+OO 0.826E+01 O.OOOE+OO 0.100E+02

0.437E+00 O.OOOE+OO 0.640E+00 O.OOOE+OO 0.812E+01 O.OOOE+OO 0.100E+02

0.487E+00 0.538E+00 0.589E+00 O.OOOE+OO 0.798E+0i O.OOOE+OO 0.100E+02
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.100E+02
0.234E+01 0.242E+01 0.250E+01 O.OOOE+OO 0.463E+01 O.ODOE+OO 0.100E+02
0.226E+01 O.OOOE+O0O .OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO

0.219E+01 O.OOOE+OO 0.338E+01 0.348E+01 0.357E+01 0.367E+01 0.377E+01

Depth Layer: 6
O.OOOE+OO O.OOOE+OO O.OOOEi-OO O.OOOE+OO 0.841E+01 O.OOOE+OO 0.lOOE+02
O.OOOE+OO O.OOOEi-OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO

O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
O.OOOE+OO O.OOOE+(jO 0.258E+01 O.OOOE+0O 0.452E+01 O.OOOE+OO 0.100E+02
O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO

O.OOOE+OO O.OOOE+OO 0.329E+01 O.OOOE+OO O.OOOE+OO O.OOOE+OO 0.388E+01

Depth Laver: 7
0.913E+01 0.898E+01 0.884E+01 0.869E+01 0.855E+01 O.OOOE+OO O.100E+02

0.927E+01 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.000E400 O.OOOE+OO

0.9422+01 0.956E+01 0.971E+01 O.9B5Ei-Ol 0.100E+02 0.100E+02 0.100E+02
O.ODQE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+QO O.OOOE+OO O.lOOE+02
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0.284E+01 0.275E+01 0.267E+01 0.OOOE+O0 0.441E+01 O.OOOE+00 0.100E+02
0.292E+01 0.00OE+O0 0.OOOE+O0 0.OOOE+00 0.430E+01 0.OOOE+00 0.OOOE+00
0.301E+01 0.310E+01 0.319E+01 O.OOOE+00 0.419E+01 0.408E+01 0.398E+01

Total Iterations - 3000
Maximum individual nodal change = 0.0015

Total iteration nodal change = 0.0489

Solution Path... Path = 104 steps, 104.00 units

Step Current Node Next Move
Number ( Row, Col, Depth) Direction

START PT 3, 3, 1 N
1 2, 3, 1 N
2 1, 3, 1 W
3 1, 2, 1 W
4 1 , 1, 1 DOWN
5 1, 1, 2 DOWN
6 1, 1, 3 DOWN
7 1, 1, 4 DOWN
8 1, 1, 5 S
9 2, 1, 5 S

10 3, 1, 5 E
11 3, 2, 5 E
12 3, 3, 5 N
13 2, 3, 5 N
14 1. 3, 5 UP
15 1, 3, 4 UP
16 1, 3, 3 S
17 2, 3, 3 S
18 3, 3, 3 S
19 4, 3, 3 S
20 5, 3, 3 UP
21 5, 3, 2 UP
22 5, 3, 1 S
23 6, 3, 1 S
24 7, 3, 1 E
25 7, 4, 1 E
26 7, 5, 1 E
27 7, 6, 1 E
28 7, 7, 1 DOWN
29 7, 7, 2 DOWN
30 7, 7, 3 W
31 7, 6, 3 W
32 7, 5, 3 W
33 7, 4, 3 W
34 7, 3, 3 W
35 7, 2, 3 W
36 7, 1, 3 DOWN
37 7, 1, 4 DOWN
38 7, 1, 5 N
39 6, 1, 5 N
40 5, 1, 5 E
41 5, 2, 5 E
42 5, 3, 5 DOWN
43 5, 3, 6 DOWN
44 5, 3, 7 W
45 5, 2, 7 W
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46 5, 1, 7 S

47 6, 1, 7 S

48 7, 1, 7 )

49 7, 2, 7 )

50 7, 3, 7 UP
51 7, 3, 6 UP
52 7, 3, 5 )

53 7, 4, 5 )

54 7, 5, 5 E
55 7, 6, 5 E

56 7, 7, 5 DOWN
57 7, 7, 6 DOWN
58 7, 7, 7 W
59 7, 6, 7 W

60 7, 5, 7 N
61 6, 5, 7 N
62 5, 5, 7 UP
63 5, 5, 6 UP
64 C5, 5, 5 UP
65 5, 5, 4 UP
66 5, 5, 3 E
67 5, 6, 3 E

68 5, 7, 3 UP
69 5, 7, 2 UP
70 5, 7, 1 W
71 5 6, 1 W
72 5 5, 1 N
73 4 5, 1 N
74 3 5, 1 E
75 3 6, 1 E

76 3 7, 1 DOWN
77 3 7, 2 DOWN
78 3 7, 3 N
79 2, 7, 3 N
80 1 , 7, 3 UP
81 1, 7, 2 UP
82 1, 7, 1 W
83 1, 6, 1 W
84 1, 5, 1 DOWN
85 1 , 5, 2 DOWN
86 1, 5, 3 S

87 2, 5, 3 S
88 3, 5, 3 DOWN
89 3, 5, 4 DOWN
90 3, 5, 5 N
91 2, 5, 5 N

92 1, 5, 5 DOWN

93 1, 5, 6 DOWN
94 1, 5, 7 W
95 1, 4, 7 W
96 1, 3, 7 W

97 1, 2, 7 W
98 1, 1, 7 S

99 2, 1, 7 S
100 3, 1, 7 E

i01 3, 2, 7 E
102 3, 3, 7 E
103 3, 4, 7 E
104 3, 5, 7 GOAL
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Maze Solution...

The Maze: maz3d.dat has 7 Rows , 7 Cols , 7 Depth Layer(s)

Key: Obstacles = X (isolated) , @ (connected)
Free Space - . [ + D (doors) , E (elevators)
Start node = S , at ( 3, 3, 1)
Goal node - G , at ( 3, 5, 7)

Depth 1 Depth 2 Depth 3 Depth 4 Depth 5 Depth 6 Depth 7
1234567 1234567 1234567 1234567 1234567 1234567 1234567

1 432X432 5XXXSX1 6X6X6X0 7X5XXXX 8X4X2X. XXXX3X. 87654X.
2 XXIXXXX XXXXXXX XX7X7X9 XXXXXXX 9X3XlX. XXXXXXX 9XXXXXX
3 .. SX456 .XXXXX7 .X8X8X8 XXXX9XX 012XOX. XXXXXXX 0123G..
4 XXXX3XX XXXXXXX .X9XXXX XXXXXXX XXXXXX. XXXXXXX XXXXXX.
5 .X2X210 .XIXXX9 .XOX678 XXXX5XX 012X4X. XX3X3X. 654X2X.
6 .X3XXXX XXXXXXX XXXXXXX XXXXXXX 9XXXXXX XXXXXXX 7XXX1XX
7 .X45678 XXXXXX9 6543210 7XXXXXX 8X23456 XX1XXX7 890X098
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file: mazno.out

Maze Environment...-

The Maze: mazno.dat has 7 Rows , 7 Cols , I Depth Layer(s)

Key: Obstacles = X (isolated) , @ (connected)
Free Space = [ + D (doors) , E (elevators) ]
Start node = S , at ( 7, 3, 1)
Goal node - G, at ( 1, 7, 1)

1234567

1 X ..... G
2 . .X.XXX
3 .X .... X
4 .XXXX..
5 .... XX.
6 .XX.X..
7 .. S ....

Node Potential Parameters:

Isolated obstacle value (ObsX) = 0.0000
Connected obstacle value (ObsC) = 0.0000
Start node value -------- (Gnd) - 0.0000
Goal node value -------- (Vcc) = 10.0000
Max nodal change allowed per iter - 0.0050
Max number of iterations allowed = 1000
Horiz directions allowed (4 or 8) = 4

Global minimal distance solution found using 14 iterations!!!

Final Nodal Potentials...

0.OOOE+00 0.501E+01 0.568E+01 0.635E+01 0.756E+01 0.878E+01 0.100E+02
0.369E+01 0.435E+01 0.OOOE+00 0.580E+01 0.OOOE+00 0.OOOE+00 0.OOOE+0o
0.303E+01 0.000E+00 0.526E+01 0.527E+01 0.473E+01 0.421E+01 O.000E+00
0.238E+01 0.OOOE+00 0.OOOE+00 0.OOOE+00 0.OOOE+00 0.369E+01 0.317E+01
0.173E+01 0.152E+01 0.131E+01 0.110E+01 0.OOOE+00 0.000E+00 0.266E+01
0.130E+01 0.OOOE+00 0.OOOE+00 0.892E+00 0.OOOE+00 0.191E+01 0.216E+01
0.863E+00 0.431E+00 0.OOOE+00 0.688E+00 0.117E+01 0.166E+01 0.191E+01

Total Iterations - 226
Maximum individual nodal change = 0.0050

Total iteration nodal change = 0.0431
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Solution Path... Path - 16 steps, 16.00 units

Step Current Node Next Move
Number C Row, Col, Depth) Direction

START PT 7, 3, 1 E

1 7, 4, 1 E

2 7, 5, 1 E

3 7, 6, 1 N

4 6, 6, 1 E

5 6, 7, 1 N

6 5, 7, 1 N

7 4, 7, 1 W

8 4, 6, 1 N

9 3, 6, 1 W

10 3, 5, 1 W

11 3, 4, 1 N

12 2, 4, 1 N

13 1, 4, 1 E

14 1, 5, 1 E

15 1, 6, 1 E

16 1 , 7, 1 GOAL

Maze Solution...

The Maze: mazno.dat has 7 Rows , 7 Cols , 1 Depth Layer(s)

Key: Obstacles - X (isolated) , @ (connected)

Free Space . [ + D (doors), E (elevatrrs)

Start node = S , at ( 7, 3, 1)
Goal node - G, at ( 1, 7, 1)

1234567

1 X..345G
2 .. X2XXX
3 .X.109X
4 .XXXX87
5 .... XX6
6 .XX.X45
7 . .S123.
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file: maznoc.out
(using iteration cut-off feature)

Maze Environment...

The Maze: mazno.dat has 7 Rows , 7 Cols , 1 Depth Layer(s)

Key: Obstacles = X (isolated) @ 8 (connected)
Free Space = . [ + D (doors) , E (elevators)
Start node = S , at C 7, 3, 1)
Goal node = G, at ( 1, 7, 1)

1234567

1 X ..... G
2 . .X.XXX
3 .X .... X
4 .XXXX..
5 .... XX.
6 .XX.X..
7 .. S ....

Node Potential Parameters:

Isolated obstacle value (ObsX) = .0000
Connected obstacle value (ObsC) = .0000
Start node value - - - - (Gnd) - .0000
Goal node value - - - - (Vcc) = 10.0000
Max nodal change allowed per iter - .0100
Max number of iterations allowed - 100
Horiz directions allowed (4 or 8) = 4

Global minimal distance solution found using 14 iterations!!!

Final Nodal Potentials...

0.OOOE+00 0.119E+01 0.176E+01 0.279E+01 0.497E+01 0.748E+01 0.100E+02
0.380E+00 0.611E+00 0.OOOE+00 0.166E+01 0.OOOE+00 0.OOOE+00 0.OOOE+00
0.149E+00 0.OOOE+00 0.761E+00 0.964E+00 0.475E+00 0.293E+00 0.OOOE+00
0.820E-01 0.OOOE+00 0.OOOE+00 0.OOOE+00 O.OOOE+00 0.11OE+00 0.627E-01
0.152E-01 0.814E-02 0.109E-02 0.543E-03 0.OOOE+00 0.000E+00 0.156E-01
0,814E-02 0.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00 0.723E-03 0.567E-02
0.109E-02 0.543E-03 O.OOOE+00 0.OOOE+00 O.OOOE+00 0.482E-03 0.723E-03

Total Iterations = 14
Maximum individual nodal change = .2301

Total iteration nodal change - 1.3488
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Solution Path... Path = 14 steps, 14.00 units

Step Current Node Next Move
Number ( Row, Col, Depth) Direction

START PT 7, 3, 1 W
1 7 2, 1 W
2 7 1, 1 N
3 6 1, 1 N
4 5 1, 1 ) N
5 4 1, 1 N
6 3 1, 1 N
7 2 1, 1 E
8 2 2, 1 N
9 1 2, 1 E

10 1, 3, 1 E
11 1, 4, 1 E
12 1, 5, 1 E
13 1, 6, 1 E
14 1, 7, 1 GOAL

Maze Solution...

The Maze: mazno.dat has 7 Rows , 7 Cols , 1 Depth Layer(s)

Key: Obstacles = X (isolated) , @ (connected)
Free Space - . [ + D (doors) , E (elevators)
Start node = S , at ( 7, 3, 1)
Goal node = G, at 1 1, 7, 1)

1234567

1 X90123G
2 78X.XXX
3 6X .... X
4 5XXXX..
5 4.. .XX.
6 3XX.X..
7 21S ....
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file: mazn.out

Maze Environment...

The Maze: mazn.dat has 15 Rows , 17 Cols , 1 Depth Layer(s)

Key: Obstacles = X (isolated) , @ (connected)
Free Space = . [ + D (doors) , E (elevators)
Start node = S , at ( 5, 14, 1)
Goal node = G, at ( 8, 6, 1)

12345678901234567

1 XXXXXXXXXXXXXXXXX
2 X ...... XX ... X...X
3 X ...... XX.X.X.X.X
4 X ..... XX..X.X.X.X
5 X .... XX..XX.XSX.X
6 X ... XX..XXX.XXX.X
7 X.. .X..XXXX.X.X.X
8 X ... XGXX.XX.X.X.X
9 X ......... X...X.X

10 X ......... X.X.X.X
11 X ......... X.X.X.X
12 X ......... X.X.X.X
13 X ......... X.X.X.X
14 X ........... X...X
15 XXXXXXXXXXXXXXXXX

Node Potential Parameters:

Isolated obstacle value (ObsX) = 0.0000
Connected obstacle value (ObsC) = 0.0000
Start node value - - - - (Gnd) = 0.0000
Goal node value - - - - (Vcc) = 10.0000
Max nodal change allowed per iter = 0.0010
Max number of iterati ns allowed = 5000
Horiz directions allowed (4 or 8) = 4

Global minimal distance solution found using 43 iterations!!!

Total Iterations = 2037
Maximum individual nodal change = 0.0010

Total iteration nodal change = 0.0444
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Solution Path... Path - 43 steps, 43.00 units

Step Current Node Next Move
Number R Pow, Col, Depth) Direction

START PT 5 ,14, 1 N
1 4,14, 1 N
2 3,14, 1 N
3 2,14, 1 E
4 2,15, 1 E
5 2,16, 1 S
6 3,16, 1 S
7 4,16, 1 S
8 5,16, 1 S
9 6,16, 1 S

10 7,16, 1 S
11 8 ,16, 1 S
12 9, 16 ,1 S
13 10 ,16, 1 S
14 11 ,16, 1 S
15 12 ,16, 1 S
16 13 ,16, 1 S
17 14,1, 1 W
18 14 ,15, 1 W
19 14 ,14, 1 N
20 13 ,14, 1 N
21 12 ,14, 1 N
22 11 ,14, 1 N
23 10 ,14, 1 N
24 9 ,14 ,1 W
25 9 ,13 ,1 W
26 9 ,12, 1 S
27 10 ,12, 1 S
28 11 ,12, 1 S
29 12 ,12, 1 S
30 13 ,12, 1 S
31 14 ,12, 1 W
32 14 ,11, 1 W
33 14,10, 1 N
34 13,10, 1 N
35 12,10, 1 N
36 11 ,10, 1 N
37 10 ,10, 1 N
38 9 ,10, 1 W
39 9, 9, 1 W
40 9, 8, 1 W
41 9, 7, 1 W
42 9, 6, 1 N
43 8, 6, 1 GOAL
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Maze Solution...

The Maze: mazn.dat has 15 Rows , 17 Cols , 1 Depth Layer(s)

Key: Obstacles = X (isolated) , @ (connected)
Free Space = [ + D (doors) , E (elevators)
Start node = S, at ( 5, 14, 1)
Goal node = G, at ( 8, 6, 1)

12345678901234567

1 xXXXXXXXXXXXXXXXX
2 X ...... XX.. .X345X
3 X ...... XX.X.X2X6X
4 X ..... XX..X.XIX7X
5 X .... XX..XX.XSX8X
6 X...XX..XXX.XXX9X
7 X.. .X..XXXX.X.XOX
8 X ... XGXX.XX.X.X1X
9 X .... 21098X654X2X

10 X ........ 7X7X3X3X
11 X ........ 6X8X2X4X
12 X ........ 5X9XlX5X
13 X ........ 4XOXOX6X
14 X ........ 321X987X
15 XXXXXXXXXXXXXXXXX
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file: maznc.out
(using iteration cut-off feature)

Maze Environment...

The Maze: mazn.dat has 15 Rows , 17 Cols , 1 Depth Layer(s)

Key: Obstacles - X (isolated) , @ (connected)
Free Space - . + D (doors) , E (elevators)
Start node = S , at ( 5, 14, 1)
Goal node = G, at ( 8, 6, 1)

12345678901234567

1 XXXXXXXXXXXXXXXXX
2 X ...... XX.. .X...X
3 X ...... XX.X.X.X.X
4 X ..... XX..X.X.X.X
5 X .... XX..XX.XSX.X
6 X...XX..XXX.XXX.X
7 X.. .X..XXXX.X.X.X
8 X...XGXX.XX.X.X.X
9 X ......... X ... X.X

10 X ......... X.X.X.X
11 X ......... X.X.X.X
12 X ......... X.X.X.X
13 X ......... X.X.X.X
14 X ........... X...X
15 XXXXXXXXXXXXXXXXX

Node Potential Parameters:

Isolated obstacle value (ObsX) = 0.0000
Connected obstacle value (ObsC) = 0.0000
Start node value - - - - (Gnd) - 0.0000
Goal node value - - - - (Vcc) - 10.0000
Max nodal change allowed per iter - 0.0100
Max number of iterations allowed = 100
Horiz directions allowed (4 or 8) = 4

Global minimal distance solution found using 43 iterations!!!

Total Iterations = 43
Maximum individual nodal change = 0.1126

Total iteration nodal change - 0.6078
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Solution Path... Path - 45 steps, 45.00 units

Step Current Node Next Move
Number ( Row, Col, Depth) Direction

START PT 5 ,14, 1 N
1 4,14, 1 N

2 3,14, 1 N

3 2,14, 1 E
4 2,15, 1 E
5 2,16, 1 S
6 3,16, 1 S
7 4,16, 1 S

8 5,16, 1 S
9 6,16, 1 S

!0 7 ,16, 1 S
11 8 ,16 ,1 S

12 9, 16, 1 S
13 10 ,16, 1 S

14 11 ,16, 1 S
15 12 ,16, 1 S
16 13 ,16, 1 S
17 14 ,16, 1 W
18 14 ,15, 1 W
19 14 ,14, 1 N
20 13 ,14, 1 N

21 12 ,14, 1 N
22 11 ,14, 1 N

23 10 ,14, 1 N
24 9 ,14, 1 W
25 9 ,13, 1 W

26 9 ,12, 1 N
27 8 ,12 ,1 N
28 7 ,12, 1 N
29 6 ,12, 1 N
30 5 ,12, 1 N

31 4 ,12, 1 N
32 3 ,12, 1 N

33 2 ,12, 1 W
34 2 ,11 ,1 W
35 2 ,10, 1 S

36 3 ,10, 1 S

37 4 ,10, 1 W
38 4, 9, 1 S
39 5, 9, 1 W
40 5, 8, 1 S
41 6, 8, 1 W

42 6, 7, 1 S
43 7, 7, 1 W
44 7, 6, 1 S
45 8, 6, 1 GOAL
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Maze Solution...

The Maze: mazn.dat has 15 Rows , 17 Cols , 1 Depth Layer(s)

Key: Obstacles - X (isolated) , @ (connected)
Free Space = . [ + D (doors) , E (elevators)
Start node = S , at ( 5, 14, 1)
Goal node = G, at ( 8, 6, 1)

12345678901234567

1 xXXXXXXXXXXXXXXXX
2 X ...... XX543X345X
3 X ...... XX6X2X2X6X
4 X ..... XX87XlX1X7X
5 X .... XXo9XXOXSX8X
6 X...XX21XXX9XXX9X
7 X...X43XXXX8X.XOX
8 X...XGXX.XX7X.X1X
9 X ......... X654X2X

10 X ......... X.X3X3X
11 X ......... X.X2X4X
12 X ......... X.XlX5X
13 X ......... X.XOX6X
14 X ........... X987X
15 XXXXXXXXXXXXXXXXX
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file: landnav.out

Maze Environment ...

The Maze: landnav.dat has 44 Rows , 64 Cols , 1 Depth Layer(s)

Key: Obstacles - X (isolated) @ (connected)
Free Space - . C + D (doors) , E (elevators)
Start node - S , at ( 44, 32, 1)
Goal node = G , at ( 4, 30, 1)

1234567890123456789012345678901234567890123456789012345678901234

1 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXrXtXc3@@ .xxxxxxxxxx
2 XXXXXXXXXXXXXXXXX,''XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX@8@@@ .XXXXXXXXxx
3 XXXXX ......... XXXXXXXX.................... X .. .XXX@8@@88....XXXXX
4 XXXXX ......... XXXXXXX ........ G ........ X@@@....XXXXX
5 XXXXXX ........ XXXXXXX .............................. @@..... xxxxxx
6 XXXXXX ........ XXXXXXX .............................. @@..... XXXXXX
7 XXXXXX ........ XXXXXXX ........................ XXX@@@@@8 .... XXXXXXX
8 XXXXXXX ....... XXXXXXX ........................ xxxG@8@.O .... .XXXXxx
9 XXXXXXXX .... XXXXXXX@ ....................... XXX@@@888.... .XXXXXXX

10 XXXXXXXX.............@@@.......................XXX@@@@@8 .. .XXXXXXXX
11 XXXXXXXXX...XXXX8@@@@........................XX8@@@@@ .. .XXXXxxxx
12 XXXXXXXXX...........@@@.......................XXX@@@@@. .XXXXXXXXX
13 XXXXXXXXX....XXXX@@@@ ........... X ........... XXX@@8t8. .XXXXXXXXX
14 XXXXXXXXXX. ... .XXX8@@@@@..........XXX .......... XXX@@@@@.XXXXXXXXXX
15 XXXXXXXXXX .... XXXXA@@@c3.........XXXXX ......... XXX@@@@@.XXXXXXXXXX
16 XXXXXXXXXX... .XXXG@@@@t3.........XXXXX ......... XXX@@@@@.XXXXXXXXXX
17 XXXXXXXXXXX. .. .XXXX@@8@@.........xXXXXX.........XXX@@@@@.XXXXXXXXXX
18 XXXXXXXXXXX.. .XXX@@@@@ .......... @@@ .......... XXX@@@@@.XXXXXXXXXX
19 XXXXXXXXXXXX. .XXX@8@@88.........8@@@@..........XXX@@@@@XXXXxXXXXXxX
20 XXXXXXXXXXXX. .XXX@@f@@ .......... 8@@@..........XXX88888XXXXXXXXXXXX
21 XXXXXXXXXXXXX.XXX@@@@@........................ XXX@@@@@88XxXXXXXXX
22 XXXXXXXXXXXXX .XXX88888.......................... XX@@@@@88XxXXXXXXX
23 XXXXXXXXXXXXXXXXX@@@@@......................... XXX@@eeXxXXXXXXXx
24 XXXXXXXXXXXXXXXXX@@@@ .... XXX ................ XXX@@@@XXXXXXXXXXXX
25 XXXXXXXXXXXXXXXXX@@@@ .... XXXXX .............. XXX@@@XXXXXXXXXXXXX
26 XXXXXXXXXXxxXXXxxxx88.... XXXXXX .............. XXX@@@XXXXXXXXXXXXX
27 XXXXXXXXXXXXXXXXX@@@@ ... XX@@XX.............. XXX88GXXXXXXxXXXXXXX
28 XXXXXXXXXXXXXXXXX@@@@@ ... XX@@@@.............. XX888XXXXXXXxXXXXXXX
29 XXXXXXXXXXXXXXXXXX@@@@ ... X@@@@@.............. XXX@@XXXXXXXXXXXXXX
30 XXXXXXXXXXXXXXXXXX8888....8@@@@..............XXX@@XXXXXXxXXXXXXX
31 XXXXXXXXXXXXXXXXXX@@@ ..... @@...............XXX@@xXXXXxxxXXXXXX
32 XXXXXXXXXXXXXXXXXXX3@@.......................... XX@@XXXXXXXXXXXXXX
33 XXXXXXXXXXXXXXXXXXX888.......................... XX8XXXXXXXXxXXXXXXX
34 XXXXXXXXXXXXXXXXXXX@@@........................ XXX@XXXXXXXXxXXXXXX
35 XXXXXXXXXXXXXXXXXXXX@8.......................... XX8XXxXxxXXxxxx
36 XXXXXXXXXXXXXXXXXXXX@@........................ XXX@XXXXXXXXXXXXXXX
37 XXXXXXXXXXXXXXXXXXXX@@........................ XXXGxxxXxxXXXXxxX
38 XXXXXXXXXXXXXXXXXXXX@@........................ XX@XXXXXXXXXXXXXXXX
39 XXXXXXXXXXXXXXXXXXXX88.......................... XXXxXXxXXXXxXXXXXXx
40 XXXXXXXXXXXXXXXXXXXXc@. ....................... XXXXXXXXXXXXXXXXXXX
41 XXXXXXXXXXXXXXXXXXX. ....................... XXXXXXXXXXXXXXXXXXX
42 XXXXXXXXXXXXXXXXXXX...................... @.X. .XXXXXXXXXXXXXXXXXXX
43 XXXXXXXXXXXXXXXXXXX...................... @@XX .XXXXXXXXXXXXXXXXXXX

44 XXXXXXXXXXXXXXXXXXX .............S ....... @@@@@XXXXXXXXXXXXXXXXXXXX
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Node Potential Parameters:

Isolated obstacle value (ObsX) = 0.0000
Connected obstacle value (ObsC) = 0.0000
StalL noc.. value ---- (Gnd) = 0.0000
Goal node value - - - - (Vcc) = 10.0000
Max nodal change allowed per iter = 0.0100
Max number of iterations allowed = 250
Horiz directions allowed (4 or 8) = 8

Global minimal distance solution found using 40 iterations!!!

Total Iterations = 122
Maximum individual nodal change = 0.0100

Total iteration nodal change = 2.4558

Solution Path... Path = 40 steps, 46.63 units

Step Current Node Next Move
Number ( Row, Col, Depth) Direction

START PT 44 , 32 , 1 N
1 43 ,32, 1 N
2 42 ,32, 1 N
3 41, 32, 1 N
4 40, 32, 1 N
5 39 ,32, 1 NE
6 38 ,33, 1 NE
7 37 , 34 , 1 NE
8 36 ,35, 1 N
9 35 ,35, 1 NE

10 34 ,36, 1 N
11 33 ,36, 1 N
12 32 ,36, 1 N
13 31 ,36, 1 N
14 30 ,36, 1 N
15 29 ,36, 1 N
16 28 ,36, 1 N
17 27 ,36, 1 N
18 26 ,36, 1 N
19 25 ,36, 1 N
20 24 ,36, 1 NE
21 23 ,37, 1 NE
22 22 , 38 , 1 NE
23 21 ,39, 1 N
24 20 ,39, 1 N
25 19 ,39, 1 N
26 18 ,39, 1 N
27 17 ,39, 1 N
28 16 ,39, 1 NW
29 15 ,38, 1 NW
30 14 ,37, 1 NW
31 13 ,36, 1 NW
32 12 ,35, 1 NW
33 11 , 34 , 1 NW
34 10 ,33, 1 NW
35 9 ,32, 1 N
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36 (8,32, 1 ) NW

37 (7,31, 1 )N
38 (6,31, 1 )N
39 (5,31, 1 ) NW

40 4 430, 1 ) GOAL

Maze Solution ...

The Maze: landnav.dat has 44 Rows ,64 Cols ,1 Depth Layer(s)

Key: Obstacles = X (isolated) @ (connected)
Free Space - . ( + D (doors) , E (elevators)
Start node - S ,at ( 44, 32, 1)
Goal node = G ,at ( 4, 30, 1)

12345678901234567890123456789012345678901234567 89012345678901234

1 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXXXXX88888 .XXXXXXXXXX
2 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXO888G .XXXXXXXXXX
3 XXXXX .........XXXXXXXX .................. X. x.. .XXX88888....XXXXX
4 XXXXX .........XXXXXXX ........G ...............XXX@Q@@@ .... XXXXX
5 XXXXXX ........XXXXXXX .........9 ..............XXX@@@@@ .... XXXXXX
6 XXXXXX ........XXXXXXX .........8 ..............XXX@@@@@ .... XXXXXX
7 XXXXXX ........XXXXXXX .........7 ..............XXX88888. ... XXXXXXX
8 XXXXXXX .......XXXXXXX ..........6 .............XXX8888(4 ...XXXXXXX
9 Xxxxx ...XXXXXXX.XXX .X........ 5............. XXX@@@@8 ...XXXXXXX

10 XXXXXXXX .... XXX@@@@@ ..........4 ............XXX@@@@@.. .XXXXXXXX
11 XXXXXXXXX....XXXX@@@@ ...........3 ............XX88888. .. .XXXXXXXX
12 XXXXXXXXX....XXX@@@@@ ............2 ..........XXX@@@@@. .)XXXXXXXX
13 XXXXXXXXX....XXXX@@888...........X.1 .........XXX@@@@@. .XXXXXXXXX
14 XXXXXXXXXX.... .XXX@@@@@ ......... XXX.O ....... XXX88888 .XXXXXXXXXX
15 XXXXXXXXXX.... .XXXX@@@@ ........ XXXXX.9 9...... XXX88888 .XXXXXXXXXX
16 XXXXXXXXXXX.. .XXX@@@@@ .........XXXXX. .8.....XXX@@@@@.XXXXXXXXXX
17 XXXXXXXXXXX.. .XXXX@@@@ .........XXXXX. .7.....XXX@@@@@.XXXXXXXXXX
18 XXXXXXXXXXX.. .XXX@@@@@ ......... 888@@... .6....XXX@@@@@.XXXXXXXXXX
19 XXXXXXXXXXXX. .XXX@@@@@ ........ 8888@@... ...... XXX@8888XXXXXXXXXXX
20 XXXXXXXXXXXX. .XXX@@@@@ ..........888@... 4...... XXX@@@@@XXXXXXXXXXX
21 XXXXXXXXXXXXX.XXX@@@@@ ................3 ...... XXX88888XXXXXXX)OCXX
22 XXXXXXXXXXXXX.XXX@@@@@ ...............2 ........XX@@@@@XXXXXXXXXXX
23 XxXXXXXXXXXXXXXXXX88888..............1 ........XXX@@@@XXXXXXXXXXXX
24 XXXXXXXXXXXXXXXXX@@@@ .... XXX ... 0.........XXX@@@@XXXXXXXXXXXX
25 XXXXXXXXXXXXXXXXX@@@@ .... XXXXX... .9.........XXX@@@XXXXXXXXXXXXX
26 XXXXXXXXXXXXXXXXX88888... .XXXXXX. ..8 .8........ XXX@@@XXXXXXXXXXXXX
27 XXXXXXXXXXXXXXXXX@@@@ ... .XX@XX .. 7 .7........ XXX@@@XXXXXXXXXXXXX
28 XXXXXxXXXXXXXXXXXX88888... .XX88. . .6 .........XX@@@XXXXXXXXXXXXXX
29 XXXXXXXXXXXXXXXXXX@@@ ... .X@@@@@.. 5 .5........ XXX@@XXXXXXXXXXXXXX
30 XXXXXXXXXXXXXXXXXX@@@@ . 88888@@@... 4 .........XXX@@XXXXXXXXXXXXXX
31 XXXXXXXXXXXXXXXXXX@@@ . 888. @@.... 3 .........XXX@@XXXXXXXXXXXXXX
32 XXXXXXXXXXXXXXXXXXX@@@ .............2 ..........XX@@XXXXXXXXXXXXXX
33 XXXXXXXXXXXXXXXXXXX@@@ ............ 1 I..........XX@XXXXXXXXXXXXXXX
34 XXXXXXXXXXXXXXXXXXX@@@ .............0 .........XXX@XXXXXXXXXXXXXXX
35 XXXXXXXXXXXXXXXXXXXX88 ............9 ...........XX@XXXXXXXXXXXXXXX
36 XXXXXXXXXXXXXXXXXXXX@@ ............8 ..........XXX@XXXXXXXXXXXXXXX
37 XXXXXXXXXXXXXXXXXXXX@@ ...........7 ...........XXX@XXXXXXXXXXXXXXX
38 XXXXXXXXXXXXXXXXXXXX@@ ..........6 ............XX8XXXXXXXXXXXXXXXX
39 XXXXXXXXXXXXXXXXXXXX@@ .........5 ..............XXXXXXXXXXXXXXXXXX
40 XXXXXXXXXXXXXXXXXXXX88 .........4 .............XXXXXXXXXXXXXXXXXXX
41 XXXXXXXXXXXXXXXXXXX.@ ..........3 .............XXXXXXXXXXXXXXXXXXX
42 XXXXXXXXXXXXXXXXXXX ............2 ........8.X. .XXXXXXXXXXXXXXXXXXX
43 XXXXXXXXXXXXXXXXXXX ............1 ........88XX.XXXXXXXXXXXXXXXXXXX
44 XXXXXXXXXXXXXXXXXXX ............S .......G8888XXXXXXXXXXXXXXXXXXXX
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file: landnavc.out
(using iteration cut-off feature)

Maze Environment ...

The Maze: landnav.dat has 44 Rows , 64 Cola , 1 Depth Layer(s)

Key: Obstacles = X (isolated) @ (connected)
Free Space - . [ + D (doors) , E (elevators).]
Start node - S *at (44, 32, 1)
Goal node - G ,at (4, 30, 1)

1234567890123456789012345678901234567890123456789012345678901234

1 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXXXXxxxxX@@@ii@@.xxxxxxxxxx
2 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX@@@8@@.XXXXXXXXXX
3 XXXXX ........ XXXXXXXX.................. X... .XXX@@@@6G....XXXXX
4 XXXXX .........XXXXXXX ........SG...............XXX@@@8@@....XXXXX
5 XXXXXX........ XXXXXXX ...................... XXX@@@@@....XXXXXX
6 XXXXXX ........XXXXXXX ...................... XXX@@@@@....XXXXXX
7 xxxxxx ........xxxxxxx ...................... XXX3@@66@.... .XXXxXXX
8 XXXXXXX....... XXXXXXX ...................... XXX@@@@ t.... .XXXXXXX
9 XXXXXXXX .... XXXXXXX@...................... XXX@@@@@ .... .XXXXXXX

10 XXXXXXXX .... XXX@@@@t@...................... XXX@tII@@.. .XXXXXXXX
11 XXXXXXXXX....XXXX@@@@ ...................... XX@@@@. .. .XXXXXXXX
12 XXXXXXXXX....XXX@@@@@ ..................... XXXG@6@@. .XXXXXXXXX
13 XXXXXXXXX....XXXX@t@@@...........X...........XXX@@@@@. .XXXXXXXXX
14 XXXXXXXXXX ...XXXI@@@@@..........xxx..........XXXG@@I6 .XXXXXXXXXX
15 XXXXXXXXXX.... .XXXX@!@@@.......... XXXXX......... XXXE@@@@@.XXXXXXXXXX
16 XXXXXXXXXXX... .XXX@@@@@ ......... XXXXX ......... XXX@@G@@.XXXXXXXXXX
17 XXXXXXXXXXX... .XXXX@@c@@......... XXXXX ......... XXX@c@@@@.XXXXXXXXXX
18 XXXXXXXXXXX. .. .XXX@@@@@ ...........@@@6...........xxx@@@@@.xxxxxxxxxx
19 XXXXXXXXXXXX. .XXX@@6@@ ..........@@@@ ...........xxx@@c@@@xxxxxxxxxxx
20 XXXXXXXXXXXX. .XXX@6@@@@...........@@@ ...........XXX@8@6GXXXXXXXXXXX
21 XXXXXXXXXXXXX.XXXI~?@@..@....................... XXX@6@@@XXXXXXXXXXX
22 XXXXXXXXXXXXX.XXX@I@@6.......................... XX6@66@XXXXXXXXXXX
23 XXXXXXXXXXXXXXXXX@@6c3@........................ XXXc@c@c!XXXXXXXXXXXX
24 XXXXXXXXXXXXXXXXX@@@@@....XXX ................XXX@@@I3XXXXXXXXXXXX
25 XXXXXXXXXXXXXXXXX@@I@@....XXXXX ..............XXX@@@XXXXXXXXXXXXX
26 xxxxxxxxxxxxxxxxX@6@@c3 ...XXXXXX ..............XXXcI@@XXXXXXXXXXXXX
27 XXXXXXXXXXXXXXXXXG6@@@ ...XXc!@XX.............. XXX@cI@XXXXXXXXXXXXX
28 XXXXXXXXXXXXXXXXX@6@@@. ... XX@@@66..............XX@c!@XXXXXXXXXXXXXX
29 XXXXXXXXXXXXXXXXXX@@@@ ...X@@@@@.............. XXX@@XXXXXXXXXXXXXX
30 XXXXXXXXXXXXXXXXXXG@@@@... @@@@@..............XXX@6XXXXXXXXXXXXXX
31 XXXXXXXXXXXXXXXXXXO@@ .. 6..6@@...............XXX@@XXXXXXXXXXXXXX
32 XXXXXXXXXXXXXXXXXXX6@6.......................... XX@@XXXXXXXXXXXXXX
33 XXXXXXXXXXXXXXXXXXX@@@6..........................XX@XXXXXXXXXXXXXXX
34 XXXXXXXXXXXXXXXXXXXG66........................ XXX@XXXXXXXXXXXXXXX
35 XXXXXXXXXXXXXXXXXXXX@@.......................... XX@XXXXXXXXXXXXXXX
36 XXXXXXXXXXXXXXXXXXXXcA6........................ XXXGXXXXXXXXXXXXXXX
37 XXXXXXXXXXXXXXXXXXXXfAG........................ XXX@XXXXXXXXXXXX)CXX
38 XXXXXXXXXXXXXXXXXXXX66........................XX6XXXXXXXXXXXXXXXX
39 XXXXXXXXXXXXXXXXXXXX66.......................... XXXXXXXXXXXXXXXXXX
40 XXXXXXXXXXXXXXXXXXXXG6........................ XXXXXXXXXXXXXXXXXXX
41 XXXXXXXXXXXXXXXXXXX.@.......................... XXXXXXXXXXXXXXXXXXX
42 XXXXXXXXXXXXXXXXXXX......................6@.X. .XXXXXXXXXXXXXXXXXXX
43 XXXXXXXXXXXXXXXXXXX...................... @@XX .XXXXXXXXXXXXXXXXXXX
44 XXXXXXXXXXXXXXXXXXX............. S.......666@@@XXXXXXXXXXXXXXXXXXXX
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Node Potential Parameters:

Isolated obstacle value (ObsX) - .0000
Connected obstacle value (ObsC) = .0000
Start node value ------- (Gnd) = .0000
Goal node value ------- (Vcc) - 10.0000
Max nodal change allowed per iter - .0100
Max number of iterations allowed = 200
Horiz directions allowed (4 or 8) - 8

Global minimal distance solution found using 40 iterations!!

Total Iterations = 40
Maximum individual nodal change = .0354

Total iteration nodal change - 4.3567

Solution Path... Path - 40 steps, 44.14 units

Step Current Node Next Move
Number ( Row, Col, Depth) Direction

START PT 44, 32, 1 ) N
1 43 , 32 , 1 ) N
2 42 , 32 , 1 ) N
3 41 ,32, 1 ) N
4 40 ,32, 1 ) N
5 39 ,32, 1 ) N
6 38 ,32, 1 N
7 37 ,32, 1 N
8 36 ,32, 1 NE
9 35 ,33, 1 N

10 34 ,33, 1 NE
11 33 ,34, 1 N
12 32 ,34, 1 N
13 31 , 34 , 1 N

14 30 , 34 , 1 N
15 29, 34, 1 N
16 28 ,34, 1 N
17 27 ,34, 1 NW
18 26 , 33 , 1 N

19 25 ,33, 1 NW
20 24 , 32 , 1 NW
21 23 ,31, 1 NW
22 22 ,30, 1 N
23 21 ,30, 1 N
24 20 ,30, 1 N
25 19 ,30, 1 N
26 18 ,30, 1 N
27 17 ,30, 1 N
28 16 ,30, 1 NE
29 15 ,31, 1 NE
30 14 , 32 , 1 N

31 13 ,32, 1 N
32 12 ,32, 1 N
33 11 ,32, 1 N
34 10 ,32, 1 N
35 9 ,32, 1 N
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36 (8,32, 1 ) NW
37 (7,31, 1 )N
38 (6,31, 1 ) N
39 (5,31, 1 ) NW
40 4 430, 1 ) GOAL

Maze Solution ...

The Maze: landnav.dat has 44 Rows ,64 Cols ,1 Depth Layer(s)

Key: Obstacles = X (isolated) @ (connected)
Free Space = . ( + D (doors) , E (elevators)
Start node - S ,at ( 44, 32, 1)
Goal node - G ,at ( 4, 30, 1)

12345678901234567890123456789012345678901234 56789012345676901234

1 xxxxx~xxxxXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXxXXXXX@@8c!8.XXXXXXXXXX
2 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXc@@@@@.XXXXXXXXXX
3 XXXXX......... XXXXXXXX................... X... .XXXG@CaO@@....XXXXX
4 XXXXX .........XXXXXXX ........G ...............XXX@@888@....XXXXX
S XXXXXX ........XXXXXXX .........9 ..............XXX~c8@@@....XXXXXX
6 XXXXXX ........XXXXXXX .........8 ..............XXX@@3@@@....XXXXXX
7 XXXXXX ........XXXXXXX .........7 ..............XXXG@8@@ ... .XXXXXXX
8 XXXXXXX ...... X. XXXXXx.......... 6.............XXXG@@@8 ... .XXXXXXX
9 XXXXXXXX .... XXXXXXX@......... 5............. XXX@8@@@Q ...XXXXXXX

10 XXXXXXXX .... XXX@@@@@ .........4 .............XXX@@@@@@... .XXXXXXXX
11 XXXXXXXXX....XXXX@8@@@.........3 ..............XX@@@@@ ...XXXXXXXX
12 XXXXXXXXX....XXX8@@@@@.........2 .............XXX@@@88 .XXXXXXXXX
13 XXXXXXXXX....XXXX@@@@ .........1.X ...........XXX@@G88 .XXXXXXXXX
14 XXXXXXXXXX... .XXXc@@88c3.........OXXX ..........XXXG@@88.XXXXXX)XXXX
15 XxXXXXXXXX ...XXXX@8@@@ ....... 9XXXXX......... XXX@@@@@8.XXXXXXXXXX
16 XXXXXXXXXXX... .XXX@@8@@@....... 8.XXXXX......... XXX@@@@@.XXXXXXXXXX
17 XXXXXXXXXXX... .XXXX@8@@....... 7.XXXXX......... XXX@@@@@.XXXXXXXXXX
18 XXXXXXXXXXX... .XXX@@@@@G....... 6..@@@ .......... XX8886c3.XXXXXXXXXX
19 XXXXXXXXXXXX. .XXXc@8@@@.......5.8@@@8..........XXX@@@@@XXXXXXXXXXX
20 XXXXXXXXXXXX. .XXX@@6688....... 4..@@@ ..........XXX@@@@@XXXXXXXXXXX
21 XXXXXXXXXXXXX.XXX@@@@@ .......3 ...............XXX@@@@@XXXXXXXXXXX
22 XXXXXXXXXXXXX.XXX@@@@@6.......2 ................XX@@@@@XXXXXXXXXXX
23 XXXXXXXXXXXXXXXXX@@@@@ ........1 ..............XXX@@@8XXXXXXXXXXXX
24 XXXXXXXXXXXXXXXXX@@@@ .... XXX.0 .............XXX@@@@XXXXXXXXXXXX
25 XXXXxXXXXXXXXXXXXX68G68....XXXXX9 ............XXX@@@XXXXXXXXXXXXX
26 XXXXXXXXXXXXXXXXX@@@@@ ... .XXXXXX8............ XXX@@@XXXXXXXXXXXXX
27 XXXXXXXXXXXXXXXXX@@@@@ ... .XX@@XX.7 7.......... XXX@@@XXXXXXXXXXXXX
28 XXXXXXXXXXXXXXXXX@@@@@ ... .XX@@@.6 .6.......... XX@@@XXXXXXXXXXXXXX
29 XXXXXXXXXXXXXXXXXX6@@88... .X@@8668 .5.......... XXX@@XXXXXXXXXXXXXX
30 XXXXXXXXXXXXXXXXXX8@@8.....@@@@.4 ...........XXX@@XXXXXXXXXXXXXX
31 XXXXxXXXXXXXXXXXXXX688G...... @..3 ...........XXX@@XXXXXXXXXXXXXX
32 XXXXXXXXXXXXXXXXXXX@@@ ...........2 ............XX@@XXXXXXXXXXXXXX
33 XXXXXXXXXXXXXXXXXXX@@@ ...........1 ............XX@XXXXXXXXXXXXXXX
34 XXXXXXXXXXXXXXXXXXX@@@ ..........0 ............XXX@8.XXXXXXXXXXXXXX
35 XXXXXXXXXXXXXXXXXXXX@@ ..........9 .............XX@XXXXXXXXXXXXXXX
36 XXXXXXXXXXXXXXXXXXXX@@ .........8 .............XXX8XxxxxxxnxxmxxX
37 xXXXXXXXXXXXXXXXXXXXXG6.........7 .............XXX@XXXXXXXXXXXXXXX
38 XXXXXXXXXXXXXXXXXXXX@@ .........6 .............XX@XXXXXXXXXXXXXXXX
39 XXXXXXXXXXXXXXXXXXXX@@ .........5 ..............XXXXXXXXXXXXXXXXXX
40 XXXXXXXXXXXXXXXXXXXX@@ .........4 .............XXXXXXXXXXXXXXXXXXX
41 XXXXXXXXXXXXXXXXXXX.@ ..........3 .............XXXXXXXXXXXXXXXXXXX
42 XXXXXXXXXXXXXXXXXXX ............2 ........ @.X. .XXXXXXXXXXXXXXXXXXX
43 XXXXXXXXXXXXXXXXXXX ............I ........86XX.XXXXXXXXXXXXXXXXXXX
44 XXXXXXXXXXXXXXXXXXX ............S ....... @@@@@XXXXXXXXXXXXXXXXXXXX
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file: bldgnav.ont

Maze Environment...

The Maze: bldgnav.dat has 30 Rows , 80 Cols , I Depth Layer(s)

Key: Obstacles - X (isolated) , @ (connected)
Free Space - [ + D (doors) , E (elevators) 3
Start node - S , at ( 3, 3, 1j
Goal node = G , at ( 24, 12, 1)

12345678901234567890123456789012345678901234567890123456789012345678901234567890

1 xxxxxxxxxxxxxxXxxxxxxxxxxx•••XXxXX••••••XXXXxXxxxxxxxxxxxxxxxXXX
2 X ........ X .................... C ......... X ........... X ................. X ......... X
3 X.S ...... X ................... X ......... X ........... X ................. X ......... X
4 X ........ X ................... X ......... X ........... D ................. X ......... X
5 X ........ X ................... X. ........ X ........... X ................. : ......... X
6 X........ X ................... X ......... X ........... X ................. X ......... X
7 XXXXXXXDXXXXXXXXXXXXXXXXXDXXXXXXXXDXXXXXXXXXDXXXXXXXXXXXXXXXXXXXXXDXXXXXXXDXXXXX
8 X.......... ................................................................... X
9 X ............................ .................................................. A

10 X................................................................................. X
11 X .... XXXXXXXXXXXXXXXXXXXXXXXXX ......... XXXXXXXXXXXXXXXXXXDXXXXXXX .... XXXXXXXXXXX
12 X ... D .......... XXX...X ...... X ......... X ........ X-.............. X . .. X ......... X
13 X .... X ........ X ..... D ...... X ......... X...XX...X .......... XX...X .... X ..... XX..X
14 X .... XX...XXXXXXX ..... X ...... X ......... X. ... XX...X .......... XX ... X .... X. XX..X
15 XXXXXXX...D ..... X ..... XXXXXXXX ......... D...XX...X .......... XX...X .... D ..... XX..X
16 X .... D .... X ..... X ..... X ...... X ......... X ........ X .......... XX.. .X .... X ......... X
17 XXX..X .... X ..... X ..... X ...... X ......... X ........ X .... XXXX....... X .... X ......... X
18 X .... X .... X.....X ..... X ...... X ......... X ........ X ............... X .... X .... XX...X
19 XXXXXXXXXXXXXXXXXXXDXXXXXXXDXX ......... XXXXXXXXXXXXXXXXXXXXXXXXXX .... XXXXXXXXXXX
20 X .............................................................................. X
21 X .............................................................................. X
22 X .............................................................................. X
23 XXXXXXXDXXXXXXXXXXXXXXXXXXDXXXXXXXDXXXXXXXXXXXXXDXXXXXXXXXXXXXXXDXXXXXXXXXDXXXXX
24 X ........ X.G..X.....X ........ X ......... X ........... X ....... XX ........ XXX ....... X
25 X ........ X....X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
26 X ........ X.... X.....X ........ X ......... X ........... X ....... XX ........ XXX ....... X
27 X..X..X..X ... D.....X ........ X ......... X..XX ....... D ....... XX ........ X ......... X
28 X..XXXX..X .... X .............. X...XXXX..X..XX ....... X...XXXXXX ..... XXX .... XXXX.X
29 X ........ X ... X .......... XXX.X ......... X..XX ....... X.. .XXXX X ..... XXX .... XXXX.X
30 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXXXXX•XXXXKXXXXXXXXX

Node Potential Parameters:

Isolated obstacle value (ObsX) - .0000
Connected obstacle value (ObsC) - .0000
Start node value ------- (Gnd) - .0000

Goal node value -------- (Voc) - 10.0000
Max nodal ch.nge allowed per iter - .0100
Max number of iterations allowed - 200
Horiz directions allowed (4 or 8) - 8

Global minimal distance solution found using 55 iterations!!!

Tota. Iterations = 200
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Maximum individual nodal change - .0118
Total iteration nodal change - .8483

Solution Path... Path = 57 steps, 64.87 units

Step Current Node Next Move
Number C Row, Col, Depth) Direction

START PT 3, 3, 1 E
1 3, 4, 1 SE
2 4 5, 1 SE
3 5 6, 1 SE
4 6 7, 1 SE
5 7 8, 1 SE

6 8 9, 1 E
7 8 10 1 E
8 8, 1, 1 1 E
9 8 12, 1 E

10 8 ,13, 1 E
I1 8 ,14 1 E
12 8 ,15, 1 E
13 8 ,16, 1 E
14 8 ,17 ,1 E
15 8 18, 1 E
16 8 19, 1 E
17 8 20, 1 E
18 8 21, 1 E
19 8 22, 1 E
20 8 23, 1 E
21 8 24, 1 E
22 8 25, 1 SE
23 9 ,26, 1 E
24 9 ,27, 1 E
25 9 ,28, 1 E
26 9 ,29, 1 SE
27 10 ,30, 1 SE
28 11 ,31, 1 S
29 12 ,31, 1 S
30 13 ,31, 1 S
31 14 ,31, 1 S
32 15 ,31, 1 S
33 16 ,31, 1 S
34 17 ,31, 1 S
35 18 ,31, 1 S
36 19 ,31, 1 SW
37 20 ,30, 1 SW
38 21 , 29 , 1 SW

39 22 ,28, 1 SW
40 23 ,27, 1 S
41 24 , 27 , 1 SW
42 25 ,26, 1 SW
43 26 ,25, 1 SW
44 27 , 24 , 1 SW
45 28 ,23, 1 W
46 28 , 22 , 1 W
47 28 ,21, 1 W
48 28 ,20, 1 W

49 28 ,19, 1 W
50 28 ,18, 1 W
51 28 ,17, 1 W
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52 28 , 16 , 1 NW
53 27 ,15, 1 W
54 27 , 14 , 1 NW
55 26 , 13 , 1 NW
56 25 ,12, 1 N
57 24 , 12 , 1 GOAL

Maze Solution...

The Maze: bldgnav.dat has 30 Rows , 80 Cols , 1 Depth Layer(s)

Key: Obstacles = X (isolated) , @ (connected)
Free Space = . [ + D (doors) , E (elevators)
Start node = S , at ( 3, 3, 1)
Goal node = G , at ( 24, 12, 1)

12345678901234567890123456789012345678901234567890123456789012345678901234567890

1 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXXXXXX XXXXXXXXXXXXXXXX
2 X ........ X ................... X ......... X ........... X ................. X ......... X
3 X.S1 ..... X ................... X ......... X ........... X ................. X ......... X

4 X.. .2 ... X ................... X ......... X ........... D ................. X ......... X
5 X .... 3 ........................ X ......... X ........... X ................. X ......... X
6 X ..... 4..X ................... X ......... x ........... X ................. X ......... X

7 XXXXXXX5XXXXXXXXXXXXXXXXXDXXXXXXXXDXXXXXXXXXDXXXXXXXXXXXXXXXXXXXXXDXXXXXXXDXXXXX
8 X ....... 67890123456789012 ...................................................... X
9 X ........................ 3456 .................................................. X

10 X ............................ 7 ................................................. X
11 X .... XXXXXXXXXXXXXXXXXXXXXXXXX8 ........ XXXXXXXXXXXXXXXXXXDXXXXXXX.... XXXXXXXXXXX
12 X .... D .......... XXX ... X. X9 ........ X ........ X ............... X. .. X ......... X
13 X .... X .......... X ..... D ...... XO ........ X. .. XX.. .X .......... XX...X. .. X ..... XX..X
14 X .... XX... XXXXXXX ..... X ...... Xl ........ X...XX. .. X .......... XX.. .X. .. X ..... XX..X
15 XXXXXXX...D ..... X ..... XXXXXXXX2 ........ D. .. XX. .X .......... XX...K. .... D. XX..X
16 X .... D .... X ..... X ..... X ...... X3 ........ X ........ X .......... XX.. .X. .. X......... X

17 XXX..X ... X ..... X ..... X ...... X4 ........ X ........ X .... XXXX ...... X .... X ......... X
18 X .... X .... X ..... X ..... X ...... X5 ........ X ........ X ............... X .... X .... XX...X
19 XXXXXXXXXXXXXXXXXXXDXXXXXXXDXX6 ........ XXXXXXXXXXXXXXXXXXXXXXXXXX .... XXXXXXXXXXX
20 X ............................ 7 ................................................. X
21 X ........................... 8 .................................................. X
22 X .......................... 9 ................................................... X

23 XXKKXXXDXXXKXXXXXXXXXXXXXXOXXXXXXXDXXXXXXXXXXXXXD:.XXXXXXXXXXXXXXDXXXXXXXXKDXXXXX
24 X ........ X.G..X ..... X ..... I..X ......... X ........... X ....... XX ........ XXX ....... X

25 X ........ X.6..X ..... X .... 2...X ......... X ........... X ....... XX ........ XXX ....... X
26 X ........ X..5.X ... X.. .3 ... X ......... X ........... X ....... XX ........ XXX ....... X
27 X..X..K..X. .. 43 ..... X..4 ..... X ......... X..XX ..... . D ........ XX ........ X ......... X
28 X..XXXX..X .... X21098765 ...... X...XXXX..X..XX ....... X...XXXXXX ...... XXX .... XXXX.X
29 X ........ X .... X .......... XXX.X ......... X..XX ....... X...XXXXXX ...... XXX .... XxXX.X

30 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXxxxxxXxxxxxXXXKXXXXXX
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file: b3dnav.out

Maze Environment...

The Maze: b3dnav.dat has 30 Rows , 80 Cols , 3 Depth Layer(s)

Key: Obstacles = X (isolated) , @ (connected)
Free Space = . [ + D (doors) , E (elevators) ]

Start node = S, at ( 3, 3, 1)
Goal node - G, at (17, 3, 3)

12345678901234567890123456789012345678901234567890123456789012345678901234567890

Depth Layer: 1
1 XXXXXXXXXXXXXXXXXXXXXXx x xxX xYxxxxXXxxxx xxxxxxxxxxxxxxxXXXXXXX

2 X ....... X ................... X ....... X ......... X ................. X ....... X
3 X.S . X................X........ x ......... X .......... ... X ....... X
4 X ........ X ............ X ......... X ........... D .............. X ....... X
5 X ........ X .................. X ......... X ........... X .............. X ....... X
6 X ........ X .................. X ......... X ........... X .............. X ....... X
7 xXXXXXXDXXXXXXXDXXXXX XXXXXXDxXXXXxXXXXDXXXXXXXXXDXXxX2<2<2<2< XXX XXXDXXX2<XEXXXXX
8 X..... , I.....................................................................°x
9 X .............................................................................. X

10 X .............................................................................. X
11 X .... XXXXXXXX<XXXXXXXXX 2XXXXXX ......... XXXXXXXXXXXXXXXXXXDXXXXXXX .... XXXXXXXXXXX

12 X .... D .......... XXX. ... X ...... X ......... X ........ X ............... X .... X ......... X
13 X .... X .......... X ..... D ...... X ......... X...XX2 ... X .......... XX. ... 2X .... X. ..... XX..X
14 X .... X....XXXXXX ...... X ...... X ......... X...XX2... .X<......... XX2 ... .2.... X ..... XX..X
15 XXXXXXX...D ....... D. ..... <XXXXXXXX ......... D. ... XX ... X .......... XX2... X .... D ..... XX..X
16 X .... D .... X ..... . ..... X ...... X ......... X ........ X .......... XX. ... 2X .... X ......... X
17 XXX..X ... . X ..... X ...... X ......... X ........ X....X 2<<2 ....... X .... X ......... X
18 X .... X .... X.....X.....X ...... X ......... X ........ X ............... X .... X .... XX .. .X
19 XXXXXXXXXXXXXXXXXXXDXXXXXXXDXX ......... XXXXXXXXXXXXXXXXXXXXXXXXXX .... XXXXXXXXXXX
20 X ........................................... .................................. X
21 X .............................................................................. X
22 X .............................................................................. X
23 2X<<<<<D2X<X2< XXX2XX<2 < 2XXDXDX2 XXXDDXX2 Xx<22<<2 XD<XXXXXXXXDXXXX2< DXXXXXXXXXDXXXXX
24 X ........ X.. X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
25 X ........ X ... X.....X ........ X ......... X ........... X ....... XX ........ XXX ....... X
26 X ........ X....X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
27 X..X..X2< X... .D ..... X ........ X ......... X..XX ....... D ....... XX ........ X ......... X
26 X..XXXX. X... .X .............. X .2 XXXX..X..XX ....... X...2XXXXXX ...... XXX ..... XXXX.X
29 X ....... X... .X .......... XXX.X ......... X..XX ....... X...2XXXXXX ...... XXX .... XXXX.X
3C XXXX X XXXXXXXXXXXX•••XXXXXXXXXXXXX2<X2X2xxXXXxxxxxX<2XXxxxXXxxxxxXXX<2X<XXXXX2 <

Depth Layer: 2
1 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX<xXXX<XX2xXXXXXXXx2xXX2XX XXxxxxxxx

2 XXXXXXXXXXXXXXXX2XXXXXXX22X<<xXXX<2XX<XX2<XXXXXXX<XX X2<XX2XX<X22XXXXXXX
3 2xXxx<XXXxx2<XXXXXXXX xXXXXXXXXX2<xxxxxx2XXxx<2 XXXXXXxx<XXxXXXXXXxx 2<XXXXXXXXXx
4 xxx<<<<<<22222XXXX2XxxxXXXXXxXXXxXXXx<2<22<22< XXXXX2xxXXXxXXXXXXx2XXXXXxx2<<< Xx2
5 222222<<<X2<X2<222X<X2X < 2XX<2xx<X2X<xxx2XXXXXXXXXXXX2X<2X<xxxx22XXXXX2xxx2XXX2x2
6 2XXXX<2XX< 22X2X<XXXXX2<XXXX2XXxXXXXXXXXXXXXX<XXXXX2XXX<2XXXXX<22X<X2 < XXXXxX2XXXX
7 xXXxX2Xx< XXXXXXXXXXXXX2<<22 XXXXXXXXXXXXX2<xx2<XXxXXX2X< XXxXXXXXXxx<2XXXXXXEXXXXX
8 XX<XXX2<X2<X2XXXxXXXXXXXX XX2XXX<2XXXXXXXXXXXXXXXXXXX2X XX 2XXX2XXX<xxx2X2X< XX2XXXX
9 XXXXXXXxxxxXX2Xxxxx<2<X<2<XXXXX<xxxX2XX<xxxXXXXX2XXXX

10 XXXXXXXxxxxxXXXXX2xX2X2XXXXX2XxX <<XXXX2X2XXXX<XX<xXX2XXXX2XXXXXXXXXXXX<< <XX
11 X2xXXXXXXXXXXXXXXX<XX 2<2xXXX< XXX <XXXXXXX2XXX<XXXXXXXXXxX2XXXX XX2XxxXX2Xxxxxxx
12 2xxx<<<2222XXXXXXXXXXX<2<2<2<XXX2xx<X<2X XXXXXXXXx<X<xX2xX<XX XXXXXXXXX2<XXX2<X X2
13 2<XXXXxXXxXX<XXX22 XXXXXX XXXXXXXXXXXXXXXX22x<XXXXXXXXXXXXXXXXXXXXXx2<xxxxxxXXXXX<
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14 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
15 XXXXXXxXXXXXXXxXxxXXxXXxxXXXXxXXXXXXxxXXXXXXxXXxXXXXxXXXXXXxxXXXXXXXXXXXXXXXXXx
16 XXxxXXXXxxxx~xXxxXxxxxxxxxxxxxxxxxxxxXXXXXxxxxXxxxxxXXXxxxxxxxxXXxXxxXx~xxXx
17 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
18 XXX'XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
19 xxxxxxxxxxxxxxx~xxxxxxxxxxxxxxx~xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx~x)xxXX
20 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
21 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
22 XXXXXXXXXXXXXXXXX'(XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
23 XXXXXXXXXAXXXXXX..XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
24 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
25 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
26 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
27 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
28 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
29 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
JO xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Depth Layer: 3
1 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
2 X........ X..................X ........X .......... X................X ........ X
3 X........ X..................X ........X .......... X................X ........ X
4 X........ X..................X ........X .......... D................X ........ X
5 X ........X ..................X .........X...........X...............X..x....... X
6 X........ X..................X ........X .......... X................X ........ X
7 XXXXXXXDXXXXXXXXXXxXXxXXXXDxXXXXXXXxDXXXXXXXXXDxxXXXXXXxXXXXXXxXXXDXXXXXXXxEXXXXX
8 X......................................................................... X
9 X......................................................................... X

10 X ............................................................... I......... X
1l XXXXXXXXXXXXXXXXXXXXXXXDXXXXXX .........XXXXXXXXXXXXXXXXXXDXXXXXXX ... . XXXXXXXXXXX

12 X. ... X .X.......X .............X ........ X........X .............. X.... X......... X
13 X. ...D ........X ..............X.........D........X ............... X... .D.........X
14 X .... .X........X ..............X.........X........X ............. X.. X .. .X.........X
15 XXXXXY ........XXXXXXXXXXXXXXXX .........xxxxxxxxxxxxxxxxxxxxxxxxxx ...xxxxxxxxxxx
16 X. .... .X........X .......X....X .........X........X ...............X....x.... .....X
17 X.G. .D ........X .......X....X .........D........X ...............X.... .D.........X
18 x. .... .x........x ...... Ix .... x.........x........x ........... I...x .... .x.........X
9 xxxxxxxxxDxxxxxxxxxDxxxxxxDxxx .........xxxxxxxxxxxxxxxxxxDxxxxxxx... . xxxxxxxxxxx

20 X ................................................................... I..... X
21 X ..................................................................... I... X
22 X......................................................................... X
23 XXXXXXxxxxxxxxxxxxxxxxxxxDxxxxxxxDxxxxxxxxxxxxxDxxxxxxxxxxxxxxxDxxxxxxxxxDxxxxx
24 X ....... x. X ... .x...X........X .........x...........x.......xx ........xxx .......x
25 X ....... x. X ... .x...X........X .........x........... X.......xx........xxx .......x
26 X ....... x. X ... .x...X........X .........x...........x.......xx ........xxx .......x
27 X ........X ... D ....X........X ....... x. X..xx.......D .......XX ....... x.X.........X
28 X ....... X. X... .X......... ....x ....... x. X..xx......x. X.. .xxxxxx.. xxx. X .. .xxxx.x
29 X ....... x. X... .X..............X.......x. X..xx.......X..XXX . ...x..xx X...xxxx.x
30 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Node Potential Parameters:

Isolated obstacle value (obsX) = 0.0000
Connected obstacle value (ObsC) = 0.0000
Start node value - - - - (Ond) - 0.0000
Goal node value-----------(Vcc) - 10.0000
Max nodal change allowed per iter - 0.0100
Max number of iterations allowed = 200
Horiz directions aiioweC: (4 or 8) = 8
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Global minimal distance solution found using 196 iterations!!!

Total Iterations = 200

Maximum individual nodal change = 0.0102
Total iteration nodal change = 0.9461

Solution Path... Path - 149 steps, 156.87 units

Step Current Node Next Move
Number C Row, Col, Cepth) Direction

START PT 3, 3, 1 SE
1 4, 4, 1 SE

2 5, 5, 1 SE
3 6, G, 1 E
4 6, 7, 1 SE
5 7, 8, 1 SE
6 8, 9, 1 E
7 8, 10, 1 E
8 8,11, 1 E

9 8,12, 1 E
10 8 ,13, 1 E

11 8 ,14 ,1 E
12 8 ,15, 1 E
13 8, 16, 1 E
14 8 ,17 ,1 E
15 8 18 , 1 E
16 8 19 , 1 E
17 8 20, 1 E
18 8 21, 1 E

19 8 22, 1 E
20 8 ,23, 1 E

21 8 24 , 1 E
22 8 25, 1 E
23 8 26, 1 E
24 8 8 7, 1 E
25 8 23, 1 E
26 8 29, 1 E
27 8 30 ,1 E
28 8 31, 1 E

29 8 ,32 ,1 E
30 8 ,33, 1 E
31 8 ,34, 1 E
32 8 ,35 ,1 E
33 8 ,36 ,1 E
34 8 ,37 ,1 E

35 8 ,38, 1 E
36 8 ,39, 1 E
37 8 ,40, 1 E

38 8 , 41, 1 E
39 8 ,42, 1 E

40 8 ,43 ,1 E
41 8 ,44 , 1 E

42 8 , 45, 1 E
43 8 ,46 ,1 E

44 8 ,47, 1 E

45 8 ,48 ,1 E
46 8 ,49, 1 E

47 8 ,50, 1 E
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48 8 ,51, 1 E
49 8 ,52, 1 E

50 8 ,53, 1 E

51 8 54, 1 E

52 8 55, 1 E

53 8 56 , 1 E

54 8 57 , 1 E

55 8 58, 1 E

56 8 59 1 E
57 8 60 1 E
58 8 61 ,1 E

59 8 62 ,1 E
60 8 63 1 E

61 8 64 1 E

62 8 65 1 E
63 8 66 , 1 E

64 8 67, 1 E
65 8 68, 1 E
66 8 69, 1 E
67 8 70, 1 E
68 8 71, 1 E
69 8 ,72, 1 E
70 8 73, 1 E
71 8 74, 1 NE
72 7 75, 1 DOWN

73 7 75, 2 DOWN
74 7 75, 3 SW
75 8 74, 3 W
76 8 73, 3 W
77 8 72, 3 W
78 8 71, 3 W

79 8 70 ,3 W
80 8 ,69 ,3 W
81 8 ,68 ,3 W
82 8 ,67, 3 W
83 8 ,66 ,3 W
84 8 ,65 ,3 W
85 8 ,64, 3 W
86 8 ,63 ,3 W
87 8 ,62, 3 W
88 8 61 ,3 W
89 8 60 ,3 W
90 8 59, 3 W

91 8 58, 3 W
92 8 57, 3 W

93 8 56, 3 W
94 8 55, 3 W
95 8 54, 3 W
96 8 53, 3 W

97 8 52, 3 W
98 8 51, 3 W
99 8 50, 3 W

100 8 49, 3 W
101 8 48, 3 W
102 8 ,47, 3 W
103 8 ,46, 3 W
104 8 ,45, 3 W
105 8 ,44, 3 W
106 8 ,43, 3 W
107 8 ,42, 3 W
108 8 ,41, 3 W
109 8 ,40, 3 W
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110 8 ,39, 3 SW
1il 9 ,38, 3 SW

112 10 ,37, 3 SW

113 11 ,36 3 SW

114 12 , 35 3 SW

115 13 , 34 3 SW

116 14 , 33 3 S

117 15 , 33 3 SW

118 16 , 32 3 S

119 17 , 32 , 3 S

120 18 , 32 , 3 SW

121 19 , 31, 3 SW

122 20 , 30 f 3 W

123 20 , 29, 3 W

124 20 , 28, 3 W

125 20 , 27 , 3 W

126 20 , 26 , 3 W

127 20 , 25 , 3 W

128 20 , 24 , 3 W

129 20 , 23 , 3 W

130 20 ,22, 3 W
131 20 , 21 , 3 W

132 20 ,20, 3 W

133 20 ,19, 3 W
134 20 ,18, 3 W

135 20 ,17, 3 W

136 20, 16, 3 W

137 20 , 15 , 3 W

138 20 ,14, 3 W

139 20 ,13, 3 W

140 20 , 12 , 3 W
141 20 ,11, 3 NW

142 19 , 10, 3 NW
143 18 , 9, 3 W

144 18, 8, 3 W

145 18, 7, 3 NW

146 17, 6, 3 W

147 17, 5, 3 W

148 17, 4, 3 W
149 17 , 3 , 3 GOAL
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Maze Solution...

The Maze: b3dnav.dat has 30 Rows , 80 Cols , 3 Depth Layer(s)

Key: Obstacles = X (isolated) , @ (conrected)
Free Space = . [ + D (doors) , E (elevators) ]
Start node = S , at ( 3, 3, 1)
Goal node - G , at ( 17, 3, 3)

12345678901234567890123456789012345678901234567890123456789012345678901234567890

Depth Layer: 1
1 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
2 X ....... X ................ X ......... X ......... X ................. X ......... X
3 X.S . ................. ........ K .......... .......... ... K ....... X
4 X... . ...................... . ......... D .......... ... D ....... X
5 X...2 .... X .................. X ......... X ......... X ................. X ......... X
6 X .... 34..X ................... X ......... X ......... X ................. X ......... X
7 XXXXKXX5KXXXDXXXXXXXXXXXXXDKXXXXXXDXXXKKKKDXXXXKKXXXXKKKXXDXXXXXKK2XXXXX
8 X ....... 678901234567890123456789012345678901234567890123456789012345678901 ..... X
9 K. ............................................................................... K

10 X .............................................................................. X
11 X .... XXXXXXXXXXXXXXXXXXXXXXXXX ......... X.KXXXKXXXXXXXXXDXXXXXXX .... XXXXXXXXXXX
12 X .... D .......... XXX... X ...... X ....... . X ........ X ............... X .... X ......... X
13 X .... X .......... X ..... D ...... X ......... X...XX...X .......... XXx .X .x . .... XX..X
14 X .... XX...XXXXXXX ..... X ...... X ......... X...XX...X .......... XX...X X . .... XX..X
15 XXXXXXX...D ..... X ..... XXXXXXXX ......... D...XX...X .......... XX...X .... D ..... XX..X
16 X .... D .... X ..... .D .X ...... X ......... X ........ X .......... XX.. .K.... X ......... X
17 XXX..X ... . X ..... X ...... X ......... X ........ X .... KXXX ....... X .... X ......... X
18 X x . .. .... ... X ..... X ...... X ......... X ........ X ............... X .... X .... XX...X
19 XXKXXXXXXXXXXXXXXXDXXXXXXXDXX ......... xxxxxxxxxxxxxxxxxxxxxxxxxx .... xxxxxxxxxxx
20 X .............................................................................. X
21 X .............................................................................. X
22 X .............................................................................. X
23 KXXXKXXDXXXKXXXXXXXXXXXXXXDXXXXXXXDXXXKXXKXXXXXXDXXXXXXXXXXXXXXDXXXXXXXXXDXXXXK
24 X ........ X .... X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
25 X ........ X .... X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
26 X ........ X .... X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
27 X..X.. .. X .... D ..... X ........ X ......... X..XX ....... D ....... XX ........ X ......... X
28 X..XXXX..X .... X .............. X...XXXX..X..XX ....... X...XXXXXX ...... XXX .... XXXX.X
29 X ........ X .... X .......... XXX.X ......... X..XX ....... X...XXXXXX ...... XXX .... XXXX.X
30 KXXXXXXK•X• X XXXXKXXXXKXKXKKKXKXXKXXXKXXKXXXKXXXXXXXXXXXXX XXXXKXKKYKXX
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Depth Layer: 2
1 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
2 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
3 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
4 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
5 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
6 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXxx
7 XXXXXXXXxXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX3XXXXX
8 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
9 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

10 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
11 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
12 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
13 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
14 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
15 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
16 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
17 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXXX
18 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
19 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
20 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
21 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
22 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
23 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXxXXXXXXXXXXXXXXXXXXXXXXXXXXxxxxxxXX
24 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXxXXXXXXXXXXXXXXxXXXXXXXXXXXXxXXXXXXXXXXx
25 XXXXXXXXXXXXXXXXXXXXXXXXXXXXxxXXXXXXXXXXXXxxxxXxXXXXXXXXXXXXXXXXXxXXXXXXXXXXXx
26 XXXXXXXXXXXXXXXXXXXXXXXXXXXxxxxxxXXXXXXXXXXXXXxXXxXXXXXXXXXXXXXXXXXXXXxX XXX
27 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXXXXXX
28 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXx~xXXXXXXXXXXx
29 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
30 XXXXXXXXXXXXXXXXXXXXXXXXXXXXxxXXXXXXXXXXXXXXXxSCXXXXXXxXxxXxXXXXXXXXxxXXXXXXXXXXX
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Depth Layer: 3
1 xXXxxxxxxxXXXXXXXXx XxxxXXXXXXXXxXXXX xXxxXXXXXXXXXXXXXXXXXxxxXXXXXXXXX
2 X ........ X ................... X ......... X ........... X ................. X ......... X
3 X ........ X ................... X ......... X ........... X ................. X ......... X
4 X ........ X ................... X ......... X ........... D ................. X ......... X
5 X ........ X ................... X ......... X ........... X ................. X ......... X
6 X ........ X ................... X ......... X ........... X ................. X ......... X
7 XXXXXXXDXXXXXXXXXXXXXXXXXDXXXXXXXXDXXXXXXXXXDXXXXXXXXXXXXXXXXXXXXXDXXXXXXX4XXXXX
8 X ...................................... 098765432109876543210987654321098765 ... X
9 X ..................................... 1 .......................................... X

10 X ................................. 2 ........................................ X
11 XXXXXXXXXXXXXXXXXXXXXXXDXXXXXX ..... 3... XXXXXXXXXXXXXXXXXXDXXXXXXX.. XXXXXXXXXXX
12 X .... X ........ X .............. X .... 4 ... X ........ X ............... X... .x ........ X
13 X .... D ........ X .............. X...5 ..... D ........ X ............... X .. .D ......... X
14 X .... X ........ X .............. X..6 ...... X ........ X ............... x....X ......... x
15 XXXXXX ........ XXXXXXXXXXXXXXXX..7 ...... XXXXXXXXXXXXXXXXXXXXXXXXXX... .XXXXXXXXXXX

16 X .... X ........ X ...... X ..... X.8 ....... X ........ X ............... X .. .x ......... X
17 X.G876 ........ X ....... X ...... X.9 ....... D ........ X ............... X . . D ......... X

18 X .... X543 ..... X ....... X ...... X.0 ....... X ........ X ............... X.... .x ......... X

19 XXXXXXXXX2XXXXXXXXXDXXXXXXDXXX1 ........ XXXXXXXXXXXXXXXXXXDXXXXXXX .... XXXXXXXXXXX

20 X ......... 10987654321098765432 ................................................. X
21 X .............................................................................. X
22 X .............................................................................. X
23 XXXXXXXDXXXXXXXXXXXXXXXXXXDXXXXXXXDXXXXXXXXXXXXXDXXXXXXXXXXXXXXXDXXXXXXXXXDXXXXX
24 X ........ X .... X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
25 X ........ X .... X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
26 X ........ X .... X ..... X ........ X ......... X ........... X ....... XX ........ XXX ....... X
27 X ........ X .... D ..... X ........ X ......... X..XX ....... D ....... XX ........ X ......... X
28 X ........ X .... X .............. X ......... X..XXX............ XXX .... XXXX.X
29 X ........ X .... X .............. X ......... X..XX ....... X...XXXXXX ...... XXX .... XXXX.X
30 XXXX XX XXXXXXXXXXX XX XXXXXxxxxxXXX XXXXXXXXXXXxXXX


