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Abstract

Human-Machine Collaborative Telerobotics: Computer Assistance for Manually Controlled
Telesurgery and Teleoperation

H. Hawkeye King

Chair of the Supervisory Committee:
Professor Blake Hannaford

Electrical Engineering

Teleoperated robots are controlled by human operators and allow us to act in environments that

are inaccessible for reasons of safety, scale, or remoteness. Unfortunately, due to lack of tactile

sense and dexterity and proprioception, task performance can suffer compared to direct object ma-

nipulation with the hands. Still, use of human controlled robots is the only viable option for these

dangerous or hard-to-reach applications, since robots do not yet have the capability to autonomously

perform most unstructured tasks. This thesis presents new contributions in telerobotics that show

the way to improved access and control. The target application domain is telerobotic surgery.

A novel surgical robotic system is presented, the Raven II, which forms the basis of a collab-

orative telerobotic research network with open open source software and tool interface. The robot

is now in use at more than a dozen institutions and is a shared platform for developing and sharing

new hardware, software, and methods.

Collaborating on telerobotics research requires agreement on a teleoperation protocol. To this

end a new data interface was developed and tested for compatibility among fourteen master-slave

teleoperation robots. Results of this study suggest avenues for a common internet standard for

teleoperation robots.

To study performance with this system, beyond purely manual control, two types of computer

assistance are studied: virtual fixtures and mixed autonomy. Virtual fixtures are spatially varying en-

vironment features that provide motion control assistance. Mixed autonomy combines autonomous



robotic motion with human control or commands.

In this work, a new mixed autonomy method is presented based on a division of the workspace

into regions that are either safe for computer assisted control, or require pure human control. The

new method was evaluated experimentally and compared with novel virtual fixture implementations

and pure manual control. Experimental evaluation used uni- and bi-manual peg-in-hole object grasp-

ing and manipulation tasks, and several metrics were reported. The aim of these experiments was to

determine when and how computer assistance functions will help improve human control of robots.

Results showed that performance on some sub-components of object manipulation was improved by

the addition of computer assistance. However a performance detriment was measured, due to a mis-

match of state information when control is switched from pure human to mixed human-computer

operation.

Results of this research demonstrate ways to improve many high-value tasks being carried out

today under telerobotic operation; successful application of this research may literally save lives in

the operating room, disaster relief situations, nuclear environments and other critical applications.
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GLOSSARY

BI-LATERAL TELEOPERATION: Information is sent bi-directionally between the master and slave

systems. Motion commands are sent to the slave robot to accomplish a task, while force-

feedback information is relayed back to the slave giving the human operator sensory informa-

tion about the task.

MIXED-AUTONOMY: A method for controlling a telerobot whereby human and computer direc-

tives are combined to determine the robot’s behavior.

TELEMANIPULATOR: A robotic device remotely controlled by a human operator to perform ob-

ject/environment manipulation tasks.

TELEOPERATION MASTER: The user-interface used to control a slave robot. Together the two

form a master-slave teleoperation system.

TELEOPERATION SLAVE: A robot controlled remotely operated by a human operator or human-

computer cooperative controller. Together the two form a master-slave teleoperation system.

TELEROBOT: A remotely operated robot. Comprises teleoperation master and teleoperation

slave.

TELESURGERY: Surgery that is performed with robotic instruments under the control of a human

operator. The human operator can be in the same room (local telesurgery) or somewhere far

away from the patient (remote telesurgery). Synonyms: ”telerobotic surgery”, ”teleoperative

surgery”, ”robotic telesurgery”.

x



VIRTUAL FIXTURE: a spatially defined constraint or guide overlaid on a multidimensional robotic

workspace to assist performance of tasks in that environment either through force feedback to

a human operator or the imposition of constraints on slave motion.

xi
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Chapter 1

INTRODUCTION

Human controlled robots enable us to perform many tasks that are infeasible by hand or entail

significant risk to perform directly. Examples of these “teleoperated robots’ or “telerobots” include

machines for space or undersea operation, micro-manipulation, or handling radioactive materials.

Teleoperated robots are an enabling technology in the nuclear industry, since without them humans

could not handle the highly radioactive materials. Undersea exploration and operations are similarly

dependent on telerobotics, as remotely operated vehicles perform much of the deep sea work.

However, there are major drawbacks when completing tasks via teleoperation compared to direct

human operation. All else being equal, performance via telerobot is rarely as accurate, fast, smooth,

or error free as the with the hand. To improve this detriment, research is ongoing to make human

interfaces, robotic sensors, and end effectors that help a human operator perform closer to his/her

best. The present work explores the use of augmented reality and mixed human-computer control

of robot manipulators to compensate for lost capabilities and improve performance.

Industrial robotics gives us many examples of robots doing tasks faster, stronger and more accu-

rately than a human operator. But on most tasks, humans are obviously better due to their capacity

for scene analysis, path planning, object recognition and manipulation, and all the other innate capa-

bilities we possess. This thesis presumes that a marriage of the two will yield a system that harnesses

the strength of both systems.

A major and beneficial application of telerobotics is in robot-assisted surgery. Modern robot

assisted surgery systems require human control of a robotic manipulator. The small diameter robot

arms are inserted into a patient through tiny incisions to operate inside the human body. They are

able to perform precise tasks with minimal scarring and improved comfort for the surgeon. These

“telerobotic surgery systems” or “telesurgery” systems are transforming the way we think about

surgery, and opening up new possibilities for computer assistance in the operating room.

This thesis describes new work in telerobotics and telesurgery. First, a new research platform is
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presented for innovation in telerobotic surgery. Called the “Raven”, this platform is the basis of a

global collaboration on surgical robotic innovation. Next, an emerging standard for interconnecting

master-slave telerobots is detailed, and experimental evaluation of this communication standard is

presented. New methods are explored for adding computer assistance to human operator control,

including comparison of new and established methods. Finally methods and apparatus are evaluated

experimentally. Results of the experiments report how and when computer assistance methods help

or hinder performance, and they offer new insights into human-machine cooperative robotic control.

Through telerobotics, robots are having a real impact on our lives; enabling humans to go places

and do things we would not be able to without them. The present research aims to improve our

ability to carry out these valuable tasks, today, and have an immediate positive impact on our lives.

Ultimately this line of research could give people super-human accuracy and speed; and greatly

reduced rates of error and potential harm.

1.1 Telerobotics

A teleoperation robot can be defined as a system of robot arms and end-effectors that are controlled

by a human operator. The robot manipulator that interacts with the target environment is often

referred to as the “slave” while the human-interface device for taking human commands is called

the “master”.

Teleoperation technology originated in the 1940’s for remote handling of radioactive material.

As radioactive materials grew more enriched, safety required people to stay farther away. First,

long grasping tools were developed to handle the materials. These were later replaced by complex

mechanical linkages that evolved into electro-mechanical systems and then human controlled robots.

Today the nuclear industry remains a major producer and consumer of teleoperation robots.

Later, a great deal of research in telerobotics was conducted in the interest of space exploration

and undersea applications. Today, telerobots have been further applied to disaster relief efforts,

explosive ordinance disposal, and with great success robotic minimally invasive surgery.

This type of remotely operated system allows us to be present and perform tasks in otherwise

inaccessible environments. For example, micromanipulators inserted through the abdominal wall

allow a surgeon to operate internal to the human body without large incisions. Undersea robots
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Figure 1.1: Ray Goertz, inventor of telerobotics, safely handles radioactive material using an early

mechanical teleoperation system (1951).

allow humans to do tasks on the ocean floor miles below the surface. In addition, size and motion

scaling allows us to operate in very small areas, such as in surgery, or large areas such as in mining

operations.

Virtually all teleoperation systems use visual feedback via cameras and monitors to show the

operator what the robot is doing. Many teleoperation robots are “unilateral”, meaning movement or

force commands are sent one-way from the master to the slave. In addition, some robots that send

tactile, force, or motion data back from the slave to the master are called “bilateral” and allow the

human operator additional sensations of touching the environment.

1.1.1 Haptics and Telerobotics

Bilateral teleoperation systems offer the advantage that the operator can feel what he/she is doing

in the environment through force, tactile or other touch information. This touch feedback is called

“haptic feedback”, and can improve task performance (e.g., [40, 90, 112]).

Haptic feedback is most often cartesian (x-y-z) force applied by the master manipulator to the

human hand. Force information can be sensed with an end-effector or environment mounted force/-

torque sensor; estimated from robot’s controller output; or derived from model based interaction

with the environment, where force is predicted from an online simulation of robot-environment
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contact.

The force feedback bilateral teleoperation system can be implemented using a number of differ-

ent architectures ( see, e.g., [41,46,62]). Choice of architecture depends on a variety of factors such

as the available sensor information, delay characteristics of the communication channel, and system

dynamics. In addition, “model based” haptic interaction derives feedback information from an envi-

ronment model, and sidesteps some problems of communication delay or poor sensor information.

In addition to force-feedback teleoperation, other haptics information can assist the user’s per-

ception of the remote environment. High-frequency vibrotactile feedback can improve a user’s

sense of stiff environmental contact (e.g., hard surface contact). Vibration information can come

from accelerometer sensing or be generated artificially using pre-recorded or model based meth-

ods. [59, 82]. Additional research has shown the positive influence of skin stretch actuation on

haptic perception [116].

Furthermore, artificial haptic effects called “virtual fixtures” can be added over the real environ-

ment to help the user navigate and perform tasks. This is a major subject of this dissertation, and

related work is discussed in detail in Chapter 4.

1.1.2 Telerobotic Surgery

Robotics is revolutionizing the way we think of surgery and interventional medicine. Surgical

robotics, coupled with advances in medical imaging, are giving us new therapeutic capabilities with

increased access to the body, decreased invasiveness and scarring, enhanced precision and reduced

trauma. Most notably, the daVinci Surgical System by Intuitive Surgical Inc, is a teleoperated robot

for minimally invasive surgery [37]. It is the only FDA approved teleoperated surgical manipulation

robot in widespread use today.

In this paradigm, a human surgeon controls minute (5 or 10 mm) instruments that are inserted

into a patient’s abdomen. The abdomen is inflated with carbon dioxide, offering enough space for

the surgeon to see and operate on the anatomy. Therefore the surgeon is “virtually present” in this

environment- using 3D video to see and a human-interface device to remotely control the robot.

This thesis explores the advantages of using additional computer assistance to help the surgeon

better perform the technical aspects of the surgery, i.e., precise motion, faster motion, fewer acci-
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dental movements, etc.

1.2 Limitations of Teleoperation Robotics

Teleoperated robots are valuable tools that offer substantial benefits in many circumstances. How-

ever, when remotely operating a robot, a human operator is at a disadvantage compared to directly

acting with his/her hand [40]. The most notable drawbacks are the loss of touch sensation and

dexterity.

The human hand is an amazing 22 degree of freedom (DOF) device capable of a wide variety of

dexterous grasps. In contrast, robot hands (end effectors) used in telerobotics have far fewer DOF,

and often the grasper itself only has one degree of freedom: open/closed. Furthermore, the touch

apparatus of the hand is far more sophisticated than any robotic sensors available. Sensory organs of

the hand measure pressure, vibration, pain, touch, and temperature and altogether give a very richly

detailed perception when handling objects. All of this is lost when operating via teleoperation robot.

Proprioceptive and stereo visual sensing are impaired when using a teleoperation system. Sig-

nificant engineering may go into making a teleoperation system very natural to use with an accurate

mapping between the operator’s bot, but it still doesn’t match innate human sensing.

Altogether, these disadvantages lead to relatively poor performance of telerobotic tasks com-

pared to the same tasks done with the human hand. Therefore, ways are sought to compensate for

these disadvantages.

1.2.1 Limitations of Internet Based Telerobotics

As teleoperated robots proliferate, it becomes more desirable to easily connect and operate them over

existing communication channels like the Internet. A major barrier to this is a lack of standards in

teleoperation communication. Even more fundamentally, there is no consensus for what capabilities

are necessary for interconnecting teleoperation systems. As a general practice in teleoperator design,

master and slave systems are developed together, and no efforts have been made to bridge the gap

between independently designed systems. This has led to redundant engineering efforts and “siloed”

research agendas.

In the course of this dissertation work, fundamental design for a new standard was developed
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to allow heterogeneous teleoperation master and slave robots to interconnect. Chapter 5 discusses

these new developments in depth. Using common interfaces allows not just interconnectivity among

robots, but also the connection of robots to simulations, virtual environments, multiple masters, and

other heretofore unrealized configurations. Ultimately this drives innovation and enables the use of

the right tool for the job.

1.3 Human Machine Collaborative Systems

Telerobotics is a new paradigm for interacting with our world: one that is mediated by computer

in-the-loop. Having an additional agent cooperating with the human offers a new opportunity for

that agent to contribute to efficient, accurate, and effective task completion. Through this combi-

nation of human and computer action, a new type of system is created for performing environment

manipulation: the human machine collaborative system (HMCS) [57].

While this is a very general term for a robot controlled through the combination of human and

machine input, this thesis focuses on two architectures for HMCS: haptic virtual fixtures and mixed

autonomy.

Virtual fixtures are a type of model-based haptic teleoperation, where force information is cal-

culated from a model of task operation, not a model of the real environment. Therefore, haptic

virtual fixtures constitute a tactile augmented reality interaction where the force overlays artificial

tactile features over the real environment, e.g., distance from a target, guidance along an optimal

trajectory, or a protective boundary around a dangerous area. In this case the computer is assisting

the human operator by providing physical cues about the structure of the task and its environment.

Virtual fixtures are discussed in detail in Chapter 4.

Through the use of mixed autonomy, some portions of a task are executed with reduced or zero

human input. These are the task portions that are easily understood by the machine and safely

executed with reduced risk to the operating environment, e.g., patient. Currently there is a wide

gap between simple tasks that a machine can do and complex tasks that require the cognitive and

dexterous capabilities of a human operator. Mixed autonomy offers a solution whereby advantages

of the two might be combined.
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1.4 Contributions of This Thesis

This thesis explores virtual fixture and mixed autonomy HMCSs for improving manual teleoperation

control of a robot. Research focuses on the application domain of telerobotic surgery, and results

are generalizable to all telerobotics uses.

• A new research telesurgery system, the Raven II, was developed in the course of this research.

Contributions by the author to the Raven II project are outlined in Chapter 3.

• Virtual fixtures research is thoroughly reviewed and a new framework is synthisized for un-

derstanding their attributes and capabilities (Chapter 4).

• A new standard for interconnecting telerobotic systems is developed and presented in Chapter

5. By demonstration, the new standard is proven sufficient for controlling a wide range of

heterogeneous teleoperation systems.

• New types of HMCS are described in Chapter 6. A new method for integrating computer

controlled motion with human control is described, and new types of virtual fixtures for object

grasping and manipulation are presented. These constitute new capabilities for computer

assisted object manipulation.

• The assistance functions of Chapter 6 are experimentally studied in Chapter 7. New and ex-

isting objective performance metrics for telesurgical robotics are employed to give a detailed

analysis of human and human-machine collaborative task completion. Experimental results

break down phases of the operation to study how HMCS can help or hinder performance,

and to identify the advantages/disadvantages of trading control between the human and the

machine.

Altogether, these individual contributions represent a step forward in human-machine collabora-

tive telerobotics. The widespread use of telerobots in many critical, high-value applications means

that this work can have a great impact on improving real-world conditions.
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Chapter 2

RELATED WORK

2.1 Telerobotics

Through a teleoperation robot, or telerobot, a user can interact with an environment at a distance

allowing him or her to reach dangerous, far away, or inaccessible environments [117]. If the operator

manipulates the environment and receives force feedback it is called bilateral teleoperation [41,46].

Under bilateral control, a control loop is closed between the user interface (master) and the robot

arm/hand (slave), often over a local or global communication link such as Internet.

Teleoperated robots are in widespread use today in many high-value tasks. For example, in 2011

teleoperated robots from iRobot were sent into the highly radioactive Fukushima Dai-Ichi power

plant to assess an ongoing reactor meltdown [122]. The same robots routinely inspect and safely

disable improvised explosive devices in combat zones. Undersea exploration and resource extraction

are enabled by telepresence robotics [68, 136], while remotely operated robots for telesurgery are

revolutionizing the way we think about surgery [105].

Telerobotics is an established commercial technology, yet still an active area of research. One

of the most active areas of research is compensating for network time delays to provide a realistic

“transparent” sense of remote telepresence (e.g., [30,43,63]). Researchers are also looking for ways

to improve users’ experience and ability to control the robot by providing rich haptic feedback such

as vibrotactile and skin stretch effects [60,116]. Another research direction is in environment aware

controllers for improved task-specific control [95, 135].

This thesis explores the combination of kinesthetic haptic and autonomous assistance for en-

hancing teleoperation and telesurgery task performance. Haptic assistance is added through a tech-

nique called “virtual fixtures” while autonomous robot movement and human control are combined

through “mixed autonomy”.
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Figure 2.1: Teleoperation robots are

controlled at a distance by a human

operator. (Image credit: Kazuyo Iwamoto,

AIST, Japan.

2.2 Telesurgery

Use of robots for surgery date back to 1985 when Yik San Kwoh et al. used a Unimation Puma 200

for CT guided tumor biopsy [61]. Since then the use of robots in the operating room has grown by

leaps and bounds, and is revolutionizing the way we think about surgery.

There are a few notable robots currently in the operating room and commercially available. The

Neuromate (Renishaw, Hoffman Estates, IL, USA) is a stereotactic tool holder for brain surgery that

helps the surgeon place tools using preoperative imaging for guidance. Robots from Hansen Medical

Inc. (Hansen Medical, Mountain View, CA, USA) allow surgeons to perform catheter insertion into

the heart from a nearby robot control interface. Surgeons use x-ray fluoroscopy to track the catheter

during insertion, and doing the operation remotely reduces surgeons’ exposure to harmful ionizing

radiation. Mako and Robodoc Surgical Systems are orthopedic surgery systems- a kind of computer

assisted CNC milling system that precisely mill bone for hip and knee replacement surgeries [15].

The Cyberknife is a robot that destroys tumors non-invasively by delivering focused beams of high

energy X-rays to the tumor [10]. By delivering radiation from many different pre-calculated angles

the tumor area gets a strong dose of radiation while surrounding tissue receives only small doses.

The most well known and widely used surgical robot today is the daVinci surgical system (Intu-

itive Surgical, Sunnyvale, CA, USA). More than 2000 robots have been sold worldwide, in 2012 an

estimated 200,000 surgeries were performed using the system, and in total over two million patients

have been treated. The daVinci is a master-slave teleoperation system with visual feedback (no force

feedback from environment contact) and up to four arms. One arm holds a camera and the surgeon
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Figure 2.2: End effectors of daVinci surgical

system

controls one or two tools at a time. The robot is designed for MIS procedures, and comes with

interchangeable tools for cutting, grasping, suturing, and electrocautery. It is the only commercially

available FDA approved surgical robot with grasping and manipulation capabilities. However, the

robot is limited to manual unilateral teleoperation, i.e., no contact force sensing, and no computer

or image guidance.

Research in surgical robotics is a wide and varied field. In addition to telerobotic surgery, some

of the major research areas include stereotaxis and image guidance, surgical automation, addition

of haptic feedback, natural orifice endoscopic surgery (NOTES), surgical skill evaluation, design

of less invasive manipulators, operating room integration and capsule endoscopy (For an overview

of the field see: [104]). Several studies have also shown the feasibility and effectiveness of long-

distance telesurgery [12, 79]. Research by this author and others has demonstrated new paradigm

for delivering surgical care to underserved regions and extreme environments such as battlefields or

disaster relief zones [25, 70].

This dissertation extensively discusses the Raven II Surgical System developed at the University

of Washington in the BioRobotics Laboratory. It is an open-source MIS surgical robot with grasp-

ing, cutting and manipulation capabilities. With open-source software and hardware interfaces, the

Raven II is well suited for medical robotics engineering research. However, Raven II is not FDA

approved and is not safety-rated for human operation. See Chapter 3 or [42] for details of the Raven

II. Chapter 7 presents new experiments using this system.
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Figure 2.3: Haptic rendering of basic shapes: force calculation for intersection with a wall (left),

cube (center), and a plane(right). Red circle: HIP, green circle: IHIP.

2.3 Haptic Rendering

Robotic haptic interfaces allow a user to feel interactions with virtual or remote environments using

the tactile senses in addition to visual or other sensory feedback. The addition of haptic force

feedback can improve teleoperative control in surgery and other tasks [40, 80, 81, 90]. In addition,

with a haptic user interface, an augmented reality system can be created by adding virtual objects

and features to a user’s workspace.

To provide force feedback to a user’s hand and arm, a haptic device will read the position of a

backdrivable or impedance controlled robotic end effector held by the user. For virtual environment

rendering, the position of the end effector is known as the haptic interface point (HIP). When a

collision occurs with a virtual object, the object is rendered as a virtual spring-damper system:

~F = k1∆
−→x − k2∆~̇x (2.1)

with force, ~F , and the distance and rate of the HIP penetration into the object given by ∆~x and ∆~̇x.

The HIP is often displayed visually at the surface of the virtual object (e.g., ~x−∆~x) instead of at

its location under the surface; displaying what is known as the ideal haptic interface point (IHIP)

increases the illusion of realism to the user. This is illustrated in Figure 2.3. For a complete treatment

of haptic rendering for virtual environments see [17].

As an aside, when combining haptic rendering with telerobotics, the slave robot can be con-

trolled by either the HIP or the IHIP [86].
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This is the most commonly used method for kinesthetic haptic rendering of surfaces and basic

geometry, but not the only one. Other approaches have been used, and a full discourse is outside the

scope of this paper. For a complete overview of traditional haptic rendering methods see [39, 111].

Recently, haptic rendering of point-cloud data has been studied for generating virtual environments

from real, sensed environments [109]. Another interesting example of haptic feedback from virtual

environments is [59], where vibrotactile feedback augments force-feedback to improve then realism

of hard-surface contact.

2.4 Virtual Fixtures

The term “virtual fixtures” (VFs) was introduced by LB Rosenberg in 1993 and defined as “abstract

sensory information overlaid on top of reflected sensory feedback from a remote environment.” He

made the analogy to using a physical fixture, a ruler, to help draw straight lines. VFs are often

implemented as artificial geometric features placed in the telemanipulator workspace that enforce

spatial constraints through haptic force feedback [106].

Previously, in 1987, Sato and Hirai suggested using what they called “software jigs”, and partial

automation to reduce operator burden for complex telemanipulation tasks [115]. In the surgical

realm, at Imperial College researchers designed VF constraints using spatially variable motion gains

to prevent users from entering “forbidden regions” [49] (see Figure 2.4). This technique was used

to constrain operators to a desired region during robotic bone milling under manual control.

VFs for surgery have been studied extensively by researchers at Johns Hopkins University [6,

Figure 2.4: Motion scaling virtual fixture.

Motion in region RI has uniform motion

scaling in all directions, in RII motion towards

the boundary is scaled down, and no motion is

allowed into region RIII [49].
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Figure 2.5: Computational agents can improve teleoperation by assisting a human operator in a

variety of ways. In this conceptual illustration from [117] we see a human, H, and a computer, C,

working together or independently to perform work on load, L.

57, 66]. Initial studies examined geometric VFs. In addition, VFs from CT scans have been made

that match anatomical features [65, 130]. Altogether, these studies examined use of VFs for path

following, anatomical inspection from different orientations, and bone milling in a safe region.

However, they did not study the use of virtual fixtures for grasping and environment manipulation,

which are the primary mode of operation for surgeons.

In [103] researchers developed methods for generating virtual fixtures by segmenting preoper-

ative cardiac images. Simulated anatomy was used to evaluate the use of VFs for improving task

performance in touching anatomical landmarks, and cutting to a desired depth. This interesting

work used simulated tapping and cutting tasks, and did not require object manipulation.

Jesse Dosher [26] demonstrated in one-dimension, and Lee and Hannaford [64] in two-dimensions

that haptic feedback in the form of spatially located icons, improved users’ performance on target

selection tasks. That work used an information theoretic formulation of throughput that is adopted

in this thesis. However, that work did not involve complex environment interaction, merely move

and touch.

Chapter 4 gives a thorough overview of the state of the art in VFs and gives a taxonomy of types

and capabilities.

2.5 Mixed Autonomy

The idea of combined human and autonomous control was widely developed by Thomas Sheridan

and William Ferrell [28] who envisioned that space-based robots would be directed by humans at
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a high-level, eliminating the need for low-latency feedback to the human. They envisioned several

models for mixed autonomy including “shared control”, where the human and the computer-in-the-

loop would cooperatively control robot hardware simultaneously, and “traded control” where the

two would take turns controlling the target hardware.

In 1993, Yokokohji, Ogawa, Hasunuma, and Yoshikawa implemented a mixed autonomy con-

troller for a 1-DoF constant force task [134]. This work demonstrated improvement of constant

force tracking when an autonomous controller was combined with a bilateral teleoperation system.

One interesting result from their study was exposing a potential discontinuity when changing modes

between pure manual operation and combined manual / autonomous operation. Results in Chapter

7 further illustrate the consequence of switching manual and computer assisted modes.

Bumm, et al. [22] developed a system for mixed-autonomy bone drilling in the skull for a sphe-

noidectomy, using CT scans to plan an approach to the anterior wall of the sinus. A robot made an

initial incursion into the bone autonomously, and the surgeon removed remaining bone via telema-

nipulation. In this case the robot was not used for environment manipulation, since the drilling tool

is a single-point end effector. Also, the range of motion required was very limited, since the tool

moved within a small continuous area.

Experiments by Griffin, Provancher, and Cutkosky [36] explored shared control to help human

operators maintain a minimum grasp force during object telemanipulation. Augmentation of user

control was limited to control of the robot grasp force.

Recent work has demonstrated the use of Hidden Markov Models to determine when and which

pre-defined, learned autonomous movement should be taken [91]. This exciting research uses offline

learning by demonstration from manually segmented data to develop the HMM model and identify

autonomous sub-tasks. Meanwhile ongoing research at UC Berkeley is exploring autonomous sur-

gical suturing using learning by demonstration [128] and autonomous surgical debridement [52].

While this hasn’t been combined with human telesurgery, that is a clear next step.

2.6 Summary

The synthesis of huzman and machine intelligence for control of remote manipulation robots opens

new possibilities for telepresence robotics. Improving human control of robots will provide imme-
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diate gains by benefitting important real-world applications of today.

Haptics and mixed autonomy are two technologies that will make this happen, and are explored

in depth in the following chapters.
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Chapter 3

THE RAVEN SURGICAL SYSTEM R©:
OPEN PLATFORM FOR SURGICAL ROBOTIC RESEARCH1

This chapter presents a new platform for surgical robotics research: the Raven II. This robot

provides a testbed whereupon researchers can create new techniques in telerobotic surgery by mod-

ifying the hardware and software.

The first generation RAVEN was designed for experiments in long distance, Internet based telep-

resence surgery [69]. Several studies using RAVEN demonstrated feasibility of Internet based tele-

operation to remote and extreme environments [25]. Investigations using RAVEN also measured the

impact of common Internet latencies on surgical performance and explored interoperability among

a wide range of telesurgery master/slave robots [54, 72].

Raven II is a second-generation system that includes all the same Internet telepresence capabil-

ities as the original, and features many improvements that make it better suited for a wide range of

telesurgery research.

With support from the US National Science Foundation’s Computing Research Infrastructure

program, seven Raven II systems were built, and in February 2012 they were distributed to US based

researchers at Harvard University, Johns Hopkins University, University of Nebraska, University

of California (UC) Los Angeles, UC Berkeley, UC Santa Cruz, and University of Washington.

Having the Raven II hardware creates a new opportunity for groups to share design improvements,

replicate results, and collaborate on research. Having a common open-source code base allows new

developments to be shared among multiple institutions. This is a significant step towards continued

innovation in telerobotic surgery.

Since the initial build of eight robots, additional systems have been delivered to several other

institutions.

Design of the Raven II is described in Materials and Methods below. Project completion is de-

1Parts of this chapter originally appeared in the Hamlyn Symposium 2012
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scribed in the Results section, and the significance of this new platform is treated in the Discussion.

3.1 Design of Raven II2

Raven II evolved from the original RAVEN surgical system. Mechanically Raven II differs from

the RAVEN in several significant respects. The system inertia, especially due to reduced mass of a

linear-actuation guide rail, was significantly reduced from RAVEN to Raven II for improved control

performance. Total link mass of RAVEN was 4.6 kg, compared to 2.0 kg for Raven II. In addition,

the Raven II mechanism was designed to accommodate either two or four arms. Optimization was

performed for mechanism isotropy over the ranges of motion in laparoscopy, as well as maximizing

common workspace among the four manipulators. (For complete details see [67].) A new, patented

tool design provides six degrees of Cartesian motion and grasping [83]. A unique feature of this

tool is a wrist design that eliminates cable coupling between degrees of wrist actuation.

The RAVEN used Maxon DC brushless motors. Brushless motors such as these provided better

torque-to-weight ratio than brushed motors. However, they require significant additional wiring and

complex expensive motor controllers. Raven II uses Maxon RE40 and RE30 brushed DC motors

with a 12:1 and 3.7:1 gear ratio respectively. This has not made noticeable difference in perfor-

mance, and has reduced cabling and electronics complexity.

Raven II electronics have many of the same features as RAVEN, but in a compact form fac-

tor more easily situated in a laboratory environment or carried to the field (Figure 3.1). A single

nineteen-inch desktop rack holds the robot power supply, motor controllers and I/O for the two

arms, and a Linux PC. As in RAVEN, a key hardware safety feature is a DL05 programmable

logic controller that monitors the robot inputs and outputs and has the capability to trigger fail-safe

brakes on the first three (gross positioning) mechanism joints. Z6A6 and Z12A8 servo amplifiers

(Advanced Motor Control, Camarillo, CA) drive the robot’s smaller and larger motors at six and

twelve amps peak current output respectively. I/O with the computer is via a custom designed eight

channel USB I/O board. This board can read eight encoder signals and write eight analog motor

2The author’s primary contributions to this project were in software engineering, systems integration, networking,
online community management, and debugging of mechanical and electronics problems. Electronics and mechanical
engineering, manufacturing and assembly, project management, robot simulation, and other aspects of the projects
were carried out by Jacob Rosen, Ji Ma, and Daniel Glozman of UC Santa Cruz; Blake Hannaford, Diana Friedman,
Phil Roan, Lei Cheng, Sina NiaKosari, and Lee White of the University of Washington.
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Figure 3.1: Raven-II system including two arms, two instruments, and compact, rack-mount,

electronics and control unit.

outputs in less than 125 µs.

Raven II software has been dramatically revised from RAVEN. As with RAVEN, the basic

sensor-actuator control loop is closed through the Linux PC at one thousand hertz. To achieve

the necessary speed and determinism, RAVEN used an RTAI Linux kernel module. Instead, Raven

II uses CONFIG PREEMPT RT, a hard real-time patch for the Linux Kernel. The patch satisfies all

timing requirements, providing an accurate 1kHz control loop. It also allows real-time software to

execute in user space with minimal modification, thus simplifying the software development envi-

ronment.

In addition, the Raven II software has been integrated with Robot Operating System (ROS)

[102]. ROS is a modular, open source robotics middleware package that makes it very easy to

combine the Raven II software with other robotics software libraries. For example, Raven II state

information is output using ROS message passing mechanisms, and can be plotted in real time using

“rosbag” or used by a teleoperation system to calculate force-feedback. Plus, a robot visualization

tool (shown in Figure 3.2) was developed using the “rviz” ROS module. The ROS parameter server

is used for controller gains configuration of the robot. Despite integration with ROS, raw UDP

sockets are still supported for teleoperation control, since laboratory studies showed slightly better
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Figure 3.2: Integration with Robot Operating System makes the software compatible with many

off-the-shelf robotics packages. This figure shows the use of the “rviz” package for visualization of

the robot.

performance this way.

The Raven II control software was rewritten in C++, with the goal of making it easy to incorpo-

rate available libraries and for collaborators to implement new controllers and features. At the same

time, much of the modularity of the original RAVEN code was maintained. All Raven II partners

have access to a common source code repository that will include future contributions from all sites.

Several Internet-based collaboration tools foster communication among research peers and pro-

vide peer-to-peer support for the new systems. A wiki has been created to hold documentation and

keep it up to date. An online discussion forum, integrated with the wiki is also in place, and has

proven crucial to supporting the deployed systems and sharing information. Finally a blog kept

participants up-to date as the robots were developed, and is now used for periodic news updates.

3.2 Project Completion

Seven Raven II systems were completed in February 2012 and provided to seven institutions around

the United States. One robot suffered shipping damage to two motor encoder shafts which were

replaced. In all partner locations, the robots are set up and running and new research is being
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devised and implemented.

Community participation via dedicated Internet forums has been active with over one hundred

posts in February and March 2012. This hints strongly at further collaboration among groups.

3.3 Discussion and Impact

Raven II represents a state-of-the-art open-source surgical robotics research robot. It is a major

improvement over the original RAVEN system and is a robust platform for MIS robotics research.

Open-source control software simplifies development of new modules, and ROS integration means

it is relatively easy to directly interface with many existing robotics packages. Using ROS bridges

the gap between medical specific robotics and general robotics capabilities.

In the future, revisions are planned to fix some minor hardware anomalies. Also, many new

avenues of research are being pursued on this platform involving haptic feedback for improved

control, machine learning, image guidance and more.

Raven II is now a common surgical robotics research platform in use by seven leading U.S. based

research groups with more to follow. This forms the basis of a promising new research network.

Community involvement will speed development and eliminate duplication of engineering efforts

in platform development.
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Chapter 4

TYPES AND CAPABILITIES OF
VIRTUAL FIXTURES FOR TELEOPERATION

4.1 Introduction

Robotic telemanipulation entails several disadvantages compared to direct human operation includ-

ing loss of proprioception, reduced tactile sensing, reduced manipulator degrees of freedom, and

worsened visualization. Therefore, there is an imperative to restore the lost capabilities of the hu-

man operator and overcome those performance losses.

At the same time the computer in-the-loop is an opportunity to assist the user. Computer as-

sistance may take the form of augmented reality feedback to the user by adding visual, auditory or

tactile cues. Alternatively, computer assistance might change the control signals sent from master

to slave through tremor reduction, motion scaling or automation of subtasks.

This paper explores a class of assistive features called “virtual fixtures”. The term virtual fixture

was coined by LB Rosenberg who defined them as “abstract sensory information overlaid on top of

reflected sensory feedback from a remote environment” [106]. Convention around virtual fixtures

is that they are haptic, i.e. force-feedback features in the workspace such as force guidance towards

a goal, or restrictive motion constraints around delicate targets. However, this definition has been

extended by many to include additional non-sensory physical constraints and guides. For example,

a slave can still be limited to a region of interest through direction-dependent motion scaling, or

non-tactile position constraints.

Therefore, for the purposes of this review, in order to cast a wide net in understanding the

impact of virtual fixtures, the term is defined here as a spatially defined constraint or guide overlaid

on a multidimensional robotic workspace to assist performance of tasks in that environment either

through force feedback to a human operator or the imposition of constraints on slave motion or both.

The contribution of the present work is to synthesize a bigger picture of the state-of-the-art

and future directions in virtual fixtures. First, a review of the literature forms the basis of a new
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Figure 4.1: Virtual fixtures use the computer in the teleoperation control loop to shape commands

from master to slave robot or feedback information to the master.

taxonomy of virtual fixtures, and relevant results from the literature are classified in the new system.

Then some new and relevant works are presented, that don’t fit the mold of virtual fixtures, but

which indicate new directions in virtual fixture assistance for telemanipulation.

Figure 4.1 illustrates the computer-in-the-loop that can modify feedback to the master or com-

mands to the slave. Local control at master and slave sides provide force and position tracking,

while the virtual fixture renderer augments commands based on an internal task model (not shown).

4.2 Notation

This paper uses the following notation:

Xm Position commanded by the master controller.

Xs Position of the slave.

{Xv f } Set of points comprising the virtual fixture.

Xv f A point on the virtual fixture boundary optimally chosen for its relationship to

Xm, i.e., the closest boundary point.

P⊥(X) Non-preferred motion component. This is the undesired part of commanded

motion that a virtual fixture strives to attenuate.

P‖(X) Preferred motion component. Represents allowed movement uninhibited or as-

sisted by a virtual fixture.

Z(X) Impedance or impedance matrix. Admittance = Z−1.
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K(X) Virtual linear spring constant or matrix.

4.3 Taxonomy of Virtual Fixtures

This section catalogs types and capabilities of virtual fixtures from a review of forty two works

in the literature. This taxonomy is meant as a guide to capabilities roboticists can use to create

virtual-fixture assisted teleoperation systems.

4.3.1 Guidance vs. forbidden region

Abbot, Marayong, and Okamura identified a distinction between “guidance” and “forbidden region”

virtual fixtures [6].

Guidance virtual fixtures (GVF) are task-oriented functions that assist the user by improving ac-

curacy, speed, or trajectory following. Essentially, they guide the robot motion while accomplishing

a task. GVFs are used in [4, 20, 21, 51, 58, 76, 78, 85, 88, 92, 94, 97, 101, 132, 137]

Forbidden region virtual fixtures (FRVF) are safety oriented features to prevent the user from

entering unsafe areas of the workspace. FRVFs are used in [8, 44, 53, 77, 84, 93, 108, 110, 129, 133]

A combination of the two is used in [6, 14, 32, 33, 87]

4.3.2 Dissipating vs. energy storing

Virtual fixture assistance functions differ in the effect they have on the total system energy. Force

feedback assistance functions can be energy storing or energy dissipating. Energy can be virtual

potential energy stored in virtual springs or kinetic energy in a moving mass.

Energy storing features are typically implemented as a virtual spring coupling. Impedance type

devices, due to their high back driveability and bounded mechanical stiffness, are well suited to

energy storing fixture types, where a virtual spring-damper system couples the robotic end-effector

to the virtual fixture geometry.

An example of a virtual energy storing virtual fixture is implemented as a spring-damper system:

Fm = K̄(X)(Xv f −Xm)+Z(X)(Ẋm) (4.1)

(4.2)
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This is the most common form of virtual fixtures, and some variation of the spring-damper

model is used in [8, 47, 58, 84, 85, 88, 92, 94, 101, 103, 106, 108, 110, 129, 133].

Among energy dissipating virtual fixtures, there are two primary methodologies: variable damp-

ing and variable motion scaling. Both of these guide the user by canceling motion in a non-preferred

direction. Damping dissipates energy through a virtual viscous coupling to mechanical ground,

while motion scaling dissipates energy by virtually reducing motion (and thus kinetic energy) trans-

mitted from the master to the slave.

Admittance devices can be used with damping virtual fixtures, since these non-backdriveable

master systems can apply high levels of motion damping to the user. Pure damping dissipative

virtual fixtures may be implemented as:

Fm = K̄d(x, ẋ)P⊥(ẋ)+m(x, ẋ)ẍ (4.3)

τm = JT Fm (4.4)

Where K̄d(x) is a position and direction dependent damping matrix and m(x) is a virtual mass;

both of these can be increased to the limit of stability as a fixture is encountered. This type of fixture

rendering is used in [21, 51, 106].

Motion scaling can be used to dissipate input energy and keep a user inside or outside a target

area. Essentially, movements in non-preferred directions are reduced, or

Ẋs = Kd1P‖(Ẋm)+Kd2P⊥(Ẋm) (4.5)

Where Kd1 and Kd2 are motion scaling factors. This is not a force-feedback effect, and can

therefore be used with non-actuated master devices such as ungrounded motion trackers [4, 20].

A hybrid approach is demonstrated in [87]. An energy storing spring fixture corrects deviation

from a desired path while a variable motion scaling feature amplifies motion along the desired path

towards the goal.

4.3.3 Hard vs. Soft

A hard constraint cannot be violated, while a soft constraint permits the user to breach the fixture

constraints. The hard vs. soft description can be considered a continuum of compliance, with
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hard fixtures being at the extreme. [76] examines how varying virtual fixture compliance affects

performance of a line-following task. In that experiment, users perform a task that requires violating

the virtual fixture constraint and tracking performance is reported as compliance is varied across the

continuum.

Hard fixtures can be implemented two ways: on the master side using a device that has low

compliance over the relevant range of forces, e.g., a non-backdriveable admittance device; or on the

slave side using a proxy.

The former method is equivalent to the following admittance control law:

Ẋm =


0 ,Xm ∈ {Xv f },Fm towards V F

1
Z Fm ,Xm /∈ {Xv f }, or Fh away f rom V F

(4.6)

Where the force output by that master device prevents the human operator from directing the

slave motion into the virtual fixture.

The second method for hard virtual fixtures is for impedance type devices that cannot mechani-

cally limit a user’s input motion. In this case a virtual position, called a proxy, is used.

Xs =


Xm if Xm ∈ {Xv f }

Xv f if Xd 6∈ {Xv f }
(4.7)

Where the slave position Xs is constrained to the boundary of the virtual fixture Xv f when the

commanded position Xm is inside the virtual fixture region {Xv f }. This method ensures that the slave

robot does not enter a forbidden region virtual fixture, or leave the region allowed by a guidance

fixture. Proxy methods that constrain a virtual position to the surface of a virtual object are common

in haptic rendering [107, 138]. They were applied to virtual fixtures in [6, 100, 109], including

methods for adding simulated physical dynamics to proxy motion.

Work by [110] demonstrates a type of hard virtual fixture with a highly compliant impedance

type master device.

Many more examples of hard virtual fixtures can be found in [44,51,65,77,92,93,108,110,131,

132].
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In contrast to hard virtual fixtures, soft virtual fixtures can be overcome by sufficient effort on the

part of the user. Without a proxy based method, this is the only option for master-side virtual fixtures

with a highly-compliant master interface, since a large force applied by the user will overcome the

virtual fixture force. Typically a teleoperation slave device will follow a position commanded by

the master, so, unless a virtual fixture method applies a hard constraint on the user’s motion or strict

software limits on commands sent to the robot, a virtual fixture will be soft.

There are many options for rendering soft virtual fixtures. For example, virtual walls can be

rendered as spring-damper systems, non-isotropic motion scaling gains can be used, attractive or

repulsive force fields can be used with sinusoid or saw tooth or other force profiles (e.g., [27]). The

similarity among these is that the user is able to overcome the virtual fixture and move the robot

contrary to the preferred directions.

Examples of soft virtual fixtures are found in [4,14,20,23,32,53,58,76,84,88,94,97,101,137]

4.3.4 Environment modeling and real-time sensing

A virtual fixture assisted system can have real-time sensors, e.g., cameras, depth sensors, ultrasound,

etc, to gather information about the environment and alter the virtual fixtures. Others rely completely

on user input, such as pre-programmed virtual environments, mouse-clicks to define regions of

interest, etc.

Use of sensors for generating or updating virtual fixtures (either off-line or in real-time) is

demonstrated in [20, 21, 32, 65, 84, 85, 92, 93, 108, 110, 129]

Furthermore, virtual fixtures require a virtual environment; a spatial model to calculate force

feedback or assistance effects. The virtual environment can be generated from off-line or real-time

sensor data, a-priori knowledge task geometry, or user input. Many virtual fixture implementations

use artificial user generated geometry, while others use accurate environment models from CAD

renderings or sensing.

Increased accuracy and completeness of environment modeling can bring advantages in creating

task-relevant fixture geometries. For example, [132] relies on user-interaction with a CAD model

to generate geometric constraints; while [11, 14] generate potential fields around environment fea-

tures, and use those to define force feedback across the entire workspace. All three use accurate
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environment models.

[110, 133] use point-cloud data from systems such as the Microsoft Kinect to make real-time

representations of the environment and generate or register virtual fixtures, while [65, 85] use mod-

els generated from pre-operative medical imaging modalities that give a complete picture of the

environment. [85, 129] use real-time magnetic resonance imaging.

Several groups have studied combining computer vision with virtual fixtures, e.g. [20, 21, 92]

4.3.5 Combined bi-lateral control and Virtual Fixtures

Theoretical work in [7, 19] combine force sensing with virtual fixtures. Finally, work in [7] ex-

amines the combination of environment force, i.e., bilateral teleoperation, with virtual fixture force

feedback. Studies have yet to clearly illustrate how this combination will effect real-world task

performance.

4.3.6 User Adaptive

Virtual fixtures that alter their assistance based on characteristics of the human operator can be called

“user adaptive” and represent an important area of development. Several studies have explored

online adaptation of virtual fixture compliance based on human performance [4,88,94]. Constraints

in [53] deform in response to continuous forces applied by the user.

Work in [44,77] demonstrates the variation of a protective boundary in response to a user’s hand

movements. The goal is to decrease user penetration into a forbidden-region feature by pro-actively

negating velocity towards the feature.

4.4 New concepts in virtual fixtures

4.4.1 Realtime Virtual Fixtures From Human Intention

Probably the most important upcoming work related to virtual fixtures is human intention recogni-

tion, exemplified by [5, 120]. Both of these use hidden Markov modeling to estimate the human’s

desired action. This points a way towards more sophisticated task-action prediction.

Fascinating work in [84] uses eye-gaze tracking to identify regions of interest and provide haptic

feedback to help a user achieve that pose. This is an intriguing use of an additional human input
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modality.

4.4.2 Virtual Fixtures vs. Automation

A nagging question in virtual fixture implementations is “why not automate?” If a task can be

modeled precisely enough to create a helpful virtual fixture, why simply command robot action

towards a goal? The simple answer is that we don’t have the manipulation capabilities necessary to

perform the tasks.

One way to bridge the gap towards automation is through “velocity virtual fixtures”. Conven-

tional virtual fixtures are spatial position constraints pushing the user in a desired direction. Velocity

virtual fixtures would constrain a user’s motion to move along a velocity profile towards a goal.

Alternatively, autonomy virtual fixtures could be defined. Similar to haptic virtual fixtures, an

autonomy virtual fixture moves the robot to a desired location or out of a dangerous area without

human intervention. For example, in a path-following task demonstrated in [76] the robot would

autonomously follow the specified trajectory whenever the robot crossed or came close to the path.

A big question for mixed autonomous action is how to merge human commands with au-

tonomous ones?

4.4.3 Sensory Substitution

To date, virtual fixtures have mostly used force feedback, but other haptic information like vibro-

tactile stimuli may be beneficial. Work in [16] demonstrates vibrotactile feedback for teleoperation

that could be used for virtual fixture feedback.

4.5 Conclusion and future directions

Virtual fixtures have been studied in a variety of applications and a great number of approaches

have been tried. This paper has attempted to boil down the literature to reveal some of the common

attributes of virtual fixture implementations. Hopefully, in the future, roboticists can use this work

to see how virtual fixtures can be used in their own development.

Successful real-world virtual fixture implementations will require sensing and planning of vir-

tual fixture assistance geometries. Modeling the environment and task requirements will use sensors
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like the Kinect, or medical imaging. Planning will probably involve an intuitive interface for the hu-

man operator to cooperatively design the virtual environment.

In the present day, robot operation in unstructured environments requires human intervention

and control. As robotics capabilities continue to evolve, virtual fixtures are one way new capabilities

will be merged with human control to increase the usefulness of robots acting in the real-world.
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Chapter 5

GLOBAL INTEROPERABILITY IN TELEROBOTICS AND TELEMEDICINE1

Abstract

Despite the great diversity of teleoperator designs and applications, their underlying control

systems have many similarities. These similarities can be exploited to enable interoperability

between heterogeneous systems. We have developed a network data specification, the Inter-

operable Telerobotics Protocol, that can be used for Internet based control of a wide range of

teleoperators.

In this work we test interoperable telerobotics on the global Internet, focusing on the telesurgery

application domain. Fourteen globally dispersed telerobotic master and slave systems were con-

nected in thirty trials in one twenty four hour period. Users performed common manipulation

tasks to demonstrate effective master-slave operation. With twenty eight (93%) successful,

unique connections the results show a high potential for standardizing telerobotic operation.

Furthermore, new paradigms for telesurgical operation and training are presented, including a

networked surgery trainer and upper-limb exoskeleton control of micro-manipulators.

5.1 Introduction

Many telemanipulation systems have a great deal in common. The robots usually include one or

more master manipulators, and one or more remote manipulators. The manipulators have up to

six degrees of freedom in Cartesian position and orientation while kinematics functions translate

between Cartesian information and the robots’ joint control workspace. Furthermore, the communi-

cation architecture for Internet based teleoperation is often an Internet protocol network socket with

a well defined data interface to transmit control data in a fixed binary packet.

1This chapter was published as ”Plugfest 2009: Global Interoperability in Telerobotics and Telemedicine” by King et
al. in ICRA 2010 [54]
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Despite these commonalities there has been no development of a framework for interconnect-

ing such systems, and network interfaces are currently described arbitrarily by individual research

groups. In the same way that Internet standards have connected heterogeneous computing systems,

we predict robot communication standards will speed research, development and deployment of

interoperable teleoperated robots.

Internet-based robotic teleoperation has been explored in many experiments using co-developed

master and slave systems (e.g. [35,38]) and network characterizations have shown that under normal

circumstances Internet can be used for teleoperation with force feedback [113]. Fiorini and Oboe,

for example carried out early studies in force-reflecting teleoperation over the Internet [89]. Fur-

thermore, long distance telesurgery has been demonstrated in successful operation using dedicated

point-to-point network links [13,79]. Meanwhile, work by the Tachi Lab at the University of Tokyo

sought to create a very general protocol for telerobotics by describing the unique capabilities of each

robot [123].

The authors of this paper, representing nine independent telerobotics laboratories, have identified

a need for interoperability between heterogeneous, telerobotic master-slave systems. The current

work is a new direction, exploiting similarities among teleoperation systems to develop standards,

simplify software architecture and improve interoperability.

This paper describes a simple, yet effective solution to the problem using a shared data interface,

the Interoperable Teleoperation Protocol (ITP). ITP is very simple for a communication protocol.

The simplicity is by design, and we demonstrate that this simplicity allows the easy interconnection

of quite different systems. The ITP is essentially a data interface, and is intended as a starting point

for development of a robust standard for Internet robotic teleoperation.

Inherent in the interoperability problem is the requirement to support a wide variety of telerobots

that differ in kinematics and dynamics, scale, and application. To demonstrate the usefulness of a

developed data standard it is necessary to show that it can control a heterogeneous group of robots.

Our experiment, titled ”Plugfest 2009”, tested the ITP on fourteen unique master and slave robots,

most of them designed for telesurgery, at nine locations around the world. The hypothesis examined

was that such kinematically diverse systems could be made to work together by using a common

data interface and Cartesian-space teleoperation commands.

“Plugfest” is an industry term for an event where vendors come together and test their products
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for compliance with a new standard. We adopted this word and methodology for testing the ITP,

creating a one-day event wherein many systems were interconnected and tested for functionality.

Performing the testing in a single 24 hour period accomplished two goals: first, it demonstrated that

extensive tweaking is not required to switch connections between systems; and second, it showed

that engineers could integrate the protocol within a consistently short time from project start in early

summer to the end of July. Our primary experimental result is the number of unique, successful

master-slave connections, which demonstrates the value of the ITP for interoperable teleoperation.

The experiment focuses on the telesurgery application domain by incorporating mostly surgical

telerobots, but includes general purpose teleoperators as well.

In this experiment existing, published teleoperation robots were retrofitted to use the ITP. It

is important to realize that these are not fourteen systems designed together for compatibility, but

rather that a novel communication scheme can tie these disparate systems together with a small

integration effort at each site.

It should be further noted that several communications architectures and open-source software

packages are available for general robotic operation over the Internet (e.g. [1,2,31,127]). However,

these are often designed for mobile robots, and are unsuitable for the high packet rates and extreme

delay sensitivity particular to telemanipulators and telesurgery systems. One interesting software

application framework is the Surgical Assistant Workstation [50]. The present work differs in that

ITP is not a software application or library, but rather a data interface specification that is capable

of controlling a wide range of teleoperators and can be implemented on any computing platform.

Also, OpenIGTLink is a proposed protocol for medical imaging and medical device description and

control [126]. This is interesting research into the medical systems integration problem, but has not

yet explored the interoperability question for medical or general teleoperation systems.

5.2 Interoperable Telerobotics

To demonstrate interoperable telerobotics over the global Internet, fourteen unique telerobotic mas-

ter and slave systems were connected by nine groups in five countries. In the context of surgical

telerobotics, the master manipulator is operated by the surgeon in order to control the motions of the

slave, or patient-side robot. All the connected systems used the same network facing data interface,
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the Interoperable Teleoperation Protocol or ITP.

5.2.1 Interoperable Teleoperation Protocol

ITP is a stateless data description representing commands between the master and slave robot. An

ideal protocol is robust enough to work with any new teleoperator independently of its design, and

flexible enough to accommodate any new data transforms or teleoperation architectures. Therefore,

a mechanism is built into ITP for designating new, numbered data specifications, extending the

protocol to new innovations. To make cooperation as simple as possible, the first data interface for

the ITP is a low-overhead binary UDP packet structure, and its C implementation is shown in Listing

5.1. This is the data packet used in experiments described in this paper. The “pactyp” (packet type)

and “version” fields indicate the packet type in use. For these experiments packet type number one

was used, and the ITP version was 0.43 (or 43 as an integer). The small size, 84 bytes, makes this

data type suitable for high packet rates.

The ITP requires a common reference frame. From the users’ perspective the right-handed ITP

reference frame has: the positive Y-axis pointing right, the positive X-axis pointing away, and the

positive Z-axis pointing down. Each master and slave implement transformations to convert between

their own intrinsic coordinate systems and the common reference frame.

There are many ways to encode movement commands from master to slave. For networked

teleoperation it is important that the system be robust to arbitrary network delays and packet loss. In

particular, the resulting robot command should be free from significant discontinuities, and should

act “safely” when recovering from a period of delay. In the current experiment, motion commands

for two arms are encoded as position increments in three Cartesian dimensions (delx, dely, delz in

listing 5.1) and orientation increments in roll, pitch and yaw (delroll, delpitch, delyaw in listing

5.1). Position is in units of integer microns and orientations are in integer micro-radian units. The

choice of integers sidesteps the complexity of floating point specifications. Increments of position

and orientation are calculated as follows:
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∆Xk =Xk−Xk−1 (5.1)

∆Rk =Rk−Rk−1

X =[x,y,z]T (5.2)

R =[roll, pitch,yaw]T

In this representation there is no explicit notion of a time-step, making the scheme more robust to

varying network delay and packet rate compared to velocity coding schemes. In response to packet

loss the result is position drift. In many situations this is advantageous compared with absolute

motion commands which would entail step discontinuities in commanded position. With small

packet loss the drift is minor and easily accommodated by the user through motion input or indexing.

#pragma pack

#define SURGEON_DISENGAGED 0

#define SURGEON_ENGAGED 1

struct M2S_data {

unsigned int sequence;

unsigned int pactyp;

unsigned int version;

int delx[2];

int dely[2];

int delz[2];

int delyaw[2];

int delpitch[2];

int delroll[2];

int buttonstate[2];

int grasp[2];

int surgeon_mode;

int checksum;

};

Listing 5.1: C implementation of the binary packet structure sent from master to slave robot.

Indexing is a common feature among teleoperation systems and allows the user to reposition

the master without moving the slave. The incremental motion scheme simplifies indexing, since
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absolute position agreement is not required between master and slave. Two states, “engaged” and

“disengaged”, are defined to coordinate indexing and are indicated in the “surgeon mode” field of

Listing 5.1. While in the disengaged state, the slave robot should ignore any motion commands until

the engaged state is requested.

Endianness and data types were chosen to conform to 32-bit x86 architecture.

Scaling of the user’s motion is another common feature among teleoperators. The scale factor

is not explicitly encoded by the ITP. Instead motion scaling is controlled by the master side and is

implicit in the transmitted motion commands.

The lightweight UDP datagram protocol is used, since it does not require the additional over-

head of the more common TCP protocol. UDP does not guarantee data integrity, but does provide

the lowest possible latency. A sequence number is important for tracking out-of-sequence or lost

packets, and corrupt packets are detected by the checksum and discarded. Most importantly, lost

incremental motion packets will not lead to unpredictable or unsafe motion of the slave manipulator.

Out of sequence packets are ignored.

The ITP does not specify a packet rate. These experiments used packet rates from 10Hz up to

1kHz. 1kHz packet rates are exceptionally high compared to average Internet usage. However, there

were no problems reported in our experiments due to the high rate, a result that agrees with [113].

5.2.2 Connected Slave Systems

The six slave systems used in the experiment are described here and shown in Figure 5.1. All sys-

tems have two manipulator arms and were operated via UDP/IP using ITP. Each system is previously

published and complete technical details of the robots and simulator are found in the references.

The Raven surgical system developed at the University of Washington, BioRobotics Laboratory,

Seattle (UW, Seattle, WA, USA) is a six degree of freedom (DoF) capable, cable-driven research

robot for remotely operated minimally invasive surgery (MIS). It has a unique spherical mechanism

for MIS operation around the trocar point [69].

Located at the Tokyo Institute of Technology, Suzukakedai Campus (TokyoTech, Yokohama,

Japan) the IBIS IV system is a pneumatically actuated MIS research robot with 6 DoF plus a grip-

per [125]. The IBIS IV detects environmental contact force without the use of a force sensor by
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Figure 5.1: (A) TUM general purpose Telerobot. (B) Patient-side robot of the JHU custom version

of the da Vinci. (C) TokyoTech IBIS IV surgical robot. (D) RPI VBLaSTTM. (E) SRI M7 surgical

robot. (F) UW Raven surgical robot.
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inference from the pneumatic pressure.

Johns Hopkins University (JHU, Baltimore, MD, USA) connected a commercial MIS robot, the

JHU Custom daVinci. The robot hardware is from Intuitive Surgical Inc., Sunnyvale, CA, USA,

with custom control software and electronics by Johns Hopkins. The daVinci represents the state of

the art in commercial surgical robotics [75].

The M7 surgical research robot was connected at SRI International (SRI, Menlo Park, CA,

USA). The M7 is a 6 DoF robot designed for open telesurgery with battlefield and trauma applica-

tions [56].

The VBLaSTTMlaparoscopic training simulator was connected at the Rensselaer Polytechnic

Institute (RPI, Troy, NY,USA). It is a virtual reality based bi-manual trainer with haptics that is

designed to replicate the FLS tasks. Two virtual MIS tools follow the motion of a physical tool

connected to the interface, or may be teleoperated via the built-in network support.

Technische Universität München (TUM, Munich, Germany) connected a general purpose, re-

dundant 7 DoF telemanipulator with a relatively large grasper. The two anthropomorphic arms were

designed for general, large-scale manipulation tasks. [119]

This diverse group of slave systems demonstrates the wide variety of robotic capabilities that

would be available to surgeons with the adoption of standardized, networked telesurgery capabili-

ties.

5.2.3 Connected Master Systems

Eight master systems, shown in figure 5.2, were used in the experiments. The master systems

transmitted ITP data at up to 1kHz via UDP/IP. Although many of the systems are haptic devices

capable of force-feedback, that function was not used in these experients. Again, each system is

previously published and complete technical details are available in the references.

Three of the master systems at UW, RPI and Imperial College London (ICL, London, UK)

comprised two 6DoF Phantom Omni (SensAble Inc, Woburn, MA, USA) haptic devices and surgical

console software from UW [114].

Korea University of Technology and Education (KUT, Cheonan, South Korea) used the Phantom

Premium (SensAble Inc.) with their own ITP compatible software.
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Figure 5.2: (A, B, C) Phantom Omni control station with free software at RPI, ICL and UW

respectively. (D) TUM ViSHaRD7. (E) UCSC Exoskeleton. (F) Phantom Premium with custom

software at KUT. (G) Master console of the JHU custom version of the daVinci. (H) TokyoTech

delta master.

A commercial daVinci surgeon console (Intuitive Surgical, Inc.) with custom controller and

software was used at JHU [75].

At the University of California, Santa Cruz (UCSC, Santa Cruz, CA, USA) an upper-limb pow-

ered exoskeleton was used, allowing whole-arm motions to scale down to surgery scale tasks [98].

One-arm operation was performed with this system, so bi-manual tasks were simplified to one arm.

At TUM, ViSHaRD7, a custom designed, general-purpose master with 7 DoF was incorporated

[96]. The arms are mounted on a mobile platform to form a mobile haptic interface, but in this

experiment the mobile base was not activated.

Finally TokyoTech developed a master system with haptic feedback based on a delta motion

platform specifically for control of MIS assistant robots [124].
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5.3 Experimental Methods

5.3.1 Telerobotic FLS

Wherever possible, participants in this experiment performed the Telerobotic Fundamentals of La-

paroscopic Surgery (TFLS) block transfer task, modified for time constraints. Exceptions were

made for some robots as described below. TFLS was adapted by Lum [71] from a proprietary

scoring method invented by the Society of American Gastrointestinal and Endoscopic Surgeons

(SAGES) to evaluate surgeons’ laparoscopic proficiency [99]. The test can be seen in Figure 5.3.

The TFLS Block Transfer task is essentially a pick-and-place task. Six plastic blocks approxi-

mately one cm3 are first arranged on the left half of an array of pegs. Subjects grasp each numbered

block in order with the left hand, lift it from the peg, transfer the block to the right hand tool, and

place the block on a numbered peg on the right side of the board. In this experiment, participants

transferred as many blocks as possible in ten minutes.

Due to particular robot configurations, task modifications were necessary in a few cases. The

TUM Telerobot slave was designed for manipulating larger objects, so a substitute, bi-manual, pick-

and-place task was performed. Users transferred a 4x4x5 cm cube 20 cm from the right to left side

of an 8x8x8 cm obstacle, switching hands in the process.

The UCSC Exoskeleton was operated with one-arm only, so the FLS block transfer was simpli-

fied; it was performed without the hand-to-hand transfer.

Figure 5.3: The Telerobotic FLS block transfer task.
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5.3.2 Plugfest Experiment

Nine groups from North America, Asia and Europe participated in this experiment testing interoper-

ability among their systems. In one 24-hour period on July 30, 2009 participating groups connected

over the Internet to control the other robots recording success or failure of the connection and perfor-

mance on a simple task. Each master-slave connection was restricted to a one-hour slot to connect

and complete the experimental task.

With eight masters and six slaves, forty-eight connections were possible. However, labs did not

connect their own master-slave combinations, and, to keep the operating schedule within reasonable

hours, only global regions separated by less than nine hours were connected. With these constraints

thirty two connections were possible. Thirty were attempted, and two were not attempted due to

time limitations.

Feedback to the user was visual only and did not include haptics. The focus of this research is

on teleoperation rather than video technologies, so SkypeTMvideo was selected due to its ubiquity,

ease of use and cross-platform compatibility. The type and location of the camera, PC specification,

and video display configuration were not controlled in the experiment.

In each connection the block transfer task was performed one to three times and the number of

transferred blocks was recorded, or transfer time when appropriate. Network time delay was mea-

sured and recorded in each connection using round trip ICMP Echo (ping) times wherever possible.

5.4 Results

Thirty trials were conducted in which the various master and slave systems connected across the

Internet. Of those, 28 resulted in successful task completion, 20 bi manual TFLS, five one-handed

TFLS block transfer, and three bi-manual gross manipulation tasks.

Figure 5.4 shows the number of blocks transferred and ping times for each master-slave con-

nection. The average number of blocks transferred in the 20 successful bi-manual TFLS trials was

7.4. The average number of blocks transferred one-handed was 11.6. The average time for block

transfer in the gross manipulation trials was 8.2 minutes. The most blocks transferred in ten minutes

with bi-manual operation was 16. 30 blocks were transferred using the upper-limb exoskeleton to

control the MIS robot at Ttech, IBIS, in the one-handed mode of operation. The highest average
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Figure 5.4: Number of blocks transferred in each master-slave trial, and ping response times in

parenthesis. *Ping times not taken. **Block transfer task completion time. †One-handed operation

only.

blocks transferred per connection for any slave robot was on the UW slave system with an average

of 9.5 blocks per 10 minute connection.

There were two unsuccessful trials. In one case a slow packet rate of 10Hz was incompatible

with a slave-side controller that assumed 1kHz updates. The resulting behavior triggered a slave-

side safety system which harmlessly shut down the robot. For unknown reasons, the behavior was

asymmetrical; the right arm moved fine, while the left one caused the fault. In the second unsuc-

cessful case, the orientation mapping between master and slave was too confusing, and the user did

not complete the task.

5.5 Discussion

Results show that ITP, providing Cartesian-space motion control commands, is effective for operat-

ing a wide range of teleoperation systems. The outstanding result of the experiment is that twenty-

eight out of thirty unique attempted connections were successful (93% success rate). In this case,

successful operation is defined as an operation wherein a task could be completed, and results given

in the table of Figure 5.4 demonstrates that all but two configurations were capable of performing

the task.

Besides differences in users’ experience level and familiarity with the robots, a major source of

variation in task performance was due to the video configuration. SkypeTMwas easy to use across
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platforms and was effective in all thirty connections. However, as mentioned earlier, video pa-

rameters including camera type and placement, video codecs, and display configuration were not

controlled. Participants also complained about the lack of depth perception demonstrating the need

for high-definition and stereo vision. This is an additional avenue of exploration that could benefit

telerobotic interoperability, i.e. agreement on video standards, especially high-definition and stereo

vision codecs.

Therefore, caution must be taken in considering the numerical results of Figure 5.4. The number

of blocks transferred in a given connection was highly influenced by many factors that were not

controlled in the experiment, and therefore does not serve as an objective comparison of master-

slave performance. What the results do show is whether or not the ITP was an effective data interface

and control link between the master and slave robots.

Whats more, Plugfest 2009 demanded that a globally dispersed robot and human operator popu-

lation to interoperate in a time-critical fashion. In many cases the slave system was “hot-swapped”-

operated by several different masters in rapid succession without restarting. Smooth interoperability

like this will improve collaborative telerobotic action as, for example, a patient is handed off to a re-

mote surgical specialist for part of a procedure; or multiple users trade control of a telerobot during

a long operation.

Furthermore, several interesting telesurgical technologies were explored in this experiment. A

virtual reality surgical simulator was controlled in the exact same way as the physical slave systems,

demonstrating how surgeons around the world may train on an advanced simulation platform with-

out a specialized simulator on-site. Also, several types of surgical master and slave systems were

connected, exploring different modes for human action and control. Use of the UCSC Exoskeleton

showed how a surgeon’s full range of upper limb motion could be scaled down to control minimally

invasive surgical manipulators. Moreover, inexpensive, off-the shelf human interface devices were

used with free, open-source software and controlled state-of-the art surgical robots for fine, surgery-

like tasks. With a standard protocol, new teleoperation hardware will become easier to integrate into

existing applications, and in the future surgeons will be able to select among competing ”surgical

cockpit” designs.

Twenty-eight out of thirty attempted connections resulted in some degree of task completion.

However, even among these there were some difficulties. In many instances, orientation mapping



43

from master to slave was unnatural or incorrect, in that rotation of the master did not produce the

desired rotation of the slave. In at least four cases this was severe enough that orientation degrees

of freedom were disabled and robots were operated in three DoF Cartesian space. At the same

time, the method of using orientation increments to represent the roll, pitch and yaw leaves open the

problem of RPY singularities and the jump discontinuities associated therewith. This will have to

be fully addressed in future work, possibly by changing the orientation representation to quaternion

increments.

Future work should also address security and session negotiation. Data security is a consider-

ation that could be addressed via encryption. Session managment is another consideration. As an

example, in one connection, due to a miscommunication, UCSC and UW sent packets simultane-

ously to RPI VBLaST resulting in erratic action of the simulated robot. To resolve this, a system for

user authentication and exclusion is necessary, possibly by using a stateful session layer protocol

that works with the stateless data exchange protocol.

5.6 Conclusions

This work has shown the feasibility of using a simple data interface, the Interoperable Telerobotic

Protocol, to control heterogeneous teleoperation systems over the global Internet. In a relatively

short span of time in early summer 2009, robots with differing kinematics, hardware and software

for medical and non-medical applications were retrofitted to use the ITP, thus becoming seamlessly

interoperable. Results of our experiment, titled Plugfest 2009, demonstrated that the uncomplicated

ITP protocol is one solution to the interoperability problem. A more complex protocol would be

more difficult and take more resources to adapt to the variety of pre-existing computing hardware,

programming languages and robot controllers involved in this project.

Although this experiment focused on application to telesurgery, the developed architecture is

generalizable to a wide range of telerobotics uses. Future work should focus on incorporating force

feedback and more sophistocated bi-lateral control techniques into the ITP, while keeping the data

specification simple. The results of this new research direction will be a standardized, robust teler-

obotics Internet protocol.

The authors predict that increased collaboration will result from this research and expect inter-
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esting synergistic results.
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Chapter 6

COMPUTER ASSISTANCE FUNCTIONS FOR TELEOPERATION

6.1 Introduction

The goal of this research is to make improvements in teleoperation performance, overcome short-

comings of telerobotics technology, and leverage capabilities of the computer-in-the-loop to improve

on existing capabilities. Previous chapters described two approaches to this goal, namely virtual fix-

tures (VF) and mixed autonomy.

This chapter explores the design of both types of assistance functions. Presented here are three

assistance types: two types of virtual fixtures, and a novel mixed-autonomy method. A general

description of the fixture is given, relevant parameters are discussed, and rendering methods are

given. The next chapter, Chapter 7, provides an experimental evaluation of these assistance functions

to evaluate when and how each makes a difference.

To reiterate the central premise of human-machine collaborative telerobotics, we assume that

the robot can perform some aspect of a task better, i.e., more accurately, with less fatigue, more

reliably, etc., while the human operator is essential to the operation by providing improved dexterity

and high level cognition.

The assistance functions described here assume that the human must control physical contact and

manipulation of the environment while the robot can assist with gross level motions and improved

proprioception. Furthermore, to give an intuitive idea of their structure or function, they are given

suggestive/metaphorical names.1

6.2 “Golf Course” Forbidden-Region Virtual Fixture

Forbidden region virtual fixtures (FRVF) constrain user motion to safe areas away from obstacles,

delicate structures, or occluded areas of the workspace. In safe areas there is no assistive force or

action by the FRVF. However, as the user approaches and enters a forbidden region the assistance

function applies some force or effect to prevent unintended harmful action. There are a few ways
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Table 6.1: List of acronyms

VF Virtual Fixture

MA Mixed Autonomy

GVF Guidance Virtual Fixture

FRVF Forbidden Region Virtual Fixture

GCVF Golf Course Virtual Fixture

ARVF Attractive Region Virtual Fixture

JSMA Lendvay Jetstream Mixed Autonomy

Figure 6.1: Example simulated target site, region of operation is shown.
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Figure 6.2: Illustration of a Golf Course Virtual Fixture environment with simple planar geometry.

Users’ motion is constrained to above the plane or inside the cylinder.

these features can be implemented as outlined in Chapter 4.

The Golf Course Virtual Fixture (GCVF) derives an FRVF from the following assumptions:

1. A specific region of operation is identified where a task will be performed.

2. The human must control the environmental contact due in the region of operation to the com-

plexity or delicacy required in an operation.

3. There is no need to contact other areas, and contact with other areas of the environment may

cause incidental damage.

4. Task performance requires freedom of motion in the region of operation.

5. The human operator can override assistance.

This leads to the following motion constraints and allowances:

Constraints Motions in danger of contact with the environment should be prevented by applying

force-feedback away from close contact.
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Allowances Contact with the environment is permitted in a specified region of operation. Any

free space motion not at risk of environmental contact is permitted. Applying sufficient force will

overcome force-feedback constraints.

The resulting virtual environment has a protective virtual wall around features in the real en-

vironment, with a gap or hole in the wall that allows the user to reach through to the desired task

region. During environment contact, motion is constrained to be inside the hole by protective walls

around the sides of the hole.

Figure 6.1 shows an example task area. The arrow indicates the region of environmental contact

where the surgeon wants to operate. An example GCVF to assist with the safety this operation is

shown in Figure 6.2.

A GCVF for this environment is constructed according to the constraint and allowance rules. A

barrier (the horizontal plane in Figure 6.2) restricts the robot’s cartesian position, X , to distance dc

away from contact. Let d be the distance to contact and Xc is the closest point to X at a distance dc

away from the surface, i.e., outside the barrier, then in the Z direction constraint force Fc is given by

the implicit haptic rendering function:

Fc =


0 ,d ≥ dc

k1(Xc−X)+ k2(Ẋ) ,d < dc

(6.1)

Where k1 and k2 are gains on position and velocity respectively.

To render the allowance region, define the region of operation as a cylinder of radius r centered

around line L. If the closest point on the cylinder to the end effector position, X , to L is at point

Xa distance d away, then constraint force Fa around the allowance can be calculated by the implicit

haptic function:

Fa =


0 ,d ≤ r

k1(Xa−X)+ k2Ẋ ,d > r
(6.2)

And the two can be combined to determine the master-side force, Fm using:
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Fm =


Fc, |Fc| ≤ |Fa|

Fa, |Fa|< |Fc|
(6.3)

Where the minimum magnitude will be zero for motion outside the constraints or inside the

allowance.

This is a simple illustrative example of the GCVF. Constraints and allowances can be constructed

from any of a variety of haptic rendering methods. Instead of a planar feature, for example, the

constraint can be derived from environment sensed point-cloud information. An allowance might

come from segmented pre-operative imaging, creating an arbitrary shaped region of operation.

6.3 “Attractive Region” Guidance Virtual Fixture

If forbidden region virtual fixtures are designed to prevent unintended action, guidance virtual fix-

tures (GVF) are designed to assist with intended action.

GVF can be designed many ways. For example, direction-dependent motion scaling or restrict-

ing movement to an optimal path. This section describes a haptic GVF that uses force feedback to

help the user move quickly and accurately to a desired region of operation; termed the “attractive

region” (ARVF), since it applies a force that attracts the hand towards a goal.

Design of the ARVF is based on the following premises:

1. A specific region of operation is identified where a task will be performed.

2. Robot confidence is high enough to assist the user in targeting the desired region of operation,

but not high enough (or task complexity is too high) that the robot is trusted to autonomously

perform the operation.

3. The user’s natural proprioceptive and/or visual perception of the robot workspace limit his/her

ability to target and stay within the region of operation.

4. A guiding force, pushing the user towards the region of operation, will help the user reach

that area and perform tasks there.
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5. Control within the region should be handled entirely by the human operator.

6. The human operator can override assistance.

The resulting virtual environment has an attractive force that guides a user into a desired region

of operation, and allows free motion within that region.

The region of operation is defined by the targeted point(s) of environment contact/action and the

radius of free space motion around the target. Specifying the location and shape might be done by

the user using virtual environment design software, taken from a pre-operative plan, or recognized

online by object / task recognition. Or the operating region might simply be a convenient point in

the workspace, e.g., in front of a camera so that a grasped object may be inspected. The area around

the target depends on the task, and might be user selectable or learned from prior performance of

similar tasks.

The attractive force effect can be described by any of a wide variety of functions. Force feedback

should be free of discontinuities that would cause sudden, unexpected acceleration of the master

device held by the user. Example force functions would be triangle, parabolic, or sinusoidal force

profiles. Also, since the goal of the assistive force feedback is to help with proprioceptive targeting

of the region of operation, force feedback can be added only when the user gets close to the target.

This avoids discontinuous forces when haptic assistance is turned on/off and assists only with the

final targeting of the task region. For example, for a pick and place task, an ARVF with radius 4-5

times the target radius, would help the user with final precise placement, but leave him/her free to

select an object to pick up.

Take, as an example, the cylindrical ARVF shown in Figure 6.3. Here, the target region is the

same as in Figure 6.1, and the cylindrical volume of radius r1 above the target is the desired region

of operation. Define a sinusoidal force feedback function out to a radius, r2, around the operating

area. Let d be the distance from the robot’s end effector position, X , to the center of the cylinder,

and d < r1 when the end effector is inside the area of operation. Let Xd be the point on the surface

of the cylinder closest to X . Then force feedback to the master, Fm is given by:
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(a)

(b)

Figure 6.3: Illustration of the Attractive Region Virtual Fixture.
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Fmag =


0 ,d ≤ r1

1
2 Fmax

(
1− cos

(
2π

(d−r1)
(r2−r1)

))
,r1 < d < r2

0 ,d ≥ r2

(6.4)

Fm = Fmag

(
Xd−X
|Xd−X |

)
(6.5)

This is one possible implementation of an ARVF. Alternatively, for example, a hemispherical

force function could easily be defined, or a sawtooth force profile substituted for the sinusoidal one.

The general principle remains the same: a user is attracted to the desired region, not via a planned

trajectory but via attractive haptic force.

6.4 “The Lendvay Jetstream” Mixed Autonomy Fixture

Virtual fixtures require that the computer has some representation of the task. Under that assump-

tion, it’s possible that the computer has sufficient knowledge to execute some part of the task itself.

Mixed autonomy assistance functions share control of the robot hardware between the user and

the computer. When the task is suitably well known and movement is sufficiently safe, the assistance

function sends autonomous motion commands to the robot. Otherwise, the human must take full

manual control.

One way to determine safe action is by segmenting the workspace into safe and unsafe regions;

and when action takes place in the safe region, the computer can take control. Thus a spatially

varying autonomy field function is defined across the workspace delimiting safe and unsafe regions

of computer-controlled motion.

The Lendvay Jetstream 1 mixed autonomy function (JSMA) is a spatially varying autonomy

function for safe, fast robot control in areas sufficiently far from environment contact.

The JSMA approach is based on the following assumptions:

1. A specific region of operation is identified where a task will be performed.

1Named in honor Thomas Lendvay, M.D. who came up with the title, contributed significantly to medical inspiration
for much of this work, and who will someday be replaced by mixed or fully autonomous robotic surgery.
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Figure 6.4: Illustration of the Lendvay Jestream Mixed Autonomy Function. Autonomous velocity

magnitude is proportional to the elevation penetration into the virtual “jetstream”. Figure shows

motion left-to-right, but the velocity command is always towards the target. The blue cylinder

represents the portion of the region of operation that overlaps the autonomous region. Autonomous

movement is disabled there.

2. The robot is not sufficiently trusted to perform environment manipulation.

3. Computer controlled motion in free space is acceptable and safe.

4. No autonomy is allowable in contact or close to contact with the environment,

5. The further the robot is from the environment, the faster it is permitted to move.

6. Autonomy should be disabled within the region of operation for the task.

7. User control and computer control should be shared, not traded.

As a result, two pure-manual regions are defined. The first, for safety, is defined near any

objects in the environment. The second is the region of operation for the task, and allows the human

operator to perform the necessary environment manipulation. In the remaining space the robot is

free to perform autonomous actions.
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Figure 6.4 shows an example of how this would work for the task space shown in Figure 6.1.

The blue cylinder shows the region of operation, the red zone shows the safe autonomy region, and

longer arrows indicate faster autonomous movement towards the region of operation.

Also in this case, autonomous motion is in the horizontal direction, while the vertical elevation is

under manual control. This is an interesting example of orthogonal autonomous/manual workspaces.

Furthermore, it allows the user to enter/exit the autonomy field.

Taking a height, h, of the robot end effector penetration into the autonomy field, and unit vector,

Xd in the direction of the region of operation, the desired robot velocity, Ẋ can be calculated as:

Ẋ = kv
√

hXd (6.6)

The square root of the height is used to prevent the velocity from scaling too quickly, although

a different height-varying function (linear, logarithmic, cube root, etc) might be used. Also, like the

GCVF the autonomy field geometry might be defined using a surface model from point cloud data,

or other environment sensing mode. In addition, different movement functions might be specified,

for example a rotation component added, or an optimal path might be applied to maintain a specified

elevation in the field.

Experimental evaluation The next chapter, Chapter 7, gives an experimental study of these fea-

tures. Performance benefits are compared, and effects on particular tasks and sub-tasks are explored.
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Chapter 7

EXPERIMENTAL EXAMINATION OF TELEMANIPULATION
PERFORMANCE WITH COMPUTATIONAL ASSISTANCE

7.1 Introduction

Previous chapters described frameworks for designing virtual fixtures, and a new type unique to this

research, spatially varying autonomy. Also, a new robot Raven II was presented as a research tool

for experimental robotics, and related work with the robot was cited.

This chapter presents experiments evaluating three novel computer assistance functions. Previ-

ously discussed virtual fixture (VF) and mixed autonomy (MA) types are developed for a simple

object manipulation task. Human subjects performed example tasks with the various assistance

modes. Results demonstrate when and how virtual fixtures and mixed autonomy may help or hinder

operation.

7.2 Evaluation Methods

This experimental study of VF’s and MA’s for human-machine collaborative operation uses two

example tasks to study their impact on performance. The hope is that by studying these tasks in

particular, we gain insight into more general task performance. In addition, the study looks for any

characteristic behaviors or effects that arise from task performance.

Admittedly, results on any particular task may or may not be generalizable to other tasks, how-

ever maximum effort is taken to select activities whose measures can generalize to other tasks

7.2.1 Telerobotic Fundamentals of Laparoscopic Surgery

Fundamentals of Laparoscopic Surgery (FLS) is a test suite developed by the Society of American

Gastrointestinal and Endoscopic Surgeons (SAGES) to test laparoscopic surgeons’ technical skill

[99]. Components of the test include a precision suturing task, a precision cutting task, and a gross

manipulation task called the FLS block transfer. The block transfer task was adapted by Mitch Lum
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Figure 7.1: Telerobotic FLS task. Blocks are transferred left-to-right and then right-to-left, handing

off the blocks between hands in the process [71].

to test robotic task performance [71]. The resulting test is called Telerobotic FLS and is seen in

Figure 7.1.

The TFLS task is essentially a pick and place task with the added complexity of a hand-to-hand

exchange. Therefore the task requires three actions: pick-up, handoff, and place. Six blocks are first

arranged on the left half of an array of pegs. In numbered block order (in contrast to TFLS, FLS

blocks can be moved in any order), subjects pick up a block with the left-hand instrument, transfer

the block to the right-hand instrument, and place it on the corresponding numbered peg on the right

side of the board. They perform the left-to-right transfer for all six blocks, followed by a right-to-left

transfer without pausing in between. Thus, the task requires a total of twelve block transfers.

Using collected robot motion data from experimenters can measure the path length and time

required for the task. TFLS reports these measures for each of the twelve individual block transfers.

Using the SAGES test gives a surgically relevant measure of human performance manipulating

objects in a laparoscopic type environment. However, due to its relative complexity and bimanual

requirements TFLS is not a good tool for measuring basic movement control. Therefore, a second,
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simpler task is also used.

7.2.2 Fitts’ Law and its Extensions

Figure 7.2: From Fitts’ 1954 paper [29], “Disc transfer apparatus. The task was to transfer eight

washers one at a time from the right to the left pin.” Fitts used disks of varying internal diameter to

simulate a range of indices of difficulty.

Originally proposed by Paul M. Fitts in 1954 [29], Fitts’ Law characterizes the human motor

control system, identifying what he called the “information capacity”. Fitts measured subjects’

performance on simple movement tasks over a range of speed-accuracy conditions. An example of

one of these tasks is shown in Figure 7.2, where a human manually transfers disks from one peg to

another.

The result of Fitts’ experimental analysis was a simple quantitative relationship between task

constraints and movement speed (or speed vs. accuracy) during human movement.

MT = a+bID (7.1)

ID = log2

(
2A
W

)
(7.2)

Movement time, MT depends on the “index of difficulty”, ID of the task. ID is measured in bits

and is derived from the amplitude, A, of the required motion and the width of the target, W. Fitts

study included tasks with ID ranging from one to ten bits.
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The “Shannon form” of the law described in [74] is similar to Claude Shannon’s measure of

communications bandwidth 1 and avoids some numerical problems with the original form:

MT = a+bID (7.3)

ID = log2

(
A
W

+1
)

(7.4)

In [121] Stoelen and Akin demonstrated additive effects of combining rotational and transla-

tional movement, i.e.,

MT = a+b(IDtranslate + IDrotate) (7.5)

In [9] Accot and Zhai also demonstrated additive effects of combining multiple Fitts’ Law tasks

in series. They examined users’ performance on several positioning tasks performed sequentially,

and found consistency with Fitts’ Law when the ID is of successive movements were added, or,

MT = a+b(IDtask1 + IDtask2 + IDtask3). (7.6)

Using these two results gives us an approach to formulating the TFLS task (there are two ways

to perform block-transfer handoff, with or without a 90 degree rotation. This analysis assumes the

method with rotation is used.)

Furthermore, two measures give a unique overall measure of performance, “throughput” and

“index of performance”. Index of performance (IP) comes from Fitts’ original paper and is given

by:

IP = 1/b (7.7)

The inverse of the slope gives an idea of how movement time will scale up/down with difficulty.

However, this measure assumes the performance curve passes through the origin, otherwise it fails

to encompass all performance results.

Throughput (TP), as suggested in [118] can is calculated by:

T P =
1
N

N

∑
i=1

(
1
M

M

∑
j=1

IDei j

MTi j

)
(7.8)

1The analogy to Shannon’s theorem is as follows: Amplitude, A, relates to signal power, P; while target width W
relates to noise tolerance N. Therefore Shannon’s Theorem: C = log2((P+N)/N) is relatable to the motion throughput
of the human motor system: MT = a+bLog2((A+W )/W ). Whether this is an appropriate or generalizable analogy is
an excellent question that is beyond the scope of this thesis. For further discussion the user is referred to [74].
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Figure 7.3: Illustration of the three phases required to transfer a block.

N is the number of subjects, M is the number of trials and MTi j is the move time for the trial.

IDe is a corrected index of difficulty for the case where the effective movement amplitude and width

are not utilized due to large target widths.

7.2.3 Information Complexity of TFLS

For the grasp segment of movement (move to block grasp):

IDtranslate = log2

(
Dp

Wg
+1
)

(7.9)

IDrotate = log2

(
90
θ1

+1
)

(7.10)

MT = a+b(IDtranslate1 + IDrotate1) (7.11)

The three phases of movement for block i (pick-up, put-down, handoff) can, in theory, be com-

bined:

Pick−up : MT4i = a4 +b4

(
log2

(
Pi,i+1

2Wg
+1
)
+ log2

(
90
θ1

+1
))

(7.12)

Put−down : MT2i = a2 +b2

(
log2

(
Pi,

2Wp
+1
)
+ log2

(
90
θ2

+1
))

(7.13)

Hando f f : MT13i = a13 +b13

(
log2

(
(Pi +Pi,i+1)/2

2Wg
+1
)
+ log2

(
90
θ1

+1
))

(7.14)

Total : MTblocki = MT1i +MT2i +MT13i (7.15)

Parameters are described in Table 7.1
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Parameter Symbol Value

Grasping tolerance Wg = wt −wg 3mm = 6mm - 3mm

Grasping angle tolerance θ1 5◦

Block drop tolerance Wp = wg−wp 6.5mm = 9.5mm - 3mm

Block drop angle tolerance θ2 5◦

Distance (pick→place) Dp =
Pi
2 Variable

Distance (place→pick) Dp =
Pi,i+1

2 Variable

Table 7.1: Measurements of Fitts’ Law parameters for TFLS Task.

Block 1 2 3 4 5 6

Pi 32 57 56 50 49 66

Pi,i+1 32 46 63 89 50 47

ID 26 28.4 29.1 30.4 28.1 29

Table 7.2: Distance required and index of difficulty each TFLS block transferred.

Where MTblocki is the movement time for block i predicted by Fitts’ Law and its extensions.

Note that MT13 is a bi-manual task phase, so we expect b13 to be larger.

Computed TFLS task board IDs are given in Table 7.2.

The many assumptions in this analysis (additive IDs, straightforward combination of rotation

and translation IDs, bimanual operation) make a weak case for Fitts Law analysis of the task. There-

fore, while using TFLS offers one good measurement of manipulation performance on a certain class

of tasks, it does not offer generalizable throughput or index of performance metrics available using

Fitts Law. To that end an additional simplified task is also used to find those measures.
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Figure 7.4: (Left) CAD Model of Fitts’ Law task board. (Board specifications) movement

amplitude: 1.25, 2.0, 2.75, 3.5, 4.25, 5.0 in. Block width of 0.5, .375 in Peg diameter: 0.125,

0.3125 in. (Right) Photo of the board.

7.2.4 Fitts’ Law Task

A Fitts’ Law type task is used to measure the motor control performance of humans using the

telerobot. Three peg boards were constructed with five pegs and blocks. The board can be seen in

Figure 7.4.

The task requires a user to transfer cylindrical blocks from wells on one half of the board to pegs

on the other. The three boards are usable with two different block sizes (Db): 0.5 and 0.375 inches;

and three unique peg diameters (Dp): 0.125, 0.1875, and 0.3125 inches.

For the fitts law analysis, width W is calculated as W = Db−Dp.

The movement amplitude, A is the center-to-center distance between a block pick-up location

and a target peg. The boards accommodate six different A values: 1.25, 2.00, 2.75, 3.50, 4.25, 5.00

inches.

The different combinations of peg diameters, block diameters, and peg-block-distances yields

a matrix of 36 IDs ranging from 2.12 to 6.34 bits. From this range, five IDs were selected for the

experiments: the maximum and minimum, and three that approximate an equal spacing across the

range of values. The selected IDs are: 2.12, 3.17, 4.30, 5.49, and 6.34 bits.
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7.3 Computer Assistance Functions

The three computer assistance functions described in Chapter 6 were implemented to assist the

performance of the above tasks.

The tasks were divided into component phases and the assistance functions were programmed

to change state to assist each phase. The FL task has two phases for each of the five block transfers:

block pick-up and block place. This makes a total of ten phases. The TFLS task has three phases

for each of the twelve block transfers: block pick-up, block handoff, and block place. This makes a

total of thirty six phases.

Phase transitions are controlled by the experimenter. When the user completes a phase, i.e.

picks, hands off, or places a block, the experimenter uses the keyboard to command the assistance

function to advance to the next phase.

7.3.1 “Golf Course” Forbidden Region Virtual Fixture

The primary assumption behind this assistive feature is that there are particular regions of interest

(ROI) in which the surgeon needs to operate while the rest of the environment should not be con-

tacted. For example a surgeon may want to apply electrocautery only to certain tissues and avoid all

others.

The resulting virtual fixture design provides motion constraints that limit the robot end effector

to safe regions. Safe regions are two overlapping spaces: well away from environmental contact,

above a horizontally arranged plane; and vertical cylinder “holes” in the plane allowing the user to

reach through the plane into environmental contact near the ROI. For the target tasks this has been

developed and called the “Golf Course Virtual Fixture” (GC), and implementation for the Fitts’ Law

task is shown in Figure 7.5.

Haptic Rendering

The GC comprises two parts: the restrictive surface keeping the robot away from the environment

and permissive regions that allow access to specified contact areas.

The permissive regions are cylindrical openings in the plane rendered by:
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Figure 7.5: Illustration of the Golf Course Virtual Fixture. User motion is restricted to above the

plane, or inside the cylinders.
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(7.18)

The restrictive surface is a horizontally arranged plane described by:

fz =


0 ,Z >= Zp

k1(Zp−Z)− k2(Ż) ,Z < Zp

(7.19)

The two are combined by taking the minimum force contribution of the two (which can be zero

when out of contact):

Fm = min(‖Fplane‖,‖Fcyl‖) (7.20)
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Figure 7.6: Illustration of the Attractive Cylinders Virtual Fixture. A sinusoidal force profile

surrounds a dead zone around the block place location. Five cylinders are shown, but only one is

active at a time.

7.3.2 “Attractive Cylinders” Guidance Virtual Fixture

The objective of this feature is to assist the user’s natural proprioceptive sense by actively pushing

their hand towards the goal. There is no assistance added to operation in other areas, except as a

side-effect of being encouraged to move towards the objective.

The “Attractive Cylinders” virtual fixture comprises cylindrical volumes surrounding an in-

tended target or targets. A sinusoidal force profile surrounding the region creates a smooth transition

from freespace motion outside the target area through the force field, and into the target manipula-

tion region (see Figure 7.6).

Haptic Rendering

The AC is rendered as a single sinusoidal force profile in a radius around the target.
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Fd =
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0 ,d ≤ r1,
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(
1− cos

(
2π(d−r1)

r2

))
,r1 < d < r2,

0 ,d ≥ r2.

(7.22)
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7.3.3 “The Lendvay Jetstream” Mixed Autonomy Function

Let’s assume the computer has some knowledge of where the user wants to operate, but not neces-

sarily what the user will do or how to do it. In addition let’s assume the computer knows about safe

regions in which to move autonomously, i.e, in free space away from environment contact. In this

safe region the robot can autonomously carry out non-contact movements. The result is a spatially

varying autonomy field with some regions categorized safe for autonomy and others that are not

safe for autonomy.

The rules for this mixed autonomy function are as follows:

• Segment space into safe regions and unsafe regions, using sensing or human input.

• Identify task relevant areas either through sensing or human input.

• If the robot is in the safe region, send movement commands to move towards the task relevant

area.

• Human movement commands are directly added to assistance function commands.

As implemented for the two tasks, the Lendvay Jetstream function uses a partition function

based on height: when the user is away from environmental contact, above the peg board, it is safe
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Figure 7.7: Illustration of the Lendvay Jetsream mixed autonomy function. Autonomous velocity

magnitude is proportional to the elevation penetration into the virtual “Jetstream”. Figure shows

motion left-to-right, but the velocity command is always towards the target.

to apply autonomous movement; below that elevation all robot motion is directed manually by the

user.

Autonomous Movement

The Jetstream autonomous movement function as used in this experiment was defined as:

H = z− z j (7.24)
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(7.25)

V̄ = kvX̄d
√

H (7.26)

∆X̄ = V̄ ∆t (7.27)

d the distance the user has penetrated into the Jetstream region, z the end effector elevation ,

and z j the Jetstream height. The direction X̄d is computed from the current position X̄ to target X̄t .
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Velocity V̄ is then used to calculate a robot motion increment command ∆X̄ for the next time step

∆t.

Mixed Autonomy Implementation

Motion increments, ∆X̄ are sent to the slave robot in parallel with those from the master device, and

the human and machine agents have equal control of the robot. On the slave side, motion increments

from both sources are integrated to generate a desired robot position.

Combination of the two command sources has two results. First, the human can override the au-

tonomous motion command subject to master-device workspace limits and movement speed. Sec-

ond, the user has control of the penetration depth into the autonomy field, and therefore is able to

take back manual control to operate on the environment.

7.4 Experiment Design

Experiments were designed to test how the different assistance functions affect performance of the

FL and TFLS tasks, and to glean insights into how manual and computer control work together. All

experiments are approved by University of Washington IRB application #44956 EB.

Twenty two people participated as subjects in this experiment. Seven subjects were participants

in a previous study and were already proficient in using the master-slave teleoperation system for

purely manual, unaassisted control [34]. The remaining fifteen subjects had little or no prior expe-

rience with telerobotics.

7.4.1 Training

All subjects, before starting operation of the robot, were shown a slideshow presentation that de-

scribed the experiment, experimental objectives, and the three assistance functions.

Due to the difference in experience levels, two different training programs were used: one for

novice users and one for proficient users.

Novice users underwent four training phases:

• First, a basic orientation training used a simulator and the user practiced re-orienting the

simulated robot end effector five to ten times.
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• In the second phase, the novice user transferred three FL task blocks right to left with the

right hand. The exercise was repeated eight times, twice with each assistance mode including

unassisted operation.

• Next, the user performed the five-block FL task using a unique index of difficulty that was not

used in the final assessment. This task was repeated eight times, twice with each assistance

mode.

• A final training phase was executed after the FL task trials and before the TFLS trials. In this

exercise the user transferred three TFLS style blocks on a training board that resembles the

TFLS board, but is geometrically different. The user executeed the bi-manual task four times,

once with each assistance mode.

7.4.2 Master Console

The complete master console is seen in Figure 7.8. This experiment used the Mantis Duo (Mimic

Inc., Seattle, WA, USA) as the master interface. The Manits is a two handed wire-tension based

haptic system capable of rendering forces up to 15.2N. It has 7 DoF input (6 cartesian plus grasp)

and a workspace of approximately 790x522x394mm. A motion scaling factor of 0.75 was used

from user’s hand to robot motion.

A Panasonic monitor placed behind the Mantis Duo provided visual feedback. Video was ac-

quired using a Microsoft LifeCam Studio webcam at 640x480 resolution at 30fps, and displayed on

the monitor. The camera viewed the task at an angle of approximately 35◦ declension.

A footpedal acted as the clutching/indexing control. A user’s foot pressed the pedal at all times

during operation of the robot.

The user sat in a chair with armrests and was allowed to adjust the height of the chair and

position armrests. Also, the Mantis Duo wrist-support was adjusted to improve comfort and range

of motion of the hand.
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Figure 7.8: The master console shows HDTV visual feedback, the Mantis Duo bi-manual haptic

interface, footpedal, and chair.
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7.4.3 Trials and Ordering

Each subject performed twenty four trials: twenty FL task iterations and four TFLS task iterations.

First the FL tasks were performed followed by the TFLS tasks. The FL task iterations represent

twenty unique trial conditions:

4 assistance modes x 5 indices o f di f f iculty = 20 trials (7.28)

The FL trial conditions were presented to subjects in random order, randomized for each subject.

Four TFLS task iterations included one iteration for each assistance mode; these were also pre-

sented in random order, randomized for each subject.

It should be noted that each FL task iteration required five block transfers, while each TFLS

iteration included twelve block transfers. Therefore one task iteration provided a sample size of five

or twelve, respectively, for that experimental condition.

7.5 Data Collection and Analysis

Trial data were automatically collected using the ROS ‘rosbag’ function. All robot movement data

are timestamped and saved for offline analysis. The stored data include: timestamp, task phase,

assistance mode, cartesian end effector pose, grasper angle, commanded master-side force, and

autonomous movement command.

7.5.1 Data Segmentation for Fitts’ Law Task

The simplicity of motion of the FL task allowed a fine-grained segmentation of the resulting data.

For each task the data were divided into the following partially overlapping component segments:

• “Grasp segment”: begins when the block is grasped and ends when the block is released.

• “Ballistic segment”: begins when the block is grasped and ends when the end-effector reaches

the target area. The target area is defined as a region 5mm horizontal radius from the final

block-release location. This segment overlaps the grasp segment.
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(a) FL task Grasp Segment (b) FL task Ballistic Move Segment

(c) FL task Placement Segment

Figure 7.9: Motion segmentation of Fitts’ Law task

• “Placement segment”: begins when the ballistic segment ends; when the end effector reaches

the target area. Ends after the block is released and the robot leaves the target area.

Note that the end of the grasp segment and the end of the placement segment are not the same.

The grasp segment ends precisely when the block is released, while the placement segment ends

after the block is released and the user moves outside the placement zone.

Data segmentation was performed automatically in data analysis software. The three segments

are illustrated in Figure 7.9.

7.5.2 Data Segmentation for Telerobotic FLS Task

TFLS data were segmented into the three phases of task completion shown in Figure 7.3:

• Block pick-up phase

• Block handoff phase
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• Block placement segment

These three phases are repeated for each of the twelve block transfers: block pick-up, block

handoff, and block place. This makes a total of thirty six phases, and data for each phase is reported.

In addition path length and movement times for the entire block transfer are reported for each of

the twelve blocks.

7.5.3 Statistical Methods

Fixed effects analysis of variance (ANOVA) was used to identify differences between assistance

modes in both tasks. Response variables (time, path length) are modeled as a function of assistance

mode and, for FL metrics, index of difficulty. This tested the signficance of assistance considering

the data from all trials.

Before calculating ANOVA completion time and path length, data were log-transformed to sat-

isfy normality and homogeneity. Distributions were examined using Shapiro-Wilk test. The result-

ing ANOVA model coefficients and confidence intervals were then exponentiated to interpret the

resulting calculated differences. The ANOVA model also yields significance measures relative to

the intercept (control) case. The resulting significance values account for multiple comparisons.

7.6 Results: Fitts Law Task

7.6.1 Fitts’ Law fit

The FL task performance was analyzed in the Fitts’ Law paradigm for each of the four assistance

modes: Attractive Cylinders (AC), Golf Course (GC), Jetstream (JS), and no assistance (NA). The

overall mean grasp segment time was calculated for each of the four AFs at each of the five IDs.

Four regression lines were calculated, one for each AF, by fitting to the ID means. Results of the

linear regression are shown in Figure 7.10

The movement time (MT) to index of difficulty (ID) relationships for the four operation modes
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Figure 7.10: Fitts’ Law line fitting to all data combined

were found to be:

AC : MT = 1.8973+0.4951(ID) (7.29)

GC : MT = 2.6410+0.3905(ID) (7.30)

JS : MT = 1.9177+0.4405(ID) (7.31)

NA : MT = 1.8683+0.4743(ID) (7.32)

(7.33)

The R2 coefficients for the four modes are AC: 0.94, GC: 0.81, JS: 0.90, and NA:0.79.

This can be further analyzed in terms of the “Fitts Index of Performance” (IP) defined as:

IP = 1/b (bits/sec) (7.34)

With a larger value indicating better performance. In this case the IP for the four modes is AC:

2.01, GC: 2.56, JS: 2.27, NA: 2.10 bits/sec.

Throughput (TP) was calculated by Equation 7.8. This analysis shows that TP for the four modes

is AC:1.19, GC:1.12, JS:1.27, NA:1.22 bits/sec Higher TP indicates better performance.
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7.6.2 Movement Time

The FL task was analyzed in terms of performance in three different segments as described in section

7.5.1. Data were measured for each block transfered. The required times for each task segment are

reported in Table 7.3. The times are reported as mean and standard deviation for each assistance

mode for each index of difficulty.

ID A.C. G.C. J.S. N.A.
2.12 3.06 / 0.11 3.51 / 0.13 2.98 / 0.18 3.06 / 0.11
3.17 3.55 / 0.15 4.09 / 0.19 3.32 / 0.14 3.36 / 0.13
4.30 3.68 / 0.16 3.78 / 0.12 3.65 / 0.16 3.79 / 0.12
5.49 4.56 / 0.21 5.06 / 0.23 4.04 / 0.20 3.87 / 0.14
6.34 5.23 / 0.20 5.13 / 0.20 5.03 / 0.27 5.42 / 0.24

(a) Grasp segment

ID A.C. G.C. J.S. N.A.
2.12 1.70 / 0.08 2.03 / 0.10 1.61 / 0.14 1.79 / 0.06
3.17 1.77 / 0.10 2.13 / 0.10 1.85 / 0.08 1.92 / 0.07
4.30 2.20 / 0.10 2.23 / 0.07 1.84 / 0.08 2.27 / 0.08
5.49 2.13 / 0.12 2.59 / 0.14 1.88 / 0.09 2.33 / 0.11
6.34 2.43 / 0.10 2.86 / 0.13 2.60 / 0.13 3.08 / 0.17

(b) Ballistic movement segment

ID A.C. G.C. J.S. N.A.
2.12 1.73 / 0.09 1.93 / 0.08 1.82 / 0.13 1.70 / 0.10
3.17 2.26 / 0.14 2.43 / 0.18 2.00 / 0.13 1.98 / 0.15
4.30 2.01 / 0.12 2.01 / 0.11 2.32 / 0.17 2.07 / 0.11
5.49 3.39 / 0.22 3.33 / 0.20 2.78 / 0.21 2.43 / 0.15
6.34 3.75 / 0.20 2.99 / 0.17 3.33 / 0.30 3.31 / 0.21

(c) Placement segment

Table 7.3: Movement Time Mean / Standard Deviation (Sec.). Given for each index of difficulty

(ID) for all assistance functions: Attractive Cylinders, Golf Course, Jet Stream, No Assistance.

The distribution of the grasp segment times is shown in Figure 7.11. Distribution of Ballistic

Movement and placement segment times are shown in Figures 7.12 and 7.13.

Statistical Analysis ANOVA was performed on the movement times with fixed effects of AF and

ID. The data were log transformed to ensure normality and homogeneity. Shapiro-Wilk normality
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Figure 7.11: Grasp segment time (sec) histogram (FL task). One plot for each ID, lines represent

assistance functions: purple=attractive cylinder, red=golf-course, green=Jetstream, blue=no

assistance.

test on the log transformed Grasp, Ballistic Move, and Placement Times yielded significance values

of p=1.01e-5, 2.2e-16, 5.11e-15, indicating the data distributions are well suited for linear modeling

with ANOVA.

Table 7.4 reports the results of ANOVA of segment times. The reported estimated difference in

means (Est) is of log-transformed, data. Exponentiating the estimate yields the expected multiplica-

tive difference of means. Or, in other words, given the treatment, the expected movement duration

is eEst times the no-assistance duration. The percentage difference is also reported. Negative per-

centage indicates faster performance.

Little variation is observed in the overall grasp time, ranging from 4% slower G.C. performance

to 2% faster J.S. performance. Ballistic movement time is much faster for the A.C. and J.S. modes

(11% and 16% respectively), while placement times are slower for A.C. and J.S. (13% and 2%).

This is significant in the A.C. case. Golf course in slower in all segments of operation.
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Figure 7.12: Ballistic movement segment time (sec) histogram (FL task). One plot for each ID,

lines represent assistance functions: purple=attractive cylinder, red=golf-course, green=Jetstream,

blue=no assistance.

7.6.3 Path Lengths

The mean and standard deviations of the distance travelled (path length) for each block are reported

in table 7.5. The path lengths are for each assistance mode for each index of difficulty.

Figures 7.14, 7.15, and 7.16 show the distribution of block transfer path lengths for the grasp,

ballistic movement, and placement segments respectively. The distributions are separated by ID,

and histogram fit curves represent the four assistance modes.

Statistical Analysis ANOVA was performed on the path lengths with fixed effects of AF and ID.

The data were log transformed to ensure normality and homgenaity. Shapiro-Wilk normality test on

the log transformed Grasp, Ballistic Move, and Placement path lengths yielded significance values
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Figure 7.13: Placement segment time (sec) histogram (FL task). One plot for each ID, lines

represent assistance functions: purple=attractive cylinder, red=golf-course, green=Jetstream,

blue=no assistance.

of p=1.68e-6, 6.6e-06, 6.7e-4, indicating the data distributions are well suited for linear modeling

with ANOVA.

Table 7.6 reports the results of ANOVA of path lengths. Reported estimated difference in means

is of log-transformed data. Exponentiating the estimate yields the expected multiplicative difference

of means, or in other words, given the treatment, the expected path length is eEst times the no-

assistance duration. The percentage difference is also reported. Negative percentage indicates faster

performance.

All assistive modes show a longer grasp-path length compared to N.A. and for A.C. and G.C.

this is a significant difference. J.S. shows a slightly shorter ballistic movement segment path, but

longer placement path. A.C. shows a much longer, 20%, placement path, while J.S. and G.C. are

8% and 17% longer respectively- all significant differences.
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Estimate eEst % p
A.C. 0.010 1.01 1% 0.338
J.S. -0.018 0.98 -2% 0.077
G.C. 0.043 1.04 4% <0.001

(a) grasp segment

Estimate eEst % p
A.C. -0.119 0.88 -11% <0.001
J.S. -0.171 0.84 -16% <0.001
G.C. 0.041 1.04 4% 0.126

(b) Ballistic Movement Phase

Estimate eEst % p
A.C. 0.126 1.13 13% <0.001
J.S. 0.023 1.02 2% 0.529
G.C. 0.127 1.13 14% <0.001

(c) placement segment

Table 7.4: ANOVA between movement times. Each AF is compared to the no-assistance case.

Columns are: Estimated difference of log-transformed means, exponentiated estimate, percent

difference of means, P-value significance.

Figure 7.14: Grasp segment path length (m) histogram. One plot for each ID, lines represent

assistance functions a1=attractive cyl., g1=Golf Course, j1=Jetstream, z1=no assistance.
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ID A.C. G.C. J.S. N.A.
2.12 0.116 / 0.003 0.120 / 0.003 0.111 / 0.005 0.108 / 0.003
3.17 0.145 / 0.004 0.142 / 0.004 0.129 / 0.003 0.133 / 0.003
4.30 0.170 / 0.002 0.165 / 0.003 0.167 / 0.003 0.160 / 0.003
5.49 0.164 / 0.004 0.170 / 0.005 0.151 / 0.003 0.143 / 0.003
6.34 0.227 / 0.004 0.216 / 0.003 0.218 / 0.006 0.217 / 0.004

(a) grasp segment

ID A.C. G.C. J.S. N.A.
2.12 0.080 / 0.002 0.083 / 0.003 0.077 / 0.004 0.076 / 0.002
3.17 0.099 / 0.003 0.097 / 0.002 0.096 / 0.002 0.099 / 0.002
4.30 0.137 / 0.002 0.130 / 0.002 0.125 / 0.002 0.126 / 0.002
5.49 0.114 / 0.002 0.120 / 0.003 0.109 / 0.002 0.113 / 0.002
6.34 0.169 / 0.002 0.174 / 0.002 0.170 / 0.003 0.173 / 0.003

(b) Ballistic Move Phase

ID A.C. G.C. J.S. N.A.

2.12 0.049 / 0.003 0.049 / 0.002 0.048 / 0.003 0.044 / 0.003
3.17 0.061 / 0.004 0.060 / 0.004 0.048 / 0.003 0.050 / 0.003
4.30 0.047 / 0.002 0.050 / 0.003 0.056 / 0.004 0.047 / 0.002
5.49 0.070 / 0.005 0.069 / 0.004 0.057 / 0.004 0.048 / 0.003
6.34 0.079 / 0.005 0.060 / 0.003 0.069 / 0.006 0.063 / 0.004

(c) placement segment

Table 7.5: Path Length Mean / Standard Deviation (m).

For each index of difficulty (ID) For all assistance functions: Attractive Cylinders, Golf Course, Jet

Stream, No Assistance.

7.6.4 Excursions From Target

Another interesting metric is how much the operator deviated from their intended target, called here

“excursions from target”. An excursion is defined as a trajectory performed during the placement

segment wherein the robot end-effector moves to more than 1 cm away from the target, defined by

the final grasp-release location. Two measures are reported here: the number of excursions, and the

summed path-length of all excursions.

The number of excursions for the four modes were AC:182, GC:110, JS:140, NA:163. Total

path length for the four modes was AC:6.4, GC:2.9, JS:4.0, NA:4.1. Table 7.7 reports the excursions
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Figure 7.15: Ballistic movement path length (m) histogram. One plot for each ID, lines represent

assistance functions a1=attractive cyl., g1=Golf Course, j1=Jetstream, z1=no assistance.

Figure 7.16: Placement segment path length (m) histogram. One plot for each ID, lines represent

assistance functions a1=attractive cyl., g1=Golf Course, j1=Jetstream, z1=no assistance.



81

Estimate eEst % p
A.C. 0.034 1.03 3% <0.001
J.S. 0.073 1.08 8% 0.264
G.C. 0.153 1.17 17% <0.001

(a) grasp segment

Estimate eEst % p
A.C. 0.018 1.02 2% 0.147
J.S. -0.020 0.98 -2% 0.116
G.C. 0.030 1.03 3% 0.018

(b) Ballistic Movement Phase

Estimate eEst % p
A.C. 0.181 1.20 20% <0.001
J.S. 0.073 1.08 8% 0.034
G.C. 0.153 1.17 17% <0.001

(c) placement segment

Table 7.6: ANOVA between path lengths. Each AF is compared to the no-assistance case.

Columns are: Estimated difference of log-transformed means, exponentiated estimate, percent

difference of means, P-value significance.

measures and a percent difference compared to the NA case.

7.7 Conclusions: Fitts’ Law Task

7.7.1 Interpretation of linear fit

The Fitts’ Law regression line describes the relationship between movement time (MT) and index

of difficulty (ID), and the R2 statistic reports how much predictive power the line provides.

Compared to prior studies [118] the R2 coefficients for two of the four modes are low, with

coefficients of .79 (NA) and .9 (GC). The AC mode had the best fit with R2 coefficient of .94, while

JS had a R2=.90.

Low R2 of the Fitts Law fit for any of the treatments indicates that MT is only partly explained

by ID. In this case there are additional confounding factors: the three dimensionality of the task,

coupled with a lack of stereo vision may cause variation in MT. Also, the task has a rotational

component, i.e., the block must be aligned with the peg, and this may be an interfering factor.

These additional requirements are the same for all treatments, so it is unclear why there would be a

difference in R2.

Nonetheless, the range of correlations indicates that ID has some predictive power for movement
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Table 7.7: Excursions From Target. % Difference is the change in excursion metric compared to

the No Assisstance mode.

A.C. G.C. J.S. N.A.

# Excursions 182 110 140 163

% Difference 11% -33% -14% —

Total pathlength 6.402 2.92 4.006 4.125

% Difference 55% -29% -3% —

time, or in other words, given a subject’s baseline performance his/her performance on one ID

performance tasks with other IDs may be inferred with some degree of confidence.

Also, it is interesting to compare the IP determined here with results from other past experiments.

The range of IPs reported in this experiment for the four assistance modes is 2.01 - 2.56. Fitts’

original paper reports IP for the human hand in the range of 8.9-12.9. MacKenzie et al. studied

computer input devices and found IPs of 3.3 (Trackball), 4.5 (mouse) and 4.9 (tablet) [73].

Subjectively, from observations of subjects, this comparison seems about right. Compared to

moving objects with the hand, rate of task performance was on the order of one fourth or one

sixth. Compared to clicking items on screen, the rate of task performance was on the order of half.

Although, 2-D mouse clicking is much easier than 6-D peg-block transfer.

7.7.2 The “Teleport Effect”

The first surprising aspect of the data is that the assistance functions do not demonstrate a resounding

improvement in grasp time. Grasp time is the measure of task completion, i.e., from the time the

block is picked up from its source location to the time it is placed at its final destination. This is

especially surprising, since subjective observation of subjects shows them moving quickly between

the pick-up to placement locations.

Segmentation of the data into the ‘move’ phase and ‘place’ phase reveals an interesting phe-

nomenon, which can be described as the “teleport effect”.

Using Jetstream and Attractive Cylinders assistance modes users show improvement in ballistic
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movement time of -11% and -16% respectively compared to unassissted operation. Meanwhile

the placement time with Attractive Cylinders assistance was +13% (slower) and for Jetstream by

+2%. For grasp time these two modes show +1% and -2% change from no assistance, respectively

and these are not statistically significant. This illustrates that marked improvement in the ballistic

movement phase is counteracted by increased time in the placement phase, resulting no overall

gains.

Similar results are observed in the path length data. While Attractive Cylinders and Jetstream

modes evidenced essentially identical ballistic move phase path lengths (+2%, P=.14 and -2%, P=.11

respectively), they each showed markedly longer placement phase paths (+20%, <.001 and +8%,

P=.034). Again illustrating that despite a faster time-to-target, the user experienced difficulty in

finishing the task once the goal area was reached.

Why? The data from these experiments clearly show a trade-off between ballistic movement per-

formance and placement performance. For future assistance function design, it’s important to look

at why the effect occurs, and what mitigating strategies can be adopted.

The Attractive Cylinders function is an attractive sinusoidal force-field. The haptic rendering

function (see Section 7.3.2) includes only the attractive force, but no velocity-dependent damping

factor. Therefore the fixture is adding energy to the system that must be damped out by the user and

natural mechanical damping. This is a likely contributor to the teleport effect in that case.

Sources of error from the Jetstream function on the other hand, are harder to identify. However,

the transition from fast ballistic movement into the dead-zone around the target is a likely source of

confusion or disorientation, since automatic motion ends abruptly upon entering that zone. The user

is required to quickly start a new movement: identify the new location after a fast move, decide a

new path to the peg, begin the necessary movement to the peg, and correct for errors.

A similar result is illustrated in Figure 7.17 from [134]. There, a mismatch in system state

between the autonomous and manual bi-lateral controller causes discontinuities in force. During

object manipulation this could lead to objects being dropped, obstacles being hit, or other catas-

trophic events.

The teleport effect is the performance detriment incurred when switching from computer as-

sisted control to pure manual control. This leads to the following problem formulation for computer
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Figure 7.17: This figure from [134] shows the force profile of a ramp-up and hold force-control

task. Control is exchanged and combined between bilateral control (B), autonomous (A), and

unilateral (U) control. Note the sudden force discontinuities during (AB) control-exchange phases.

assistance functions: there appears to be a need for state estimation and matching before transition-

ing between manual and assisted operation.

In addition, there is a human factors consideration that cannot be overlooked. Each of the

assistance function geometries is defined relative to the vertically-oriented pegs. However, with the

2-D video at an angle of 35◦ down from horizontal, users tend to follow a trajectory that moves along

this diagonal. Following this curved path, rather than a straight line, allows the user to visually align

the block with its intended peg during the movement to target. As a result, the user has already

made path adjustments necessary to place the peg, and does not need to recalculate a new path and

perform new visual corrections to make the block-peg alignment. Use of 3D vision may help with

this problem, but nonetheless it illustrates the need for the assistance functions to take human factors

into account.

Therefore the following guideline should be followed when designing computer assistance func-

tions: assistance functions, to the extent possible, should be designed to cooperate with the natural

ergonomics of human task performance.

As an example, further performance gains might be made by aligning the axes of the assistance

function geometric constraints with the user’s line of sight, instead of the more obvious vertical ar-

rangement based purely on task geometry. There may be some trade-off between task requirements

and human factors requirements, i.e., the Golf Course mode may provide a safer path by requiring

an approach from above, while a diagonal approach might be easier and more efficient. However,

to the extent possible the functions should be designed to accommodate the way humans naturally
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operate.

Finally, computer assisted manipulation is not something most people do in their day-to-day

life. Therefore, it’s possible that experience with the AF would increase users’ ability to leverage

the assistance they afford. This question is left for future work.

7.7.3 Excursions and Safety

In some operations, acting outside of a target area could incur damage, and therefore “excursions”

can be said to inversely correlate to safety.

By this measure, Golf Course assistance shows strong improvement over unassisted operation

with 33% fewer excursions and 29% less distance traveled outside the target area (sum over all

trials). This is a reasonable conclusion since the Golf Course is designed to restrict users’ motion to

intended areas of operation.

The Golf Course is not a “hard” virtual fixture in the sense that the robot will follow users

who overcome the force of the haptic assistance function, and thus excursions are still permitted.

Whether or not users should be allowed this freedom is a design choice. From the data available in

this experiment it is impossible to say whether the excursions that occurred with the Golf Course

assistance were accidental or purposeful and necessary to complete the operation.

Jetstream assistance led to slightly decreased excursions (14% fewer and 3% decreased path

length), probably due to the fact that it brings the user directly to the destination. On the other hand,

disorientation due to the teleport effect and parallax error in viewing angle are likely responsible for

the excursions.

The Attractive Cylinders mode showed worse performance in excursions. This mode entailed

11% more excursions and a 55% increase in the path length traveled outside of the target region.

This is most likely due to the absence of damping in the haptic rendering function. The Attractive

Cylinders assistance function could possibly be improved by applying control theoretic principles

to optimize the assistance offered in reaching a goal. In some sense, the assistance function has

as a goal the controlled movement of the robot end effector to the target area. To achieve this the

function applies control effort of force on the human operator’s hand.

This leads to the following problem formulation: what optimality criteria can be applied to
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maximize task performance? How can traditional control theory be applied in assisting human

movement?

For example, excursions can be minimized by optimizing virtual fixture parameters for maxi-

mum overshoot; with a dynamical model of the master, slave, and human hand dynamics (under

simplifying assumptions) an optimal controller could be designed to move the end effector towards

a goal. It’s unclear how this approach would interact with human decision making.

7.8 Results: Telerobotic FLS

7.8.1 Separate Task Components

The TFLS task performance is reported here in terms of block transfer time and block transfer path

length for each of the three task components: pick-up, handoff and placement.

Figure 7.18a shows histograms of phase times for each of the three phases. Tables 7.8a and

7.8b report mean and standard deviation of movement time and path length respectively. Attractive

cylinders assistance shows lower mean movement times, while Jetstream assistance entailed longer

time on average.

The significance of the means is reported in Table 7.8c and 7.8d. The most notable effect is with

Attractive Cylinders assistance, and in all phases this mode appears to have the effect of improving

task completion time. P-values for statstical significance of each phase are pick-up: p<.1, handoff:

p<.1, place p<.005. The first two reflect significance at the 0.1 level, which is not a strong indicator,

while the third is significant at the 0.01 level which is quite a strong indicator.

7.8.2 Total Task Completion

Here, performance measures are reported for the entire task, i.e. all twelve block transfers together.

Mean and standard deviation of total time and path length taken for the task are reported in Table

7.9. Again we see that AC was faster by an average of 18.8 sec, which is significant at p<.05. Also,

the Jetstream mode was slower by about 18.9 sec, also significant at the p<.05 level.
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(a) Time

(b) Path Length

Figure 7.18: Histogram of phase completion times for each of the three action phases of the FLS

task.
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Pick Handoff Place

AC 4.93/2.87 4.60/2.11 4.57/2.54

GC 6.02/4.15 4.99/2.43 5.21/3.83

JS 6.57/4.96 5.32/2.72 5.50/4.80

NA 5.54/3.48 4.98/2.43 5.21/3.19

(a) Mean / StDev of Times (s)

Pick Handoff Place

AC 0.1050/0.072 0.084/0.037 0.091/0.068

GC 0.1169/0.093 0.089/0.044 0.089/0.086

JS 0.1291/0.127 0.091/0.046 0.092/0.110

NA 0.1008/0.073 0.090/0.048 0.090/0.075

(b) Mean / StDev of Path Length (m)

Pick

Estimate eEst % p

AC -0.090 0.9 -9% 0.073

GC 0.079 1.0 8% 0.115

JS 0.147 1.1 16% 0.003

Handoff

Estimate eEst %

AC -0.066 0.9 -6% 0.08

GC 0.012 1.0 1% 0.74

JS 0.064 1.0 7% 0.093

Place

Estimate eEst % p

AC -0.132 0.8 -12% 0.004

GC -0.043 0.9 -4% 0.351

JS -0.025 0.9 -3% 0.580

(c) ANOVA of Times

Pick

Estimate eEst % p

AC 0.068 1.07 7% 0.406

GC 0.106 1.11 11% 0.194

JS 0.121 1.13 13% 0.118

Handoff

Estimate eEst % p

AC -0.062 0.94 -6% 0.101

GC -0.0069 0.99 -1% 0.855

JS 0.0168 1.03 2% 0.655

Place

Estimate eEst % p

AC 0.028 1.03 3% 0.702

GC -0.049 0.95 -5% 0.507

JS -0.11 0.90 -10% 0.139

(d) ANOVA of Path Lengths

Table 7.8: (a,b) Mean/Standard deviations of each phase for each assistance function. (c,d)

ANOVA results comparing assistance modes for each phase of the TFLS block transfer task. Each

assistance function is compared to the no assistance case. Columns are estimated difference of

log-transformed means, exponentiated estimate, percent difference of means, P-value significance.
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AC GC JS NA

Time

Mean / StDev (sec) 164.4 / 37.9 188.7 / 60.8 202.2 / 57.5 183.3 / 53.9

Estimate (sec) -18.8 5.3 18.9 —

p-value 0.046 0.565 0.045 —

Path length

Mean / StDev (m) 3.266 / 0.421 3.440 / 0.589 3.625 / 1.081 3.286 / 0.640

Estimate (m) -0.019 0.153 0.339 —

p-value 0.905 0.359 0.045 —

Table 7.9: Time and path length metrics of the entire TFLS task (twelve blocks), n=22. The mean

and standard deviation are reported, also the ANOVA result giving the estimated difference in

means, and the significance (P-value).

7.9 Conclusions: TFLS

Overall, the TFLS task performance was improved by attractive cylinder assistance, and hindered

by Jetstream assistance.

Interestingly, whereas the Jetstream assistance contributed the most help in the FL task, it was

actually a detriment in the TFLS task. Jetstream assistance increased time required per subtask by

an average of 7%, and overall task performance by about 19 seconds. There was also a significant

increase in total path length, an average of 33cm (p<.05).

This change in effect is probably due to the relatively short ballistic movements required by the

TFLS task ( 2cm) compared to the FL task (3-12 cm). With the shorter ballistic paths, it’s possible

that the teleport effect causes greater disorientation. In addition, the Jetstream mode imposes greater

motion restrictions, since the automation feature automatically moves to a target, even if the user

tries to move away. Therefore, with a block pushed out of alignment by an awkward grasp, for

example, the user is forced to compensate by changing orientation instead of repositioning. This

additional rotational requirement takes time.

In contrast, attractive cylinder assistance improved task completion by around 10% on individual

movement phases, and about 19 seconds overall. Path length metrics, however, were not so clearcut,
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so it appears the AC mode helps by allowing the user to move faster, rather than with more efficient

paths.

Once again Golf Course mode showed slightly longer performance time and path length. Un-

fortunately due to short movement times and bi-manual operation, it was not possible to segment

the users’ task performance into shorter ballistic and targeting phase movements, and examine the

excursion (and thereby safety) performance of the Golf Course.

7.10 Summary and Future Work

This chapter has examined the effect of a few types of computer assistance functions on human con-

trolled teleoperation performance of two different tasks. From these example cases, the following

conclusions are drawn:

Teleport and Handoff There appears to be a need for state estimation and matching before tran-

sitioning between manual and assisted operation. Specifically, when trading from a condition with

a strong effect to a pure manual mode, a performance detriment is observed in terms of time taken

to complete a subsequent action. Some method for ameliorating this impact is necessary.

Human Centered Assistance Function Design Computer assistance functions should take into

account human task performance factors. From the results of the present experiment, it is hypoth-

esized that greater improvements may be made by aligning the AF geometries with the humans’

line of sight, rather purely aligning them with the task geometry. This is somewhat counterintuitive,

since a resultant path might be sub-optimal.

Design of Optimal Assistance Functions Force feedback virtual fixtures can be viewed as posi-

tion controllers to control the human hand. A control theoretic analysis of the problem might lead

to improvements in time and accuracy. However, this will entail a trade-off between controlling the

user, and allowing the user to be in control, and if a task is that well defined it might be more suitable

for automation.

Integration With More Realistic Tasks TFLS results showed that the AC assistance mode im-

proved task performance. Therefore, further testing should be performed to illustrate how this as-
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sistance could be added into existing teleoperation systems applications.

This work explores a wide but shallow portion of the complete AF design space. There are a

great many alternative ways the presented features might be changed. A simple example is that

the spring, damper, and acceleration parameters could be tuned for optimal performance, possibly

using an online estimator that adapts fixture parameters to each user. As a further example, fur-

ther assumptions about “safe operation” areas would entail different partitioning of the automation

workspace of the Jetstream function, allowing faster motion and slowing the user down as the robot

approached a target.

The AF presented here are pre-programmed and human controlled. This is sufficient to test the

features in the lab, but for application to real-world scenarios the next step should be to use sensing

such as computer vision and automated task analysis to automatically create the AF. Furthermore,

some kind of human intention recognition is necessary to make sure the assistance functions are

cooperating with the human’s objectives.

Ultimately telerobotics allows us to use robots to perform tasks we wouldn’t otherwise be capa-

ble of, e.g. dexterous minimally invasive surgery, explosive ordinance disposal, or deep sea opera-

tion. The computer assistance methods described here show ways of improving our capability to do

these high-value tasks, and their implementation will have immediate benefit to a variety of critical

applications.
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Chapter 8

CONCLUSIONS AND FUTURE WORK

This thesis has presented new work in teleoperation, directly and indirectly contributing to ad-

vances in human-machine cooperative control of teleoperation robotics.

Cooperative control augments human capabilities with robotic ones, with a goal of reaching

parity with human operation or possibly even super-human levels of task performance and safety.

Fulfilling that promise will dramatically effect existing applications and provide benefit to a wide

variety of tasks being performed by humans using robots today.

This work has focused, where possible, on applications in telesurgery where increased perfor-

mance can directly improve quality of life in patients; for example, better nerve sparing in radical

prostatectomy will reduce rates of incontinence and sexual dysfunction. At the same time, teler-

obotics is used in many other high-value applications from outer space to under-sea, all of which

will benefit from improved computer-assisted operation.

A major part of this thesis has discussed new platforms for telerobotics research: standards for

interconnecting telerobotics master and slave systems, and an open-source platform for telesurgery

research. These are fundamental enabling technologies for developing telerobotics technology in

the future, towards which this thesis contributes.

8.1 Internet Standards For Teleoperation

Teleoperation over the Internet will bring about ubiquitous telepresence robotics. As robots prolif-

erate, a standard like the Interoperable Telerobotics Protocol (ITP) in Chapter 5 will enable that to

happen. The work presented here proves by demonstration that a stateless protocol using Cartesian

space position and orientation commands is an effective and easy way to interconnect heterogeneous

master-slave systems, paving the way for a robust standard implementation.

The ITP is a simple data interface and as such is only part of the necessary protocol stack for

Internet teleoperation. An additional protocol layer is necessary for presence, session management,
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and negotiation of capabilities. A likely candidate is the Session Initiation Protocol that was ex-

plored in depth in [55]. Other likely candidates are Jabber/XMPP or Skype. Also, securing the

telerobotics communications is absolutely vital, but, again, this requires work in general Internet

networking security which is outside the scope of this thesis.

Work in Chapter 5 demonstrated new paradigms for telerobotics control and training. The fastest

block transfer times were performed using an exoskeleton master- a human interface technology

not typically found in telesurgery. Future engineering in telerobotics should use the concept of

interoperability to experiment with the wide variety of existing master robots as controllers for

telesurgery slave systems.

Open Platforms for Telerobotics and Telesurgery Research The Raven II robot is driving open-

ness and innovation in surgical robotics research, and is a new standard for surgical teleoperation

research. As an open-source telesurgery research platform, Raven II gives researchers a testbed for

new techniques and ideas.

Continued integration of man-machine control and vision guided operation will transform Raven

II from a teleoperation system to a mixed or shared autonomy robot. As these technologies mature,

so should the safety and reliability of the robot. Eventually Raven II should be reliable enough to

move from laboratory trials to animal and human trials, and finally to human therapeutic application.

A major question regards software reliability and validation. Currently, Raven II makes exten-

sive use of the open source Robot Operating System (ROS) middleware. However, ROS provides

no guarantees regarding reliability, and bringing ROS up to a level of safety necessary for FDA

approval, for example, would require extensive work.

An alternative path from laboratory results to clinical application is: development and proof on

the Raven II, and clinical application on an FDA approved robot. This would require the significant

step of porting a potentially large, complex code-base to another robot.

Unpublished work with the Raven II has required additional sensors; encoders co-located with

the joints rather than the motors, computer vision sensors, tool mounted force sensors, and tool-

carriage mounted actuators. Future development of an open robotic research platform might include

power and data connections for these add-ons.

Fundamentally, the Raven II is built on a conventional minimally invasive surgery (MIS) paradigm
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of long, stiff tool shafts inserted through the abdominal wall with dexterous wrists. Future work will

incorporate high degree of freedom tools providing a wider range of motion, possibly with redun-

dant actuation for increased range of motion and access. More specialized tools, as are already

available for the daVinci, will target individual procedures, reducing the complexity of some op-

erations. Finally, new robotic designs will facilitate single-port surgery while maintaining existing

manipulation capabilities.

The robotic revolution in surgery has begun, and the Raven II is part of the proliferation of

technology and expertise.

Virtual Fixtures This work has illustrated the use of virtual fixtures (VF) for object handling and

manipulation. Results in Chapter 7 illustrated when and how virtual fixture assistance can help or

hinder manual operation, and offered several guidelines for improving VF design and use.

The study used a few VF designs, a guidance and a forbidden region design, to tease out prin-

ciples of VF engineering. However, the wide design space for virtual fixtures was only sparsely

explored. The guidance virtual fixture (Attractive Cylinders), for example, used an attractive force

region to guide a user towards a goal. Another approach would be to calculate an optimal path to

the goal, and constrain robot motion to that path. An extensive study is necessary to find the most

effective designs. Results from the present work will inform that process.

One thing that would help considerably, is a virtual fixture rendering library. This would cer-

tainly be similar to existing haptics libraries like Chai3D [24] and OpenHaptics [48], but with added

capabilities for sensing and environment modeling, and integration with a slave robot.

Significant work in VFs will involve human intention recognition. The presented work is con-

trolled entirely by pre-programming and in real-time by the experimenter. Human intention recog-

nition is, in itself, an active area of research, particularly in the realm of human and robots coop-

eratively acting in the same space [18, 45]. In telerobotics, this capability will be even more aptly

applied, as the human’s motion gives the machine many clues about what predictions to make. With

robotic recognition of human intention for, say, grasping a block, the machine intelligence will be

able to greatly assist with the task.

Finally, real-time environment sensing is necessary to generate and update virtual fixtures during

operation. Future work in this direction is discussed previously in Chapter 4.



95

At the end of the day, pure-manual operation has significant drawbacks in terms or propriocep-

tion, sensing, and actuation. These drawbacks must be overcome to allow us to perform the types of

tasks we want to do. Virtual fixtures are an important way this can be accomplished.

Mixed Autonomous Telerobotics This thesis has introduced a new type of mixed autonomy as-

sistance based on a spatially varying autonomy function. In a way, this is the logical evolution of

virtual fixture, i.e., when the computer is capable of assisting the human operator with a task, it

may be able to perform the same task semi-autonomously. Furthermore, just as virtual fixtures are

inherently geometric, the Jetstream is also based on the geometry of a virtual environment.

The new mixed autonomy function introduced in Chapter 6, the ”Lendvay Jetstream”, is demon-

strated with one type of spatial function for determining a desired velocity: distance from environ-

mental contact. Another likely velocity function is based on distance from the target. Also in these

experiments, the environment surface was planar. More sophisticated geometry might be sensed

using a device like the Kinect or modeled from prior information such as a CAD model.

One drawback of the implemented Jetstream feature was limitation to positioning assistance.

The addition of orientation assistance might also be beneficial. Orientation was not included in the

experimental implementation and tests, since the orientation of the cylindrical block was not known.

With some additional sensing and object recognition, significant new orientation capabilities may

be added.

Many aspects of VF design and development also apply to mixed autonomy telerobotics. Im-

proved environment sensing, intention recognition, and assistance function design are necessary for

effective application of mixed autonomous telerobotics.

In addition, a very important consideration in shared telerobotic control is matching system state

between the autonomous and human controller when transitioning between individual and shared

control. Methods must be found to match the system state (velocity, acceleration, force, and virtual

potential energy) when switching between control modes (manual, assisted, autonomous).

New Dimensions in Human-Machine Collaborative Telerobotics Virtual fixtures and shared

autonomy represent promising technologies that have been proven in this and other lab-based sce-

narios to help with basic task performance. Now, however, the technology is almost ready to make a
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quantum leap into practical use. This will require several technical advances: accurate environment

modeling, task modeling, and human intention recognition.

The work presented here has demonstrated new capabilities for telerobotics. This research points

the way towards the development, deployment and usefulness of new robots, and demonstrates im-

provements on existing robotic capabilities that are currently used in critical, real-world applica-

tions.
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Appendix A

POWER ANALYSIS OF EXPERIMENTAL RESULTS

Statistical power is the probability of not committing a type II error, i.e., that a test will reject

the null hypothesis when the null hypothesis is false. Post-hoc power analysis relates the sample

size and observed effect size to the statistical power in a study. In this appendix, post-hoc analysis

of the experiments in Chapter 7 tests the statistical power of the linear modeling ANOVA methods

used.

A.1 Methodology

The following methodology was used to determine expected necessary sample size ’n’ based on the

results of the experiments carried out in this work.

The following quantities are required: betwen groups variance, within groups variance, number

of groups, disired α and desired power. From the literature [3] a desired power of 0.8 or 0.95 was

used. Figure A.1 shows the relationship between n and power for the Fitts Law task.

Necessary quantities were calculated in R using the following:

moveDat1$lnBT <- log(moveDat1$path)

modelx <- (lnBT ˜ mode)

outputx <- lm(modelx, data=moveDat1)

av1 <- anova(outputx)

BGV <- av1["Residuals","Mean Sq"]

WGV <- av1["mode","Mean Sq"]

grps <- 4

siglev <- 0.05

This example is for pathlength data, moveDat1$path, of the total TFLS task time, but the same

pattern is repeated for all metrics. Data are log transformed to achieve a normal distribution (checked

elsewhere with Shapiro Wilk and QQ normality plot. See Chapter 7 for details.)
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Between groups variance, BGV , and within groups variance, WGV , are taken directly from a

simplified one-way analysis of variance. The simplified model looks for variation among any of

the conditions, whereas the model used in Chapter 7 looks for differences between each assistance

mode and unassisted operation. This is sufficient for a broad estimate of the power of this study.

The number of groups is fixed at four (three assistance modes, plus unassisted operation) and

the desired α level is set at 0.05.

The power analysis itself is performed in R using the power.anova.test(), as follows:

pt <- power.anova.test(

between.var= BGV,

within.var= WGV,

groups=grps,

n=NULL,

sig.level=siglev,

power=0.9

)

A.2 Results and Conclusions

Power analysis following the above methods was performed on all data reported in Chapter 7 that

were analyzed with ANOVA.

The statistical power of an experiment goes up with increased sample size. This relationship,

for the data observed in Chapter 7 is illustrated in Figure A.1. The colored lines represent power vs.

sample size for each of the the metrics identified in that test. The vertical black line indicates the

actual sample size (n=110) used in the experiment.

Table A.1 presents a power analysis of the Fitts’ Law task. The required sample size to achieve

power p > 0.8 was between 13 and 109 for all six metrics. The actual sample size used was n = 110

(samples per group), therefore this was a sufficient sample size to make statistical inference based

on the observed effect size and variances.

Table A.2 reports the power analysis results for the Telerobotic FLS study. Power analysis is

performed on four metrics from that study. The metrics can be divided into two groups: phase

metrics and total metrics. The phase metrics (time, pathlength) represent measurements on each
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Figure A.1: Sample size vs. Power based on observed effect size and variance for each metric

identified in the Fitts’ Law experiments of Chapter 7. The sample size used in the experiments was

n=110 (shown in black) is sufficient to make statistical inferences with ANOVA.

phase of the task: pick-up, handoff, and place. Data from the three phases are combined into one

set to simplify analysis. The total metrics (time, path) are measurements for the entire task, i.e., six

blocks moved left-to-right and right-to-left with handoff.

From the foregoing power analysis it is concluded that the experimental design (i.e., the selected

sample size) yielded sufficient confidence to reject the null hypothesis when ANOVA showed the

null hypothesis to be false. Specifically, the null hypothesis was that teleoperation assistance had no

effect on teleoperation performance as measured on the selected tasks by the given metrics.
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Metric groups between group variance within group variance α power n (calculated)

grasp time 4 0.0334025 0.1018641 0.05 0.8 13

ball time 4 0.2283528 2.301334 0.05 0.8 38

place time 4 0.4135045 5.158877 0.05 0.8 47

grasp path 4 0.0179578 0.3433491 0.05 0.8 71

ball path 4 0.1184709 0.1314477 0.05 0.8 5

place path 4 0.3382577 9.995755 0.05 0.8 109

Table A.1: Power analysis of Fitts Law Task results.

Metric groups between group variance within group variance α power n (calculated)

phase time 4 0.2679056 1.635347 0.05 0.8 24

phase path 4 0.5840367 0.6344097 0.05 0.8 6

total time 4 0.0868591 0.03376707 0.05 0.95 4

total path 4 0.0379499 0.00558154 0.05 0.95 3

Table A.2: Power analysis of Telerobotic FLS Task results. *Phase metrics represent all phases in

one dataset (pick-up, handoff, place), while total time and path represent time and pathlength for an

entire TFLS block transfer performance.
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