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Introduction

The purpose of this research is to evaluate the benefits of Augmented Reality (AR) visualisations for the development of Simultaneous Localisation and Mapping (SLAM) systems.  No prior knowledge of SLAM or AR is necessary. All of the information required to complete the evaluation is provided in this script. The study should take approximately 30 minutes to complete. 

Assume a mobile robot is placed in an unknown environment. It uses onboard range sensors to detect and map 2D-point obstacles in the environment as it moves around, while maintaining a fix on its location in the mapped environment. Due to uncertainty involved, the robot is estimating these parameters. This is the essence of SLAM. 

Please view Video 1 below. It shows the correct operation of a SLAM system. The video shows the real world environment being explored, along with the robot itself. Only white cylinders are the landmarks the robot is mapping. The square black and white marker is mounted on the rear of the robot, so its orientation (front) is in the opposite direction. In addition to the real world environment, virtual objects are rendered showing information about the SLAM algorithm. These objects are defined below. This technique of merging real and virtual visualisations is known as Augmented Reality (AR).

Video 1

http://www.ece.auckland.ac.nz/~akoz002/Part1_AR_correct.ogv

Video virtual object definitions:

· Cyan Marker + Ellipse + Line = robot location estimated by SLAM along with the estimated path. The ellipse is the uncertainty with which the location is estimated. The larger the ellipse, the higher the uncertainty. It should decrease when old landmarks are re-observed (when robot nears those landmarks). Small yellow arrow is the orientation.

· Green Marker + Ellipse = point obstacles estimated by SLAM. The ellipses indicate the uncertainty with which the feature is mapped. The larger the ellipse, the higher the uncertainty. These should decrease as more observations are made over time.

Part 1

Visualisation 1

Please view Video 2 below. The video shows a robot performing SLAM, however only the SLAM information is shown as virtual objects, without the real world environment. In addition to the previously defined virtual objects, new objects are defined below.

Video 2

http://www.ece.auckland.ac.nz/~akoz002/Part1_nonAR_fault.ogv

Additional virtual objects:

· Dark Blue Marker + Line = the true robot location along with the true path. These are unknown to the estimation algorithm, are obtained externally, and are plotted for comparison with the estimates to evaluate the accuracy of the estimation. Small orange arrow is the orientation.

· Red Marker = the true point obstacles. These are unknown to the estimation algorithm, are obtained externally, and are plotted for comparison with the estimates to evaluate the accuracy of the estimation. The closer the estimates (green) are aligned with the truth (red), the better the accuracy of the estimation. 

Please view Video 3 below. The video shows the real world environment which corresponds to the SLAM information shown in Video 2.

Video 3

http://www.ece.auckland.ac.nz/~akoz002/Part1_world_fault.ogv

Please use the visualisations in Video 2 and Video 3 to answer the questions below.
Question 1

Based on the visualisation, what faults (if any) can you detect in the SLAM system? Write the letters of all the answers that apply in the answer space below.

a) By the end of the execution, there are features in the environment which have not been mapped by the SLAM system.

b) By the end of the execution, there are features which have been mapped by the system but do not exist in the environment.

c) During execution, there are high discrepancies between the true and mapped environmental features, higher than the estimated uncertainties.

d) During execution, there are high discrepancies between the true and estimated robot paths, higher than the estimated uncertainty.

e) There are no faults present in the SLAM system.

f) The estimated landmark uncertainties increase over time.

g) The robot location uncertainty does not decrease when existing landmarks are re-observed, or the landmarks are not re-observed effectively. 

h) The estimated features appear to progressively drift away from their respective true positions over time (disregarding minor noise).

i) The estimated robot pose appears to progressively drift away from its ground truth over time (disregarding minor noise). 

Answer (e.g. a, b...):

Question 2

Based on the visualisation, for the faults (if any) you identified in Question 1 above, what are the likely causes? Write the letters of all the answers that apply in the answer space below.

a) The visualisation is not sufficient to determine the causes of the faults.

b) There were no faults present in the SLAM system.

c) Malfunctions with the actuation of the robot hardware platform.

d) The dynamic surrounding physical environment, i.e. moving objects.

e) The static surrounding physical environment aside from the point features, i.e. walls, chairs, reflective surfaces etc.

f) Range sensor noise or problematic range sensing hardware on the robot platform.

g) Occlusion of the environmental features.

h) Programming bugs in the SLAM software.

i) Poor external computation of the ground truth for the robot location and environment features.

Answer (e.g. a, b...):

Visualisation 2

Please view Video 4 below. The video shows a robot performing SLAM in Augmented Reality, similar to Video 1. 

Video 4

http://www.ece.auckland.ac.nz/~akoz002/Part1_AR_fault.ogv

Please use the visualisations in Video 4 to answer the questions below.

Question 1

Based on the visualisation, what faults (if any) can you detect in the SLAM system? Write the letters of all the answers that apply in the answer space below.

a) By the end of the execution, there are features in the environment which have not been mapped by the SLAM system.

b) By the end of the execution, there are features which have been mapped by the system but do not exist in the environment.

c) During execution, there are high discrepancies between the true and mapped environmental features, higher than the estimated uncertainties.

d) During execution, there are high discrepancies between the true and estimated robot paths, higher than the estimated uncertainty.

e) There are no faults present in the SLAM system.

f) The estimated landmark uncertainties increase over time.

g) The robot location uncertainty does not decrease when existing landmarks are re-observed, or the landmarks are not re-observed effectively. 

h) The estimated features appear to progressively drift away from their respective true positions over time (disregarding minor noise).

i) The estimated robot pose appears to progressively drift away from its ground truth over time (disregarding minor noise). 

Answer (e.g. a, b...):

Question 2

Based on the visualisation, for the faults (if any) you identified in Question 1 above, what are the likely causes? Write the letters of all the answers that apply in the answer space below.

a) The visualisation is not sufficient to determine the causes of the faults.

b) There were no faults present in the SLAM system.

c) Malfunctions with the actuation of the robot hardware platform.

d) The dynamic surrounding physical environment, i.e. moving objects.

e) The static surrounding physical environment aside from the point features, i.e. walls, chairs, reflective surfaces etc.

f) Range sensor noise or problematic range sensing hardware on the robot platform.

g) Occlusion of the environmental features.

h) Programming bugs in the SLAM software.

i) Poor external computation of the ground truth for the robot location and environment features.

Answer (e.g. a, b...):

Please answer the questions below with respect to the visualisations presented in this part.

Question 3

Which visualisation in this part do you feel is more effective at showing SLAM faults?

a) Visualisation 1

b) Visualisation 2

c) Not sure/ there is no significant difference

Answer (e.g. a, b...):

Please give brief reasons for your answer (2-3 lines):

Question 4

Which visualisation in this part do you feel is more effective at showing causes of SLAM faults?

a) Visualisation 1

b) Visualisation 2

c) Not sure/ there is no significant difference

Answer (e.g. a, b...):

Please give brief reasons for your answer (2-3 lines):

Part 2

Please view Video 5 below. The video shows a robot performing SLAM in Augmented Reality. However, new SLAM information is shown. The new objects are defined below. This video shows the correct operation of the system.

Video 5

http://www.ece.auckland.ac.nz/~akoz002/Part2_corr_correct.ogv

New virtual objects:

· Line-linked 3D “Correlation” Ellipsoid  = Strength of the correlation between a pair of features, indicated by a line link. The smaller the ellipsoid, the stronger the correlation. The yellow colour signifies correct behaviour, when the correlations strengthen over time. The red colour signifies incorrect behaviour, when the correlations weaken over time.

Visualisation 3

Please view Video 6 below. The video shows a robot performing SLAM in Augmented Reality, in a standard way without the correlations, similar to Video 1. 

Video 6

http://www.ece.auckland.ac.nz/~akoz002/Part2_normal_fault.ogv

Please use the visualisations in Video 6 to answer the questions below.

Question 1

Based on the visualisation, what faults (if any) can you detect in the SLAM system? Write the letters of all the answers that apply in the answer space below.

a) By the end of the execution, there are features in the environment which have not been mapped by the SLAM system.

b) By the end of the execution, there are features which have been mapped by the system but do not exist in the environment.

c) During execution, there are high discrepancies between the true and mapped environmental features, higher than the estimated uncertainties.

d) During execution, there are high discrepancies between the true and estimated robot paths, higher than the estimated uncertainty.

e) There are no faults present in the SLAM system.

f) The estimated landmark uncertainties increase over time.

g) The robot location uncertainty does not decrease when existing landmarks are re-observed, or the landmarks are not re-observed effectively. 

h) The estimated features appear to progressively drift away from their respective true positions over time (disregarding minor noise).

i) The estimated robot pose appears to progressively drift away from its ground truth over time (disregarding minor noise). 

Answer (e.g. a, b...):

Question 2

Based on the visualisation, for the faults (if any) you identified in Question 1 above, what are the likely causes? Write the letters of all the answers that apply in the answer space below.

a) The visualisation is not sufficient to determine the causes of the faults.

b) There were no faults present in the SLAM system.

c) Malfunctions with the actuation of the robot hardware platform.

d) The dynamic surrounding physical environment, i.e. moving objects.

e) The static surrounding physical environment aside from the point features, i.e. walls, chairs, reflective surfaces etc.

f) Range sensor noise or problematic range sensing hardware on the robot platform.

g) Programming error in covariance update, causing correlations between features to be updated incorrectly.

h) Programming error in covariance update, causing robot/feature state and uncertainties to be updated incorrectly.

i) Poor external computation of the ground truth for the robot location and environment features.

Answer (e.g. a, b...):

Visualisation 4

Please view Video 7 below. The video shows a robot performing SLAM in Augmented Reality, with the new correlation visualisation similar to Video 5. 

Video 7

http://www.ece.auckland.ac.nz/~akoz002/Part2_corr_fault.ogv

Please use the visualisations in Video 7 to answer the questions below.

Question 1

Based on the visualisation, what faults (if any) can you detect in the SLAM system? Write the letters of all the answers that apply in the answer space below.

a) By the end of the execution, there are features in the environment which have not been mapped by the SLAM system.

b) By the end of the execution, there are features which have been mapped by the system but do not exist in the environment.

c) During execution, there are high discrepancies between the true and mapped environmental features, higher than the estimated uncertainties.

d) During execution, there are high discrepancies between the true and estimated robot paths, higher than the estimated uncertainty.

e) There are no faults present in the SLAM system.

f) The estimated landmark uncertainties increase over time.

g) The correlation ellipsoids between landmarks increase over time. 

h) The estimated features appear to progressively drift away from their respective true positions over time (disregarding minor noise).

i) The estimated robot pose appears to progressively drift away from its ground truth over time (disregarding minor noise). 

Answer (e.g. a, b...):

Question 2

Based on the visualisation, for the faults (if any) you identified in Question 1 above, what are the likely causes? Write the letters of all the answers that apply in the answer space below.

a) The visualisation is not sufficient to determine the causes of the faults.

b) There were no faults present in the SLAM system.

c) Malfunctions with the actuation of the robot hardware platform.

d) The dynamic surrounding physical environment, i.e. moving objects.

e) The static surrounding physical environment aside from the point features, i.e. walls, chairs, reflective surfaces etc.

f) Range sensor noise or problematic range sensing hardware on the robot platform.

g) Programming error in covariance update, causing correlations between features to be updated incorrectly.

h) Programming error in covariance update, causing robot/feature state and uncertainties to be updated incorrectly.

i) Poor external computation of the ground truth for the robot location and environment features.

Answer (e.g. a, b...):

Please answer the questions below with respect to the visualisations presented in this part.

Question 3

Which visualisation in this part do you feel is more effective at showing SLAM faults?

a) Visualisation 3

b) Visualisation 4

c) Not sure/ there is no significant difference

Answer (e.g. a, b...):

Please give brief reasons for your answer (2-3 lines):

Question 4

Which visualisation in this part do you feel is more effective at showing causes of SLAM faults?

a) Visualisation 3

b) Visualisation 4

c) Not sure/ there is no significant difference

Answer (e.g. a, b...):

Please give brief reasons for your answer (2-3 lines):

Part 3

Please view Video 8 below. The video shows a robot performing SLAM in Augmented Reality. However, new SLAM information pertaining to data association is shown. The new objects are defined below. This video shows the correct operation of the system.

Video 8

http://www.ece.auckland.ac.nz/~akoz002/Part3_DA_correct.ogv

New virtual objects:

· Red Conical Marker  = An actual sensor observation of a feature. This was extracted from raw laser sensor data from the most recent scan. The laser sensor is mounted on the robot facing forward, performing horizontal 180 degree sweeps with a range of 0.8 m.

· Yellow Conical Marker = A prediction of an existing mapped feature. This is a feature expected to be observed, based on the estimated robot's pose and its proximity to the feature.

· Green Conical Marker = A mapped feature which is not predicted, and not expected to be observed, based on the estimated robot's pose and its proximity to the feature.

· Red Ellipse (circle) = An explicit indication that the circled observation (red marker) has been matched with the circled prediction (yellow marker). A red marker without an ellipse (not shown) would indicate an unmatched observation. A yellow marker without an ellipse (not shown) would indicate an unmatched prediction. 

Visualisation 5

Please view Video 9 below. The video shows a robot performing SLAM in Augmented Reality, in a standard way without the data associations, similar to Video 1. 

Video 9

http://www.ece.auckland.ac.nz/~akoz002/Part3_normal_fault.ogv

Please use the visualisations in Video 9 to answer the questions below.

Question 1

Based on the visualisation, what faults (if any) can you detect in the SLAM system? Write the letters of all the answers that apply in the answer space below.

a) By the end of the execution, there are features in the environment which have not been mapped by the SLAM system.

b) By the end of the execution, there are features which have been mapped by the system but do not exist in the environment, including duplicates of existing features.

c) During execution, there are high discrepancies between the true and mapped environmental features, higher than the estimated uncertainties.

d) During execution, there are high discrepancies between the true and estimated robot paths, higher than the estimated uncertainty.

e) There are no faults present in the SLAM system.

f) The estimated landmark uncertainties increase over time.

g) The robot location uncertainty does not decrease when existing landmarks are re-observed, or the landmarks are not re-observed effectively or correctly. 

h) The estimated features appear to progressively drift away from their respective true positions over time (disregarding minor noise).

i) The estimated robot pose appears to progressively drift away from its ground truth over time (disregarding minor noise). 

Answer (e.g. a, b...):

Question 2

Based on the visualisation, for the faults (if any) you identified in Question 1 above, what are the likely causes? Write the letters of all the answers that apply in the answer space below.

a) The visualisation is not sufficient to determine the causes of the faults.

b) There were no faults present in the SLAM system.

c) Malfunctions with the actuation of the robot hardware platform.

d) The dynamic surrounding physical environment, i.e. moving objects.

e) The static surrounding physical environment aside from the point features, i.e. walls, chairs, reflective surfaces etc.

f) Range sensor noise or problematic range sensing hardware on the robot platform.

g) Programming error in covariance update, causing correlations between features to be updated incorrectly.

h) Programming error in covariance update, causing robot/feature state and uncertainties to be updated incorrectly.

i) Programming error in data association, failing to correctly match observed features to predicted features.

Answer (e.g. a, b...):

Visualisation 6

Please view Video 10 below. The video shows a robot performing SLAM in Augmented Reality, with the new data association visualisation similar to Video 8. 

Video 10

http://www.ece.auckland.ac.nz/~akoz002/Part3_DA_fault.ogv

Please use the visualisations in Video 10 to answer the questions below.

Question 1

Based on the visualisation, what faults (if any) can you detect in the SLAM system? Write the letters of all the answers that apply in the answer space below.

a) By the end of the execution, there are features in the environment which have not been mapped by the SLAM system.

b) By the end of the execution, there are features which have been mapped by the system but do not exist in the environment, including duplicates of existing features.

c) During execution, there are high discrepancies between the true and mapped environmental features, higher than the estimated uncertainties.

d) During execution, there are high discrepancies between the true and estimated robot paths, higher than the estimated uncertainty.

e) There are no faults present in the SLAM system.

f) The estimated landmark uncertainties increase over time.

g) The robot location uncertainty does not decrease when existing landmarks are re-observed, or the landmarks are not re-observed effectively or correctly. 

h) The observed features are not matched correctly to the predicted features.

i) The estimated robot pose appears to progressively drift away from its ground truth over time (disregarding minor noise). 

Answer (e.g. a, b...):

Question 2

Based on the visualisation, for the faults (if any) you identified in Question 1 above, what are the likely causes? Write the letters of all the answers that apply in the answer space below.

a) The visualisation is not sufficient to determine the causes of the faults.

b) There were no faults present in the SLAM system.

c) Malfunctions with the actuation of the robot hardware platform.

d) The dynamic surrounding physical environment, i.e. moving objects.

e) The static surrounding physical environment aside from the point features, i.e. walls, chairs, reflective surfaces etc.

f) Range sensor noise or problematic range sensing hardware on the robot platform.

g) Programming error in covariance update, causing correlations between features to be updated incorrectly.

h) Programming error in covariance update, causing robot/feature state and uncertainties to be updated incorrectly.

i) Programming error in data association, failing to correctly match observed features to predicted features.

Answer (e.g. a, b...):

Please answer the questions below with respect to the visualisations presented in this part.

Question 3

Which visualisation in this part do you feel is more effective at showing SLAM faults?

d) Visualisation 5

e) Visualisation 6

f) Not sure/ there is no significant difference

Answer (e.g. a, b...):

Please give brief reasons for your answer (2-3 lines):

Question 4

Which visualisation in this part do you feel is more effective at showing causes of SLAM faults?

d) Visualisation 5

e) Visualisation 6

f) Not sure/ there is no significant difference

Answer (e.g. a, b...):

Please give brief reasons for your answer (2-3 lines):

