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Abstract
Automated Guided Vehicles (AGVs) have typically been used for industrial material handling since the 1950s.  Since then, U.S. and European safety standards have been evolving to protect nearby workers.  However, no performance standards have been developed for AGV systems.  In our view, lessons can be learned for developing such standards from the research and standards associated with mobile robots applied to search and rescue and military applications.  Research challenge events, tests and evaluations, and intelligence-level efforts have also occurred that can support industrial AGV developments into higher-level intelligent systems and provide useful standards development criteria for AGV performance test methods.  This paper provides background information referenced from all of these areas to support the need for an AGV performance standard.
1. [bookmark: _Toc415481995]Introduction
Automated Guided Vehicles (AGVs) have been used since 1953. Since then, “AGVs have evolved into complex material handling transport vehicles ranging from mail handling AGVs to highly automatic trailer loading AGVs using laser and natural target navigation technologies” [1]. Potential users of AGV technology can know that AGVs are safe when AGV manufacturers conform to the American National Standards Institute/Industrial Truck Safety Development Foundation (ANSI/ITSDF) B56.5:2012, Safety Standard for Driverless, Automatic Guided Industrial Vehicles and Automated Functions of Manned Industrial Vehicles [2]. However, there are no current standards to directly compare AGV intelligent performance such that users can fully appreciate their potential AGV investment without independent tests and evaluations.  

Non-industrial vehicle applications (e.g., driverless cars, search and rescue robots, military unmanned vehicles) are rapidly improving their capabilities and intelligence, thus providing a clear sense of the advanced features that could be installed in industrial AGVs.  The benefits to AGV users would be enormous if AGVs gained on-board intelligence that would allow the vehicles to adapt to their manufacturing facilities instead of vice versa.   An intelligence-level performance standard would benchmark current capability levels and standardize test methods to do the benchmarking.  Benchmarks provide an incentive for AGV developers to achieve higher performance, which enables them to expand their markets to include broader applications, such as those within unstructured environments with workers present.

This paper proposes methods for measuring AGV performance that can provide the foundation for a new, voluntary Automated Guided Vehicle Intelligence-Level Performance Standard.  The standard would cover a broad range of AGV classes; and, it would include performance-measurement test methods for estimating vehicle capabilities associated with the particular vehicle classes.  This paper provides 1) background information about current standards including those under development for vehicles in emergency response applications, 2) examples of vehicle challenge events and programs that have improved autonomous vehicle intelligence, and 3) proposes a list of capabilities to be included in a new AGV performance standard.

A performance standard would provide AGV manufacturers with test methods to estimate performance that could be referenced as part of their product marketing.   The results of the performance test methods – which would measure capabilities along a spectrum – would also provide insight for manufacturers and developers who could use the results to guide investments in research and development, or to target particular market niches.   Since there is no current performance standard, users must rely on specifications provided by manufacturers with, perhaps, no traceable and reproducible basis.  This lack of standards-based performance characterization discourages many potential AGV users from attempting to automate processes or leads them to purchase AGVs that may not be appropriate for their particular environments and tasks.   Mismatches between expectations and results may require additional capital investment to upgrade the equipment or environment.

As used in this document, “at a minimum, intelligence requires the ability to sense the environment, to make decisions, and to control actions. Higher levels of intelligence may include the ability to recognize objects and events, to represent knowledge in a world model, and to reason about and plan for the future” [3]. Some intelligence measurements are included in the B56.5 safety standard. For example, vehicle speed must be reduced when navigating through confined areas and control system performance tests must prove that the vehicle stops prior to contact with human-representative obstacles when they are sensed using non-contact safety sensors.  Specific tests for the latter example in the B56.5 standard measure performance of the navigation and safety sensors when integrated into the vehicle controller so that safe performance is assured prior to transferring the vehicle to the user.  However, most vehicle capabilities, that may or may not include safety functions, lack standard means of conducting performance measurements for reporting to potential users to enable them to make informed decisions that reduce the risk of adopting AGVs.  
2. [bookmark: _Toc415481996]Background
Efforts to develop methods for testing and evaluation of the safety performance of automated and semi-automated vehicles have been ongoing at the National Institute of Standards and Technology (NIST) and other organizations for many years.  NIST has supported the ANSI/ITSDF B56.5, B56.11.6 (powered industrial vehicle operator visibility), and B56.1 (fork trucks) standards [4]. This project showed that it is possible to make static and dynamic measurements of both vehicle safety and capability needs.  Measurement results have provided a basis to suggest improvements to the B56.5 standard.

Similarly, other vehicle programs and challenge events have improved the intelligence and capabilities of autonomous and semi-autonomous vehicles. Additionally, standards for emergency response robot vehicles have been and continue to be developed.   Examples of relevant efforts are shown in this section, gathered from internet searches and the individuals and organizations shown in the Acknowledgements section.   
a. [bookmark: _Toc415481997]Example Related Standards

ASTM Emergency Response Robot Performance Standards
Several ASTM International standards have been developed for emergency response robots, and several others are in the pipeline.  Response robots are used in Urban Search and Rescue (US&R), bomb-disposal, military, law enforcement, and other time-critical and hazardous applications.  Standards that measure various performance capabilities of these robots are being developed under ASTM’s Committee for Homeland Security Applications, Operational Equipment, Robots (E54.08.01).  This section provides a list of those ASTM standards that are most relevant to AGVs [5]. In the descriptions, approved standards are shown with their standard number preceded by ASTM; Work Items are prefixed with WK; Status[footnoteRef:1] of preliminary development is designated by V= validating (i.e., checking or proving repeatability) or P = prototyping (i.e., experimenting with artifacts and procedures to best measure the particular system capability concerned).   The majority of commercially available robots for response applications have limited onboard intelligence, hence they are remotely operated by a human (typically a responder) using displays transmitted back from the cameras or other sensors onboard.  There are some emerging assistive autonomy capabilities (for example, in stair climbing), but generally speaking, the response robots require much greater human interaction than AGVs do.   The test methods described below are designed to be agnostic as to whether the robot is programmed to run through the tests independently or if it has to be controlled by an operator during the entire test, meaning that a fully autonomous robot should run through the same tests as one that has to be “driven” by an operator.  [1:  Status as of April 2015.] 


In general, the test methods developed under ASTM E54.08.01 consist of the following elements:
· Apparatus (or prop):  A repeatable, reproducible, and inexpensive representation of tasks that the robot is expected to perform. It should challenge the robot with increasing difficulty or complexity and be easy to fabricate internationally to ensure all robots are measured similarly.
· Procedure:  A script for the test administrator and the robot operator to follow. These tests are not intended to surprise anybody. They should be practiced to improve technique.
· Metric:  A quantitative way to measure the capability. For example, completeness of 10 continuous repetitions of a task, or terrain figure-8s resulting in a cumulative distance traversed. Together with the elapsed time, a resulting rate in tasks/time or distance/time can be calculated.
· Fault Conditions:  A failure of the robotic system preventing completion of 10 or more continuous repetitions. This could include an inverted robot, a stuck robot, or failure requiring field maintenance.  


Starting the analysis off with terminology, many terms defined in the standard terminology for urban search and rescue robots could have applicability to AGVs.   For example, ramps, towing, confined area/space, maneuvering, obstacles, and peak power are just a few potentially relevant and overlapping terms across the two industries.

Standard Terminology for Urban Search and Rescue Robotic Operations (ASTM E2521 – 07a)

Mobility standards listed below may prove relevant to industrial AGVs and mobile robots by describing test methods and definitions for areas such as: environmental effects, obstacle detection and avoidance, and terminology. Ramps, speed, terrain types, towing, etc. are all associated with industrial vehicle intelligent safety and performance capabilities, similarly to response robots.  The environmental conditions are not typically expected to be as harsh in the industrial settings that AGVs encounter, but the concepts for testing mobility are still transferrable.

Standard Test Method for Evaluating Emergency Response Robot Capabilities: Mobility:
· Confined Area Obstacles: Gaps (ASTM E2801)			
· Confined Area Obstacles: Hurdles (ASTM E2802) 		
· Confined Area Obstacles: Inclined Planes (ASTM E2803)		
· Confined Area Obstacles: Stair/Landings (ASTM E2804)
· Confined Area Terrains: Gravel (V) (WK35213)
· Confined Area Terrains: Sand (V) (WK35214)
· Confined Area Terrains: Mud (P)
· Confined Area Terrains: Continuous Pitch/Roll Ramps (ASTM E2826)	
· Confined Area Terrains: Crossing Pitch/Roll Ramps (ASTM E2827) 	
· Confined Area Terrains: Symmetric Stepfields (ASTM E2828) 	
· Confined Space Terrains: Vertical Insertion/Retrieval Stack with Drops (P)
· Maneuvering Tasks: Sustained Speed (ASTM E2829)		
· Maneuvering Tasks: Towing: Grasped/Hitched Sleds (ASTM E2830)	
· Maneuvering Tasks: Towing Hitched Trailers (P)

Energy and Power standards listed below are relevant to industrial AGVs and mobile robots.    The energy and power measurements are conducted under somewhat arduous conditions in order to expedite the test process (draining of the battery) and represent some typical energy usage profiles in response applications.  Test methods inspired by the ones in E54 but adapted to AGVs would ensure all vehicle manufacturers and users conform to the same energy and power measurement techniques.  Although not as potentially catastrophic as losing a robot that has penetrated a hazardous area due to a dead battery, users of AGVs need to have predictable and known battery performance to ensure efficient operations.

Standard Test Method for Evaluating Emergency Response Robot Capabilities: Energy/Power: 
· Endurance Tasks: Confined Area Terrains: Continuous Pitch/Roll Ramps (V) (W34433)
· Peak Power Tasks: Confined Area Obstacles: Stairs/Landings (P)

Vehicle communication with the master or warehouse management systems as used in AGV applications relates to rescue robot communication capabilities.  The standards listed below can provide the beginning of communication and interference test methods for industrial AGVs and mobile robots.  In particular, being able to characterize the wireless communications between the vehicle and either the operator control station or the central factory or warehouse controller is essential.   In the typically teleoperated response robots applications, there is need for constant streaming of video from the robot’s onboard cameras to the operator control station and of motion and other commands from the operator to the robot.     When AGVs have onboard path replanning capabilities (for example to go around an obstacle), they may need to provide updates to the centralized controller if they deviate from a programmed path.  The electromagnetic environment in factories and warehouses may be challenging to wireless communications, heightening the priority of having means of characterizing the AGV’s communication system.

Standard Test Method for Evaluating Emergency Response Robot Capabilities: Radio Communication: 
· Control and Inspection Tasks: Line-of-Sight Environment (ASTM E2854)	
· Control and Inspection Tasks: Non-Line-of-Sight Environment (ASTM E2855)
· Control and Perception Tasks: Structure Penetration Environment (P)
· Control and Perception Tasks: Urban Canyon Environment (P)
· Control and Perception Tasks: Interference Signal Environment (P)

Human-system interaction performance standards have perhaps minimal relevance on industrial vehicle test methods since AGVs require less and different types of human interaction. Nevertheless, there may be some human-robot interactions, potentially with factory or warehouse workers, that need to intervene with the AGV.  Some concepts may be transferrable from the E54 human-system interaction test methods to those for AGVs.

Standard Test Method for Evaluating Emergency Response Robot Capabilities: Human-System Interaction (HSI): 
· Search Tasks: Random Mazes with Complex Terrain (ASTM E2853)	
· Navigation Tasks: Random Mazes with Complex Terrain (V) (WK33260)
· Search Tasks: Confined Space Voids with Complex Terrain (V) (WK34434)	

Sensors are commonly used on AGVs and mobile robots. Response robot standards, listed below, provide performance test methods for how capable sensors are when integrated with the vehicle.  Test methods also evaluate how well the control algorithms place sensor data in maps to localize the vehicle and for use in obstacle detection and avoidance. 
 
Standard Test Method for Evaluating Emergency Response Robot Capabilities: Sensors: 
· Ranging: Spatial Resolution (P)
· Localization and Mapping: Hallway Labyrinths with Complex Terrain (P)
· Localization and Mapping: Wall Mazes with Complex Terrain (P)
· Localization and Mapping: Sparse Feature Environments (P)

The above standards can measure performance of current tele-operated robots as well as emerging robots with autonomous capabilities.  The standards are already being used to compare capabilities of different rescue, military reconnaissance, and bomb-disposal robots. Based on such comparisons, users can choose the best system for their needs.    Similar standards-based means of comparing performance of different candidate AGVs are needed.

IEEE Robotics and Automation Systems 
The IEEE Robotics and Automation Systems Society (IEEE-RAS) has launched two standards efforts aimed at advancing the capabilities of robots.   Ontologies (i.e., a formal description of the concepts and relationships that can exist) for robots are important to the AGV industry as vehicle intelligence increases.   Standard knowledge transfer between vehicles, management systems, facility equipment, and other associated systems will allow direct implementation of mobile robot systems into facilities.  Similarly, standard representations of vehicle control maps will allow faster and simpler vehicle integration into facilities.
· Ontologies for Robotics and Automation Working Group (ORA WG)
The IEEE-RAS Ontologies for Robotics and Automation Working Group is developing a standard ontology and associated methodology for knowledge representation and reasoning in robotics and automation, together with the representation of concepts in an initial set of application domains. The first of these standards is IEEE P1872 Core Ontologies for Robotics and Automation, which was approved by the IEEE Standards Association Standards Board in 2015. Such standards will provide a unified way of representing knowledge and will provide a common set of terms and definitions, allowing for unambiguous knowledge transfer among any group of humans, robots, and other artificial systems.   A study group has begun work to formalize an industrial ontology.  This promises to have great relevance to AGV applications.

· IEEE-RAS Robot Map Data Representation for Navigation Working Group (MDR WG)
The MDR working group aims to standardize a common representation and encoding for two-dimensional map data used for navigation by mobile robots. The encoding will be used when exchanging map data with other systems or subsystems. The standard focuses on interchange of map data between systems, particularly those that may be supplied by different vendors. As well as the encoding, the standard aims to specify suitable application programmer interfaces (APIs) and protocols for the interchange process so that navigation-related components from multiple vendors may inter-operate.

SAE AS4 – Autonomy Levels for Unmanned Systems
The SAE AS-4 Unmanned Systems Steering Committees address all facets of unmanned systems—design, maintenance, and in-service experience [6]. The primary goal of AS-4 is to publish open systems standards and architectures that enable interoperability of unmanned systems for military, civil, and commercial applications. Version 2.0 of the Autonomy Levels for Unmanned Systems (ALFUS) Framework, which includes Terminology, is evolving as Unmanned Systems (UMS) technology evolves. Version 2.0 essentially covers the results of the ALFUS effort up to the end of 2007.  The ALFUS model and how it applies to AGVs and mobile robots is discussed in greater detail below. 

International Organization for Standardization (ISO) [7] Performance Standards for Service Robots
ISO is planning to establish performance standards for service robots [8]. Service robots are those used in applications excluding industrial automation; they can be either personal (used by a lay person for non-commercial tasks) or professional (used by a trained operator for commercial tasks).  However, the standard and the development process may also be applicable to industrial AGVs and mobile robots.  International Organization of Standards/Technical Committee (ISO/TC) 184/Standards Committee (SC2)/Working Group (WG) 8 has started the development of a standard for measuring performance of this class of robots. The current early draft (ISO/Draft International Standard (DIS) 18646-1) for “Performance criteria and related test methods for service robot – Part 1: Locomotion for wheeled robots” includes instructions for measuring speed and braking time on different surfaces, to prevent falling down, to increase mobility on a slope and over a sill/curb, to detect and avoid obstacles, and to measure the relative distance/speed between human and robot. 

International Electrotechnical Commission (IEC) Standards for Service Robots
IEC is developing safety and performance standards for systems and components used for robotic cleaning applications [9]. IEC SC 59F (floor treatment appliances) WG 5 (methods for measuring the performance of household cleaning robots) is considering performance such as mobility (coverage rate), navigation, dust collection in a standardized area, noise, battery power, etc.   IEC 60312 standards define test methods for measuring performance of household cleaning appliances.   As with the draft ISO/DIS 18646-1, IEC 60312 may also prove useful in developing industrial AGV and mobile robot performance standard test methods.
b. [bookmark: _Toc415481998]Example Performance Challenges and Programs

Several challenge events, involving both teleoperative and fully-autonomous unmanned vehicles, have occurred in the last several years.  These events and the challenges they pose are described below, including contacts and brief explanations of the event.  We discuss these events because we believe that 1) they have led to improvements in the intelligent performance of non-industrial vehicles and 2) many of these improvements can be harnessed by the AGV manufacturers for their vehicles.
· RoboCup [10]
· RoboCup is an international robotics competition founded in 1997 to promote robotics and artificial intelligence research. The competition involves publicly appealing but formidable challenges for robots. Initially focused on Robotic Soccer, it has expanded to other applications, such as RoboCup Rescue, RoboCup@Work [11], and RoboCup@Home [12]. These newer applications focus on service and assistive robot technologies by benchmarking performance in several areas, including human-robot interaction, navigation and mapping in dynamic environments, object recognition, object manipulation, and adaptive behaviors.   All of these performance areas are also critical to intelligent industrial automatous vehicles where the competition is moving the technologies to meet industrial challenges.  For example, RoboCup@Work, which was initiated in 2012, aims to foster advancements in mobile robots equipped with manipulators for industrial applications.  The competition includes complex tasks ranging from manufacturing, automation, and parts handling to general logistics [10]. 
· IEEE Solution in Perception Challenge [13]
· This competition was held in 2011 as part of the International Conference on Robotics and Automation to determine the performance capabilities of algorithms that detect, recognize, and locate in space an arbitrary collection of artifacts.   These are perceptual capabilities that intelligent AGVs will require.
· AUVSI – Association for Unmanned Vehicle Systems International [25]
· AUVSI holds annual Intelligent Ground Vehicle Competitions (IGVC), one of four unmanned systems competitions for students that they sponsor. The IGVC is a multidisciplinary exercise in product realization that challenges college engineering student teams to integrate advanced control theory, machine vision, vehicular electronics, and mobile platform fundamentals to design and build an unmanned system. Integration of the same components is also necessary for industrial AGVs and mobile robots.  Teams from around the world focus on developing a suite of technologies to equip ground vehicles of the future with intelligent driving capabilities.  

It is worth noting that the RoboCup Rescue and the Solutions in Perception Challenge have close ties to performance standards.   RoboCup Rescue features test arenas that comprise test methods based on both approved and draft standards [16]. These include the ASTM E54 test methods listed above.  The diversity of robots and number of competitors provides support for development of draft test methods and allows for their streamlining and improvement.  Furthermore, exposing the participating researchers to test methods that capture application challenges provides them with tangible goals towards which to engineer more advanced robotics capabilities. The Perception Challenge proved out initial concepts for measuring the performance of systems that determine the pose (position and orientation) of objects.  These approaches formed the foundations for ASTM E2919 - 14 Standard Test Method for Evaluating the Performance of Systems that Measure Static, Six Degrees of Freedom (6DOF), Pose.

NIST fostered challenges to promote academic advancement of AGV intelligence for factory environments.  These challenges were inteneded to raise the level of intelligent performance for tasks that may occur in real situations.  Two such challenges were:
· Virtual Manufacturing Automation Competitions (VMAC) 2007 - 2009 [17] 
· These were workshops and virtual/real AGV competitions based on real-world factory scenarios demonstrating accurate path following and docking tasks and requiring that the same application code run both on the simulation system and a real platform.
· Mobility and Task Completion Challenge, International Conference on Robotics and Automation (ICRA) 2012 [18]
· This virtual challenge was designed to address the need for one or more factory AGVs to operate in unstructured environments that include dynamic obstacles.  Teams used the USARSim framework [19] to deliver completed pallets throughout a simulated warehouse environment, including loading and unloading of vehicles with a robotic arm.

[bookmark: _Toc415481999]Department of Defense Programs/Challenges
Highly intelligent military robotic vehicle systems have been developed, accompanied by development of tests and evaluation metrics for these systems.  Estimating military vehicle intelligence requires different kinds of tests and evaluation methods, which are briefly described below. They are typically matched to operational needs and not to formal industry standards.   However, just as before, the methods depend upon the vehicle class and the environment where the vehicle will be used.   In our view, these methods are also applicable to AGVs. An overview of some of the key early developments in Defense Robotics can be found in [15].  Highlights are summarized here.
· The U.S. Army Laboratory Command (LABCOM) (later part of the U.S. Army Research Laboratory (ARL)) in 1987 initiated a program to consolidate the technologies necessary to develop a testbed unmanned ground vehicle (UGV) in a cooperative effort among the laboratories in the command. This was the beginning of the Techbase Enhancement for Autonomous Machines (TEAM), which later became the Robotics Test Bed (RTB) program [20], and carried out a number of demonstration programs:
· Demo I - 1991- 1992
· Demo A – 1993 demonstrated a working vehicle and operator workstation infrastructure and early integration of road following and teleoperation capabilities. 
· Demo B – 1994 demonstrated on-road and off-road navigation, obstacle avoidance, and target detection using forward looking infrared (FLIR).
· Demo C – 1995 demonstrated dual cooperating Surrogate Semi-Autonomous Vehicle (SSV), target detection and tracking capabilities, mission planning and monitoring, and exercised the system in militarily relevant scenarios.
· Demo II –1996 developed and matured navigation and automatic target recognition technologies critical for the development of supervised, autonomous ground vehicles capable of performing military scout missions with a minimum of human oversight. The program culminated with a highly successful series of field exercises with three cooperating SSVs in a military environment at Ft. Hood, TX. 
· Demo III – 1998. The Experimental Unmanned Vehicle (XUV) Experiment was conducted to examine the results of adding semi-autonomous platforms to the Scout Platoon of the Army After Next. 
· Robotics Collaborative Technical Alliance – 2009-2020 [21]. The goal of this alliance is to develop highly-advanced ground vehicles that act as partners to soldiers.   Specific research goals are:
· Perception - Perceive and understand dynamic and unknown environments, including creation of a comprehensive model of the surrounding world.
· Intelligence - Autonomously plan and execute military missions; readily adapt to changing environments and scenarios; learn from prior experience; share common understanding with team members.
· Human-Robot Interaction - Seamlessly integrate unmanned systems into military and civilian society.
· Dexterous Manipulation and Unique Mobility - Manipulate objects with near-human dexterity and maneuver through 3-D environments.
Experiments are conducted regularly that evaluate progress in each of these areas and for the integrated system.   

The ARL series of unmanned vehicle programs listed above have provided advancements in hardware and algorithms that enable greater autonomy especially in navigation and obstacle avoidance.  The newer programs are advancing other technologies that will be of relevance to AGV capabilities, including greater intelligence and better human-robot interaction.

· Another Collaborative Technology Alliance being sponsored by ARL is called Micro-Autonomous Science and Technology (MAST) [22]. It seeks to advance the onboard intelligence for small vehicles.   MAST develops autonomous, multifunctional, collaborative ensembles of agile, mobile microsystems to enhance tactical situational awareness in urban and complex terrain for small unit operations.  The scale and missions envisioned for these vehicles are not relevant to AGVs.  However, situational awareness is relevant and the research may prove useful for AGVs. 

· DARPA Robotics Programs and Challenges [23]
· The Defense Advanced Research Project Agency’s (DARPA) Unmanned Ground Vehicle (UGV) Program [24] developed key technologies of autonomous navigation and automatic target recognition prior to transitioning them to the Department of Defense.
· 2004/2005 Grand Challenge. This was a long distance competition for driverless cars that were tasked to autonomously drive 240 km (150 miles) through the Mojave Desert from Los Angeles to Las Vegas.
· 2004 - 2008 DARPA Learning Applied to Ground Robots (LAGR) Program [25]. The LAGR program had the goal of accelerating progress in autonomous, perception-based, off-road navigation in robotic unmanned ground vehicles (UGVs).  The Program had a novel approach of providing all teams with the same baseline platform and software, which they would augment with their specific advancements.  Regular trials were held to compare each team’s results against the baseline and the other teams.
· 2007 Urban Challenge. This was a competition on a 96 km (60 mile) urban area course at George Air Force Base, CA. It required driving autonomously while obeying all traffic regulations and negotiating other traffic and obstacles and merging into traffic.
· 2012-2015 – DARPA Robotics Challenge. In this competition, the goal was to develop ground robots capable of executing complex tasks in dangerous, degraded, human-engineered environments.
The DARPA Programs can be leveraged by AGVs where advanced sensor, mapping, and behavior generation challenges can carry over into intelligent industrial vehicle situation awareness/avoidance and controls. The LAGR Program’s evaluation approach provided regular trials that measure progress against a baseline, similar to how performance test methods should be considered for AGVs. 

[bookmark: _Toc415482000]Test and Evaluation of Military Vehicles
By providing funding for research programs and challenge problems, the military has stimulated the advancement of technologies for autonomous, intelligent vehicles.  The programs and challenges also serve as a good model for test and evaluation of vehicles that are to be fielded, as well as AGVs.  During the Science of Autonomy (SoA) Technology Focus Team (TFT) study in 2008/2009 [26], the panel identified Test & Evaluation/Verification & Validation as being a major roadblock to the fielding of future autonomous military vehicle system capabilities. It’s believed that the situation has not changed much in the interim.

The DoD Test & Evaluation community has recognized this roadblock and as a result, the ASTERS (Autonomous Systems Test and Evaluation Requirements Study) was set up through the Army Test & Evaluation Command (ATEC) [27]. The ATEC looks for potentially useful new equipment for soldiers in addition to verifying the safety of that equipment.  ATEC lists the “technical or operational limitations” of technologies that require further investigation and testing.  The ASTERS will assess the current state of emerging (military) AGV technologies, emerging AGV requirements, and current test and evaluation capabilities. 

It is clear from the previous sections, that “task complexity and adaptability to the environment” are critical to improving performance of unmanned and autonomous systems [28]. Both of these challenges, however, involve human/AGV awareness/interaction (cognition) and autonomous control levels (autonomy).  Complexity at the systems level is increased when these systems are aggregated with other AGVs and manned systems in manufacturing and warehouse scenarios.  
c. [bookmark: _Toc415482001]Example Intelligence-Level Efforts
The Autonomy Levels for Unmanned Systems (ALFUS) [29] Ad Hoc Working Group has formulated, through consensus, a framework within which the different levels of autonomy can be described. The initial version of the framework was presented at the 2004 ASME International Mechanical Engineering Congress [26]. Significant progress has been made since [28]. However, the complexity of the autonomy-level issue forced the Group to identify additional technical challenges - many of which are active issues in the research communities [10]. The Group agreed that the autonomy levels for unmanned systems must be characterized using three dimensions: mission complexity, environmental difficulty, and human-robot interaction.  The Group devised a three-axis representation for those dimensions. Figure 1a shows this representation applied to industrial AGVs.  Figure 1b shows the levels of autonomy and Figure 1c shows a summary score card on which to enter the autonomy level along each axis.  We believe this same model could be used to identify contextual autonomy for AGVs.

Inspired by ALFUS, Performance Measures for Unmanned Systems (PerMFUS) [30] is a framework to measure performance of unmanned systems or their components in the context of missions / tasks and environments.  Under PerMFUS, tests would be conducted, data analyzed, and test methods developed according to associated metrics.  An example process model of PerMFUS applied to emergency response robots performance evaluation standard test method development is shown in Figure 2.
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Figure 1 – (a) ALFUS model applied to AGV’s, (b) autonomy levels and (c) autonomy level summary score graph that incorporates the autonomy level along each axis. 
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Figure 2 – Emergency Response Robots Performance Evaluation Standard Test Method Development Process Model. (Adapted from an original version from the Department of Homeland Security Standards Office).



The PerMFUS example applied to AGVs would include a set of requirements to define the AGV performance from the points of view of users or potential users, manufacturers, and researchers.  Associated standard test methods would be generated and AGV performance evaluated accordingly. Output from the effort would drive AGV performance to higher levels and guide user’s decisions on AGV purchases and implementation. 
3. [bookmark: _Toc415482002]AGV Performance Standard Criteria
The goal of an AGV Intelligence Level Performance Standard is to determine, for each vehicle class, the edge-cases or limits, (for example: resolution, accuracy, speed, slope, etc.) for mobility, obstacle detection, and navigation in the industrial setting.   The specific criteria expected to be included in a performance standard include AGV classes and capabilities among other relevant information as listed in the following sub-sections.  The following classes, criteria, and other areas lists include additions from the AGV industry through brief interviews with manufacturers and users and provides areas to consider in generic test method development.  For example, vehicle classes have particular loading, type, guidance, etc. and pose questions to future standards task groups as to how best to consider the variety of AGVs.  Similarly, AGV applications in docking, palletizing, etc. may also provide situations for performance test methods that may or may not fit all vehicles and perhaps more than one test method for each application may need to be considered. 
a. [bookmark: _Toc415482003]Vehicle Classes
1. Loading
a. Light weight/capacity
b. Medium weight/capacity
c. Heavy weight/capacity
2. Type
a. Unit load
b. Tugger
c. Forklift
d. Other (e.g., hybrid, mobot, etc.)
3. Guidance
a. Wire
b. Laser triangulation
c. Ceiling bar-code
d. Magnetic
e. Markers
f. Chemical/paint stripe
g. SLAM – Simultaneous Localization and Mapping
h. Hybrid (combinations of guidance methods)
i. Position resolution and accuracy
4. Teach Modes
a. Offline
b. Human-led in situ
5. Cognition/Autonomy Level
a. Fully Autonomous – operator never intervenes
b. Semi-Autonomous – operator intervenes:
i. for each new maneuver
ii. to manually clear the path and let mobility continue
c. Human-Machine Interface (HMI) Control – jog or pendant control  
b. [bookmark: _Toc415482004]Application-Specific Performance Criteria
For each criterion listed, consider task complexity, adaptability to the environment, and verification of performance.  
· Docking with tray tables, conveyers
· Palletizing
· Known/Unknown locations
· Finding the pallet openings
· Loaded/unloaded pallets
· Space to insert pallets
· Truck loading/unloading
· Obstacle detection/avoidance
· avoid or overcome obstacles  [2]
· Human detection
· Represented by test pieces
· Represented by mannequins 
· Actual humans
· Coverings (e.g., clothes worn)
· Interaction with manual equipment and operations (e.g., forklifts)
· Environments
· Indoor
· Temperature (e.g., Freezer [1])
· Lighting
· Outdoor
· Fog, smoke, humidity/precipitation, light
· Surfaces
· Smooth concrete through rough terrain
· Floor gaps 
· Surface Slope
· Level 
· Slope angle≠ 0°
· Areas
· Confined 
· Open
· Synchronization among vehicles [1]
· Wait to pick up load
· Not cause congestion
· Capacities
· Speed
· Vehicle weight vs. Payload
· Lift height
· X/Y Movement
· Ackerman
· Omni-directional
· Skid steer
· Open Source
· Plug and play
· Underlying architecture or operating system (e.g., Robot Operating System – ROS)
· Intelligence
· Autonomy level
· Situational awareness
· Mean Time Between Failures
· Mean Time Between Charging
· Power 
c. [bookmark: _Toc415482005]Other Possible Areas
· Human interaction burden
· Use of external enablers for AGV capabilities
· Sensors (e.g., RFID) worn by workers
· Factory clothes worn by workers
4. [bookmark: _Toc415482006]Potential Model for AGV Performance Standard
To address AGV performance standards, a committee has been formed by ASTM International, called the ASTM F45 Driverless Automatic Guided Industrial Vehicles Committee. Working documents for Docking, Navigation (F45.02), and Terminology (F45.91) have been initiated based on ASTM E54 Mobility standards.  The table of contents for F45.02 is shown in Table 1 and represents the layout of information that the AGV performance standards might follow.  

Table 1 – F45.02 Working Document Table of Contents.



The task of developing test methods for ASTM F45 falls within the four sub-committee areas: F45.01 Environmental Effects, F45.02 Docking & Navigation, F45.03 Object Detection & Protection, F45.04 Communication & Integration.  These are complemented by a fifth committee, F45.91, which covers Terminology standards.  

ASTM International provides participating, organizational, and informational memberships where member types are producers (i.e., equipment manufacturers), users (i.e., equipment users), consumers, or general interest (i.e., researchers, public, etc.). ASTM uses a consensus process to ensure all committee members have a say in the development process and balance in representation among the three participating groups is required.  An ASTM Standard can be one of six types: Test methods, Specifications, Classification, Practice, Guide, or Terminology.  We chose to develop Test method and Terminology standards as a starting point to support the AGV and mobile-robot industries.  Test methods are definitive procedures that produce test results, and as shown in Table 1, precision and bias and measurement and uncertainty. Therefore, scientific reference must be provided within each test method standard.  Additionally, replicable and propagatable artifacts are expected to be developed and used as relatively accurate and inexpensive test method support devices, similar to, for example, the test pieces used for non-contact sensing evaluation within ANSI/ITSDF B56.5.  Standards with simple, relatively inexpensive artifacts would, therefore, not require vehicle vendors and users to procure expensive measurement systems to ensure their vehicles conform to standards or to conduct in-house testing.  As suggested in previous sections of this paper, metrics, test methods and terminology for the AGV and mobile robot industries may be adopted from those associated with autonomous and intelligent capabilities evaluations in other domains. A summary of potential AGV relevance for each non-AGV standard described previously is listed in Table 2 and a summary of potential AGV relevance for each challenge and program described previously is listed in Table 3.

Table 2 – Potential AGV relevance for each non-AGV standard.
	Standard
	Potential AGV Relevance

	Standard Terminology for Urban Search and Rescue Robotic Operations (ASTM E2521 – 07a)
	Terminology 

	Standard Test Method for Evaluating Emergency Response Robot Capabilities: Mobility
	Environmental effects, obstacle detection and avoidance, and terminology

	Standard Test Method for Evaluating Emergency Response Robot Capabilities: Energy/Power
	Energy/power measurement of vehicle functionality on inclines and in other situations

	Standard Test Method for Evaluating Emergency Response Robot Capabilities: Radio Communication
	Vehicle communications with the master or warehouse management systems

	Standard Test Method for Evaluating Emergency Response Robot Capabilities: Human-System Interaction (HSI)
	Evaluation of human factors in controlling and interacting with AGV

	Standard Test Method for Evaluating Emergency Response Robot Capabilities: Sensors
	AGV sensor capability, control algorithm mapping quality, behavior generation for obstacle detection and avoidance

	Ontologies for Robotics and Automation Working Group (ORA WG)
	Knowledge representation and transfer between vehicles and systems

	IEEE-RAS Robot Map Data Representation for Navigation Working Group (MDR WG)
	Representation of vehicle control maps

	SAE AS4 – Autonomy Levels for Unmanned Systems (ALFUS)
	Definition of autonomy levels for AGVs

	International Organization for Standardization (ISO) Performance Standards for Service Robots (draft ISO/DIS 18646-1)
	Standard development process

	International Electrotechnical Commission (IEC) Standards for Service Robots (IEC 60312)
	Standard development process



Table 3– Potential AGV relevance for each challenge and program.
	Challenge or Program
	Potential AGV Relevance

	RoboCup Rescue, RoboCup@Work, RoboCup@Home
	Human-robot interaction, navigation and mapping in dynamic environments, object recognition, object manipulation, and adaptive behaviors

	IEEE Solution in Perception Challenge
	AGV perception, particularly for object recognition and pose determination.

	Association for Unmanned Vehicle Systems International (AUVSI)
	Advanced control theory, machine vision, vehicular electronics and mobile platform fundamentals

	Virtual Manufacturing Automation Competitions (VMAC)
	Path following and docking

	Mobility and Task Completion Challenge
	Multiple AGVs in unstructured environments with dynamic obstacles

	Defense Advanced Research Project Agency (DARPA) Unmanned Ground Vehicle (UGV) Program
	Autonomous navigation technologies

	U.S. Army Laboratory Command (LABCOM)
	Autonomous navigation technologies

	Micro-Autonomous Science and Technology (MAST)
	Situational awareness

	DARPA Robotics Programs and Challenges
	Situation awareness/avoidance and controls, vehicle evaluation compared to baseline

	Autonomous Systems Test and Evaluation Requirements Study (ASTERS)
	Technical or operational limitations

	Performance Measures for Unmanned Systems (PerMFUS)
	Framework to measure performance of AGVs


5. [bookmark: _Toc415482008]Conclusions
Currently, there are no performance measurement standards for AGVs, only safety standards. However, that situation is likely to change. In developing such standards, it is important to realize that much of the mobile robot research from different organizations and application areas is applicable to AGVs.  Furthermore, performance standards do exist for mobile robots.  As such, performance standards for AGVs can be based on these performance standards for mobile robot capabilities. In this paper, we described a number of areas where overlaps are possible.  Next steps are to proceed with development of performance measurement standards for AGVs and mobile robots with input from the mobile robot, sensors, and other supporting industries. 
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