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ABSTRACT

Researchers at the National Institute of Standards and Tech-
nology (NIST) have developed a set of draft standard test meth-
ods for measuring and promoting software agility in industrial
robots. These test methods are being used as the basis for an
upcoming competition called the Agile Robotics for Industrial
Applications Competition (ARIAC). ARIAC is being used to pro-
mote and push forward the state of the art in software agility and
enable technology transfer between academia and industry. This
paper describes the background about the test methods, how they
were developed, how they will be applied to the ARIAC Competi-
tion, and additional information about the ARIAC Competition.

NOMENCLATURE

NIST National Institute of Standards and Technology

CRCL Canonical Robot Command Language

ARIAC Agile Robotics for Industrial Applications Competi-
tion

OSRF  Open Source Robotics Foundation

V-REP Virtual Robot Experimentation Platform

*Certain commercial companies, products, and software are identified in this
article to explain our research. Such identification does not imply recommenda-
tion or endorsement by NIST, nor does it imply that the companies, products, and
software identified are necessarily the best available for the purpose.

ROS(or ROS-I) Robot Operating System (- Industrial)

1 INTRODUCTION

Robots will be a pervasive part of our lives in the coming
decades. Whether it is behind the scenes in assembling products
that you use in your everyday life, or helping you parallel park
your car, robots are already playing a role in what we use and
how we get around. Uber, in addition to other companies such as
Google and Amazon, is now fielding self-driving cars [1], where
robotic technology will get us from place to place while we can
just lean back and relax.

But robots are not good at everything. For the most part,
robots perform best in highly structured environments, where ob-
jects are in well-known, predictable locations. Robots are also
not known for “thinking on the fly” very well. They are best
when they can be trained to perform a very specific activity,
which requires a very specific set of motions, and that activity
can be performed in the exact same way many hundreds or thou-
sands of times. Not surprisingly, robots have been adopted much
more in high volume, repeatable operations such as car manu-
facturing than they have been in smaller job shop type operations
where only a handful of similar products are being made at a
given time.

Another way to describe this is that robots are not considered
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agile. But, in order for them to be useful to small manufacturers
and to also allow larger manufacturers to offer more automated
customization of high volume parts, they need to be. The NIST
Agility Performance of Robotic Systems project [2] is addressing
this challenge head on. The goal of this project is to enable agility
in manufacturing robot systems and to develop the measurement
science which will allow manufacturers to assess and assure the
agility performance of their robot systems. Key areas of robot
agility include:

1. The ability of a robot to be rapidly retasked without the need
to shut down the robot for an extended period of time when
a new operation needs to be performed.

2. The ability of a robot to recover from errors, so that when a
part is dropped, for example, the robot can assess the situ-
ation and determine the best way to proceed to accomplish
the goal.

3. The ability to quickly swap in and out robots from different
manufacturers so that a company is not only tied to a single
robot brand.

Humans are generally agile, but there is a lot that goes into
allowing them to be so. They need to 1) understand what they
are capable of doing (e.g., how much they can lift, how far they
can reach), 2) understand characteristics of objects in the envi-
ronment (e.g., how much they weigh), 3) be able to reason over
information (e.g., that an object is too heavy to lift, but they can
push it to the right location), and 4) be able to develop a plan, of-
ten on the fly, with respect to how they can use this information
to accomplish their goal (e.g., move a part from the counter to
the sink).

A lot is needed to provide the infrastructure for a robot to
be agile. At the lowest levels, a robot needs a way to internally
represent information about itself, its capabilities, and attributes
of objects in the environment. NIST has chaired an IEEE Work-
ing Group which has published the IEEE 1872 Standard (Core
Ontology for Robotics and Automation) [3]. This standard pro-
vides a starting point for representing characteristics of objects
in the environment and the capabilities of the robot. Also needed
is a way to neutrally represent tasks and plans so that they can
be easily understood and shared among different robot systems.
NIST is developing the Canonical Robot Command Language
(CRCL) [4] which is a low-level messaging language for send-
ing commands to, and receiving status from, a robot. CRCL is
intended primarily to provide commands that are independent of
the kinematics of the robot that executes the commands. This al-
lows robots to be more easily swapped in and out since the robot
commands are represented in a robot-agnostic format.

Equally as important, one needs a way to measure how ag-
ile a robot is. NIST is accomplishing this by developing a set
of test methods that will eventually be submitted as a proposed
standard through an international standards organization. Before

we do so, we need to verify and validate the test methods. We are
accomplishing this through the Agile Robotics for Industrial Ap-
plications Competition (ARIAC) [5], which is the focus of this
paper. ARIAC is a simulation-based competition that will be run
over the cloud. Cosponsored by ABB, Siemens, and Dassault
Systemes, ARTAC will allow teams to submit robot control sys-
tems that will be immersed in a simulated manufacturing factory
floor. We will introduce agility challenges during the production
operations and see how well the systems respond.

The goal of this paper is to introduce the ARIAC Compe-
tition and to explain the background regarding its inception, its
design, and its goals. This paper is organized as follows. Sec-
tion 2 provides some background and prior work in the area of
robot agility. Section 3 describes the test methods that are being
developed to assess robot agility. Section 4 provides an overview
of the ARTAC competition, how it was developed, and how it
is being used to promote robot agility technology development.
Section 5 describes how the test methods described in Section 3
are being integrated and implemented in the ARIAC Competi-
tion. Section 6 concludes the paper.

2 Background
2.1 Prior Work in Manufacturing Agility

NIST began the work toward developing the agility test
methods with a literature search for use cases. Some research
was found in the realm of manufacturing, assembly-type use
cases. Quinn, et al. [6] described a typical light assembly task
(four plastic parts snapped and inserted together) for their testing
workcell with two collaborative robots. Frei, et al. [7] described
assembly of an adhesive tape roll dispenser as a more difficult as-
sembly task requiring a screw for locking the assembled pieces
together. Frei, et al also described a change use case to the tape
roll dispenser assembly from a screw lock to a snap fit assembly
method, and Gou, et al. [8] described three change use cases. The
first of the three use cases is a baseline for performance compari-
son. The second case involves a new high priority order invoking
a re-prioritization, and the third case is a re-prioritization caused
by a machine breakdown where the system must absorb the bro-
ken machine’s workload.

2.2 NIST Work in Simulation and Agility

Robot agility as it is defined in this paper, is by nature a re-
active metric requiring a changing environment for its measure-
ment. This makes simulation an ideal arena for agility metrics.
Changing the environment or the causal chain of events within a
simulation only requires additional time and not equipment.

For these reasons simulation has always had a focus along-
side NIST’s research endeavors into agile robotics. This section
will summarize the work in simulation done at NIST within the
industrial robot agility research group.



2.2.1 Simulation Software Tools The first step
when selecting the best method for using simulation to explore
robot agility was to survey the available tools. To accomplish
this, a research survey was conducted to assess the state of the
art in this regard. The authors of [9] found that simulation tools
that may be used for industrial agile robotics measurement and
testing fell under three categories: game engine simulators, robot
simulators, and industrial simulators.

Game engine simulators are software tools often used to cre-
ate games but have a usefulness in robot simulation due to their
very flexible and highly customizable nature. Robot simulators
are simulation tools designed specifically for simulating robots
but not necessarily for industrial applications. Industrial simula-
tors are used specifically for industrial applications but are typ-
ically the most specialized and expensive in comparison. The
authors found that robot simulators such as Gazebo [10] from
the Open Source Robotics Foundation (OSRF) and V-REP [11]
from Coppelia Robotics lent best to the the types of robot agility
challenges we were attempting to address. Gazebo and V-REP
were both flexible enough to address a wide array of applications
while being specific enough to robot simulation to maintain some
amount of focus on simulation accuracy.

The authors first chose to use V-REP in their research be-
cause of its ease of use, and its slant toward industrial robotics.
The initial research did not include any additional parties, and
thus those requirements were sufficient. The competition, on the
other hand, had to accommodate many different users. An in-
vestigation into the matter revealed that Gazebo was commonly
used in academia. OSRF, who are the managers of Gazebo, have
also done similar competitions in the past, therefore, a collabora-
tion with them would be ideal. The aforementioned reasons led
the authors to use Gazebo as the simulation tool of choice for the
competition.

2.2.2 Robot Communication Industrial applications
and thus industrial robotics have a requirement for optimized and
rapid deployment. Minimizing process deployment timetables is
always a goal for manufacturers. For this reason, a simulation
methodology must be employed such that it minimizes its de-
ployment time to real robots. To achieve this, the control code
must be the same for both the real and simulated robot, allowing
a simple download for deployment. Secondly, the communica-
tion protocol between simulated components must also be the
same as those between real components, allowing various parts
to be tested together without the requirement of a completely real
system.

NIST has done work in this regard on multiple fronts. The
work in robot ontology and the Canonical Robot Command Lan-
guage (CRCL) [12] serves as a tangential contributor. CRCL
provides a common ontology for robot description and control
that is deployable both in real and simulated robots.

NIST has also conducted research on industrial robot com-
munication content and protocol which helped to further the de-
velopment of a communication protocol devised for the Robot
Operating System (ROS) [13], called simple messaging. ROS is
a communication architecture developed for common communi-
cation and control of robot components. One of ROS’s biggest
advantages is its ability to communicate with robot simulation
tools in the same fashion as it would with a non-simulated robot.
Simple messaging is a protocol that enables robots outside of the
ROS infrastructure to communicate with robots inside it. NIST
has worked to make simple messaging more robust by adding
functionality that is applicable to both real and simulated indus-
trial robotic systems.

2.3 Other Standards and Competition Work (Re-
sponse Robots and RoboCup)

Researchers from NIST have been developing a series of
standard test methods for evaluating urban search & rescue
(US&R) robots for over ten years with ASTM International and
the Department of Homeland Security (DHS). These test meth-
ods have been developed with ongoing collaboration from mul-
tiple user groups, including the robot developers and the end-
users in the emergency response community. This ensures a bal-
anced set of priorities and ideas for what and how the test meth-
ods should be testing. These test methods have been developed
by examining the scenarios which the robots need to perform
and breaking them down into the component tasks, which can
be turned into repeatable test methods. Various combinations of
the component test methods have been used in an annual com-
petition RoboCup Rescue League [14] (tied to the annual global
RoboCup competitions and symposium). The test methods and
development methodology have also been applied to the bomb
disposal and military robotics applications [15].

3 Test Methods for Measuring Agility

NIST has developed the following test methods in order to
measure the agility of manufacturing robot systems [16]. One
test method was designed to be the baseline against which the
rest of the scenarios can be compared to determine how ‘“agile”
the system is. The other test methods developed take the sce-
nario from the baseline test method and add a particular agility
challenge in to the mix to see how the system handles and plans
around the challenge.

3.1 Baseline Test Method

The Baseline test method is a kit building scenario where
a specified set of parts need to be placed in a kit tray with pre-
defined positions and orientations. A kit is defined by Bozer,
et al. [17] as a “specific collection of components and/or sub-
assemblies that together (i.e., in the same container) support one



FIGURE 1. EXAMPLE KIT CONTAINING GEARS AND A
SHELL FOR THE GEARBOX KIT

or more assembly operations for a given product or shop order.”
This kitting scenario was chosen because it is a simplified form
of assembly as well as typically being the step before assembly.
The kit that is built contains all of the parts needed for the as-
sembly process that comes next. An example of a kit, containing
three different sized gears and two pieces of a shell to encompass
the gears in a future assembly, is shown in Fig. 1.

The metrics for this Baseline Test Method can be divided
into the following categories:

1. Time Metrics

2. Distance Metrics

3. Completion Metrics

4. Failure Statistics Metrics

The time metrics include the task time (the time spent moving
each part from the initial location to the kit tray), the total time
(measured from the time when goal file is sent to the system until
the system signals that it has completed the kit), and the plan-
ning time (an estimate of the time the system spends planning
and idling while not moving parts around). The distance met-
rics consist of the distance traveled (not displacement) by the
parts that are put into the kit, as well as the distance traveled by
the end effector or manipulator. The completion metrics include
both qualitative (yes/no) metrics capturing if the parts are in the
kit tray, as well as quantitative metrics for describing the posi-
tional and rotational accuracy of the parts within the kit tray. The
last of the metrics deal with the number of attempts the system
required to complete the kit, as well as the number of failures
that occurred during the kitting process.

3.2 Dropped Part Test Method

The Dropped Part test method takes the scenario as it plays
out in the Baseline test method and adds the agility challenge of
forcing the system to drop a part in order to see how the system
handles this type of error. Some of the observations of the system
include:

1. Is the system aware that the part dropped?

2. How did the system become aware that the part dropped?

3. Was the user or an overwatch system alerted that the part
dropped?

4. Did the system find and pick up the dropped part?

5. Did the system return to the parts storage area to pick up a
duplicate of the dropped part in order to complete the kit?

The time, distance, and completion metrics described above
in Section 3.1 are used as well in the Dropped Part test method.
The number of failures metric adds additional failure modes
around the dropped part. For instance, if the system is not aware
that the part was dropped and does not either pick up the dropped
part or pick up a replacement part, that would qualify as a failure
for this test method. In addition, the observations listed above
regarding the system’s handling of the dropped part are recorded
as metrics.

3.3 In Process Kit Change Test Method

The In Process Kit Change test method starts with the same
kit building scenario as the Baseline test method, and adds in the
agility challenge of having a new, high priority kit order intro-
duced to the system. While the system is building a kit, a new
high priority order is sent to the system, and the system is ob-
served:

1. Is the system aware of the new Kit Order?

2. Did the system analyze the partial kit tray to see if parts can
be reused for the high priority kit?

3. Did the system remove unneeded parts from the partial kit
tray?

4. Did the system set aside the partial kit and build the high
priority kit in a new kit tray?

The time, distance, and completion metrics described above
in Section 3.1 are used as well in the In Process Kit Change test
method. Similar to the Dropped Part test method, the failure met-
ric adds additional failure modes around the agility challenge. If
the system fails to build the high priority kit, that will be noted as
a failure for this test method. In addition, the observations above
are recorded as additional metrics for this test method.

4 The ARIAC Competition: Overview and Promoting
Agility
Agility as a concept in robotics is very intuitive. It is reason-
able to assume that increased robot intelligence and thus agility



is required for the further advancement of robotics. A challenge
arises, however, when considering the measurement of industrial
robotic agility. The challenge is that the relative agility of a man-
ufacturing process could come from anywhere. A manufacturing
process could be agile because of its equipment. For example, a
robot might have a gripper that allows it to pick up many differ-
ent parts in the same way. This would make the robotic system
more agile than a robot with a restrictive gripper, but this form
of agility does not address the quality of robot intelligence as the
authors intend it. The competition serves as a means to solidify
as well as agree upon common terminology.

This issue was highlighted during the many interviews con-
ducted during the conception of the competition. Agility, as ap-
plied to manufacturing as a whole has one meaning, while robot
agility has a slightly different one.

4.1 Promoting Agility

Along with providing a discourse for the further refinement
and solidification of the robot agility terminology and metrics,
the ARIAC competition serves as a means to propagate the ideas
and awareness of robot agility as defined by the authors. The
competition will hopefully encourage research that results in in-
creased robot agility.

4.2 Pairing Industry and Academia for Tech Transfer

Technology transfer is one of the competition’s foremost
goals. For this reason, the participation of industry, in the form
of consultation, was aggressively pursued during the planning
and conception periods of the competition. The authors sought
to make the results of the competition relevant and useful to the
current industrial landscape. To achieve this, more than 30 inter-
views with both industry and academia were conducted.

To further encourage technology transfer, the winners of the
competition will present their findings at a conference that both
industry and academia attend. To show industrial relevance, the
winning simulated robotic system will be implemented on a real
test system by the managers of ROS Industrial. [13]

5 The ARIAC Competition: Measuring Agility

The implementation of the contest will be in the Gazebo
robot simulation software described in Section 2.2.1. Because
ARIAC is a simulation competition, teams will be able to con-
figure their robotic system to optimize productivity and agility.
A robotic system will consist of a robot and a set of sensors.

Each team’s robotic system will be tasked with building a kit
based on a goal file sent to their system. Goal files will describe
the part type, location, and orientation within the kit that is to
be built. The robotic system is completely automated and will
start and know what to do based on information (goal file and

FIGURE 3. EXAMPLE SETUP SHOWING ROBOT, PARTS
TRAYS, CONVEYOR

start signal) sent to their controllers from code generated by the
competition organizers.

5.1 Equipment Setup

There are aspects of the setup that are consistent for all
teams. The environment will consist of a stationary part area
and a conveyor, both of which are for part acquisition during kit
building (Fig. 2). A robot will sit in between the stationary part
area and the conveyor (Fig. 3). Teams will have a choice between
different robots and sensors, and the placement of those sensors.

5.2 Kit Building

The first three scenarios will require teams to build a kit from
the stationary part area. In the first scenario, teams will know
the part type, location, and orientation prior to the start of the
scenario. The second scenario will require teams to retrieve parts
from unknown orientation but with the foreknowledge of general
location. The third scenario will require robotic systems to find
parts in the stationary part area without knowing orientation or
location. The fourth scenario will require teams to pick parts
from both the stationary part area as well as the moving conveyor.
Scenarios 2, 3, and 4 will require teams to use their sensors to
determine the part type, location, and orientation.



5.3 Agility Challenges

All four of the scenarios will be applied with and without
the agility challenges described in Section 3. Dropping parts and
in-process kit changes will provide the variability needed to mea-
sure a robotic system’s agility. Metric measurement will be au-
tomated and submitted as a report after the completion of each
scenario.

6 Conclusions and Future Work

The researchers at NIST have developed a set of test meth-
ods to measure the agility of manufacturing or industrial robots.
These test methods are being used as the basis for the upcoming
ARIAC Competition, which will be used to promote the concept
of robot agility by focusing the competing teams on developing
systems that can better handle these types of agility challenges.
The competition will also help to push the industry forward by
enabling technology transfer from academia.

The ARIAC Competition is planned to start with a series of
qualifying scenarios in January 2017 and continuing periodically
until the full competition happens in May 2017. The current
plans are to hold the ARIAC Competition as a recurring event
(possibly annually) and may expand to focus on perception and
grasping agility challenges as well.

Since the competition will have happened by the time of this
conference, a preliminary set of results will be shown in the pre-
sentation for this paper.
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