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Abstract—The current research analyses and demonstrates

vocabularies to request action from a robot.” hist

how spoken language can be used by human users tocontext spoken language provides a very rich vefdor

communicate with the HRP-2 humanoid to program the
robot’s behavior in a cooperative task. The task inolves the
humans and the HRP-2 working together to assemble piece
of furniture. The objectives of the system are to .1Allow the
human to impart knowledge of how to accomplish a
cooperative task to the robot, i.e. to program theobot, in the
form of a sensory-motor action plan. 2. To do thisn a semi-
natural and real-time manner using spoken language.In this
framework, a system for Spoken Language Programming
(SLP) is presented, and experimental results are psented
from this prototype system. In Experiment 1, the kiman
programs the robot to assist in assembling a smatable. In
Experiment 2, the generalization of the system isatinonstrated
as the user programs the robot to assist in takinghe table
apart. The SLP is evaluated in terms of the changein
efficiency as revealed by task completion time andumber of
command operations required to accomplish the tasksvith
and without SLP. Lessons learned are discussedoaly with
plans for improving the system, including developig a richer
base of robot action and perception predicates thawill allow
the use of richer language. We thus demonstratefer the first
time - the capability for a human user to tell a hmanoid what
to do in a cooperative task so that in real time,he robot
performs the task, and acquires new skills that sigficantly
facilitate the cooperative human-robot interaction.

[. INTRODUCTION
Humanoid robots are now physically capable o
locomotion, object manipulation, and an essentiall

unlimited set of sensory motor behaviors. Thiss gbe
scene for the corresponding technical challengew idan
non-specialist human users interact with these tsofar
human robot cooperation? Crangle and Suppes [fddsta
“(1) the user should not have to become a programane
rely on a programmer, to alter the robot’s behavaod (2)
the user should not have to learn specialized teahn
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communication. As the meaning to be communicated
becomes more complex, so do the grammatical
constructions used. Construction grammar (CxGyipes
a linguistic formalism for achieving the requiredkl from
language to meaning [2]. Meaning is representea in
predicate-argument (PA) structure as in (2), basaed
generalized abstract structures as in (3). Theepa¥
these constructions is that they are based on aalbstr
“variables” that can take an open set of arguments

(1) John put the ball on the table.

(2) Transport(John, Ball, Table)

(3) Event(Agent, Object, Recipient

We can thus use the PA structures to extract robot
commands from natural language, and to generatgahat
language descriptions of physical events extradtech
video scenes [3-8]. The objective of the curresteech is
to begin to use natural language in order to alfmunan
users to “tell the robot what to do” and “teach dr
“program it” with spoken language. In a relatedtext,
Nicolescu and Mataric [9] employed spoken langutme
allow the user to clarify what the robot learned by
demonstration. In order to explore how language loa
used more directly, Lauria et al. [10] asked naubjects
0 provide verbal instructions to a robot in a wisu

avigation task. Their analysis of the resultimgeexh
Xorpora, yielded a set of verbal action chunks twatld
map onto robot control primitives. They demonstdathe
effectiveness of such instructions translated ithese
primitive procedures for actual robot navigatiod][1 This
indicates the importance of implementing the magpin
between language and behavioural primitives fotunadt
language instruction or programming [see 12]. heway by
imitation and/or demonstration likewise provide husts
for humans to transmit desired behaviour to rofiti2s14].
The current study extends such methods in a coreptiany
way.

For the first time, spoken language is used inigs to
allow the user to command a bi-manual humanoid, tand
create new behavioural patterns that can be imredylice-
used based on ongoing task requirements. To dowdi
must first determine the set of action/command ines
that satisfy two requirements: 1. They shouldalla
logical decomposition of the task into units thegt aeither



too small (i.e. move a single joint) nor too langerform
the whole task). 2. They should be of generdityto
that other tasks can be performed with the sameofet
primitives.

Il. A SCENARIO FORHUMAN-ROBOT COOPERATION

A. The Scenario

Figure 1 illustrates the HRI scenario that we aralin
this research which involves two humans and theP#2R
cooperating in the construction of a small tabléhe
construction task will involve attaching the legs the
surface of the table with wood screws. Userl an l#it
interacts with the robot and with User2 on the tigla
spoken language.

Userl will command the robot to prepare to receine
of the table legs that will be passed to it by @sefThe
robot waits until it receives a “continue” signedrin Userl,
and will then pass the leg to Userl who will take teg,
and then ask the robot to hold the table top stealtbwing
Userl to attach the leg to the table. Userl tledla the
robot to release the table. At this point, thatfleg has
been attached to the table, and the “get the legadtach
it” sequence can be repeated.

B. On-line commanding with repetitive a subsequence

On-line commanding allows the user to be responsive
new situations, and to learn him/herself by takimg robot
through a given task or tasks. On the other hfordasks
that are well defined, the user should be abledgnam the
robot by saying the sequence of commands and gtdtrin
before the actual execution. In between these tv
conditions there may arise situations in which wgirthe
course of solving a cooperative problem with thisoto the
user comes to see that despite the “open endedoéss”
given problem set, there may be repetitive subtalkks
occur in a larger context in which some uncertaicéyn
exist. In this type of situation, the human useymwant to
teach the robot about the repetitive part so tlais be
executed as an autonomous “macro” while the udér s
remains in the execution loop for the components th
require his/her decision.

The table assembly task corresponds to this situati
For each of the four legs the robot should recéieeleg
from User2, pass it to Userl and then hold theetabiface
in place while Userl attaches the leg to the tabédore
repeating the same procedure for the next legerAftor
two repetitions of this exercise, for the first leg two,

Based on the requirements derived from this scenasg
can now begin to allocate these requirements tierdifit
components of the system. The current studies are
performed with the Kawada Industries HRP-2 humanoid
robot [15] under the control of the OpenHRP cotgrol
[16]. The HRP-2 has 30 controlled degrees of foeed8
of which are used in this study. The spoken laggua
interface technology is provided by the CSLU RABtsyn.
This runs on a PC Pentium Il Windows machine, \vhic
communicates with the OpenHRP controller via wesle
internet with an ssh connection. The system igequi
modular however, and the robot controller for the
OpenHRP can be replaced by the controller for other
robots. We have used the AIBO ERS7 with a WIFI
interface, the Lynxmotion 6DOF robot arm, and Klrape
mobile robots with a serial port controller [3].arP of the
novelty here is the use of the HRP-2 with many more
effective degrees of freedom and possibilities fah
cooperative interaction.
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Fig. 1. Implementation architecture and stylizéelwof the cooperative
interaction scenario. The two human users andHfRB-2 will cooperate

in constructing the table

A. Dialog Management
Dialog management and spoken language processing

Userl should have a good idea of how this repeatifyoice recognition, and synthesis) is provided ley €©SLU

subsequence goes, and can thus teach it to thé gotibat
the entire behavior can be accessed by a singlenench

Rapid Application Development (RAD) Toolkit
(http://cslu.cse.ogi.eduioolkit/). RAD provides a state-
based dialog system capability, in which the pasdegm
one state to another occurs as a function of retogrof
spoken words or phrases; or evaluation of Boolean




expressions.

In the mixed initiative dialog system we developtt
system prompts the user with “I am ready” and whaitghe
user to respond with one of the commands (Tablantl)
these are immediately executed. The user canisdse

C. General learning and control commands

In addition to the HRP-2 specific motion commanitie,
system requires a set of commands that allow tlee tas
control the actual programming and program exenutio
These commands and their consequences are presented

commands for programming the robot (Table 2). &hesragple 2. When the user invokes the “Learn” comminel

commands include “learn” and “ok” which indicateet
beginning and end of a macro sequence to be stdrieds,
in a single session, a user might first operatdirect mode
to become familiar with how to solve a given prabjéhen

dialog system begins to encode the sequence of the
subsequent commands that are issued. The usereuioc

to issue action commands to effect the desiredtteskwill
make up this sequence. When the user has finitieeplart

pass into macro learning mode, generate a new @MOQrof the task he wants to program, he issues the “OK”

and run it in order to simplify subsequent taskoexien.

B. HRP-2 Specific Commands

The behavioral result of a spoken action commaatlith
issued either directly, or as part of a learnech ptathe
execution of the corresponding action on the roBaised
on the preliminary analysis of the table-buildinggisario
described above, a set of primitive actions wastified
forthe HRP2. Each of these actions, spetifieTable
1, corresponds to a particular posture or posecgience
that is specified as the angles for a subset oB8th®OFs.
These actions have been implemented in pythontsdhipt

command. This results in the action sequence heiittgen

to a file. Now, when the “Macro” command is issp#is

file is read into an array, and the commands are
sequentially executed. During these executiong th
behavioral scenarios above also identified the irement

for a conditional wait, in which the execution ofstored
sequence waits for the user to finish what he isglahich

the user signifies with the “continue” command. $hu
when the “wait” condition is issued, the systemsgesuuntil

the “continue” command is issued.

Table 2. SLP Learning and Control Commands

specify final joint angles and motion duratiors the

given postures. The only existing HRP-2 capabilieyuse

is that of commanding joint angles and movemene tim
python scripts. Script execution is triggered reshoby

the CSLU toolkit, and communicates directly witie

low-level OpenHRP framework (Fig. 1). The moti® |
achieved by linearly interpolating joint angledetween
the starting and final configurations, for each cife

action. We have chosen these simple actions ieraa
demonstrate the feasibility of the overall approachhe
table-building scenario, with the expectation ttrety will
generalize for application to other related taskilore
complex functions are currently under development.

Table 1. HRP-2 Specific Action Commands

Motor Command | Resulting Actions
Prepare Move both arms to neutral position,
rotate chest to center, elevate left
arm, avoiding contact with the work
surface (5 DOF)
OpenLeft Open left hand (1 DOF)
Closeleft Close left hand (1 DOF)
Give it to me Rotate hip to pass the object in left
hand to Userl, left in Fig 1 (1 DOF
Hold Center hip, raise right arm preparing
to hold table top (5 DOF)
Right open Open right hand (1 DOF)
Right close Close right hand (1 DOF)

Commands Correspondence

Learn Begin encoding subsequent commands

OK Store encoded command sequence in
macro

Macro Execute the stored macro

Wait Interrupt command execution until a
spoken “continue” command is issued

Continue Terminate the “wait” pause and resume
execution.

IV. EXPERIMENTAL RESULTS

In order to evaluate the implemented system, we
performed two experiments that involved human-robot
cooperation via SLP. In the first experiment, tiueman
users and the robot cooperate to construct a safdél. In
the second experiment, they cooperate again, ithis to
take the table apart. In our initial developmattly the
first experiment was planned, but when it was sssftdly
accomplished we wanted to determine if the setctiba
primitives we had developed were indeed generaligmto
extend to a new but related task of disassembtiagable.

Each of the two experiments will be presentedpofedd
by an analysis of the effects of the ability to gnam on
measures of efficiency of task completion.

A. Experiment 1: Assembling the table

In the following paragraphs we provide the literal
transcription of the human-robot dialog, annotateith
explanation about the corresponding human and robot
behavior and key system functions in <> brackdabot



language will be indicated iitalics, and human language Wait. You said wait? Yes. Waiting for your signal

in plain text, with main commands bold. <During this wait period, Userl attaches the lethtotable
as in Fig2D, and then gives the “continue” commuaithen
1) Phase 1. Spoken language commanding. ready.> Continue. | am ready. Right open. You said

The users begin their first interaction with thebab right open? Yes. Opening right hand.<Userl takes the
Userl controls the task via spoken language. Bsecthe table from the robot and prepares for the nextlégam
task is new to him, he proceeds for the moment tgly ready.
commanding the robot, with no programming.

2) Phase 2: Programming the Robot

Dialog <Robot initiates the interactiontam ready At this point, Userl has used spoken language tele-
Prepare. You said prepare?fes. <Because of possible operation to enlist the robot’s assistance in httayr the
errors in speech recognition, we choose to havexaticit ~ first leg to the table, as indicated in Fig. 2. vé&i the
validation on each command as illustrated hereXnowledge of the task Userl has gained, he is eaay to
Preparing to graspsRobot raises left hand bam ready. “program” the robot for the repetitive component thé
Left open. You said left open?Yes. Opening left hand. task by using the “learn” command.
<Robot opens left hand> am ready. <User2 places the Dialog: Learn. You said learn?Yes. I'll start learning
table leg in the robot’s left hand as in Fig2A)eft close  now. | am ready. Prepare. ...The interaction continues
You said left closeYes. Closing left hand.<Robot closes as in Phase 1 until the end ..Continue. | am ready.
left hand to grasp the table letyam ready Give it to me.  Right open. You said right open?Yes. Opening right
You said give it to me?Yes. Giving you the object. hand. <Userl takes the tablebam ready. OK. You said
<Robot turns to its right, holding the table legt aa OK? Yes. OK we will store this plan. | am ready.

Userl> | am ready. At this point the sequence of commands includimg t
conditional wait are now stored as an SLP macro for
immediate re-use.

3) First Execution of Stored Program Macro
Dialog: Macro. You said macro? Yes. Running the
macro. Preparing to grasp. Waiting for your signa
Continue. Closing left hand. <Robot takes leg from U2>
Giving you the object. Opening left hand. <Uldaskeg>.
Getting ready to hold. Waiting for your signaliontinue.
Closing right hand. Waiting for your signal <Userl
attaches the leg>Continue. Opening right hand. In line
macro finished. | am ready. <Third leg is nowaelied.
Userl takes the table. Same procedure with mixro
attaching fourth leg.>

4) Performance Analysis of SLP Effects

During the assembly of the first two legs, Userdued
Figure 2. Cooperative task execution. A. Userdsaeg to Robot. B. 10 distinct commands for each of the two legs.tallisg
Robt har_1ds leg to Userl. C. Userl gives tabledooR D. Robot holds Iegs 1 and 2 took 3min 25sec and 3min 24sec. Ghee
table while Userl attaches leg. program was learned, for legs 3 and 4, a singlencamal
initiated the program, and the user was only reguito

Left open. You said left open¥es. Opening left hand. is%ue 3 “continue” commands in order to indicatethe

<As the Robot opens the hand, Userl reaches for ¥hot that he was ready to proceed. Execution tivae
grasps the table leg (as in Fig. 2B)>am ready. Hold. reduced to 2:11 and 2:33 respectively. The abildy

;trrg t1;|]rstt (;)fl se\;lglraluprlniltwt(tes rr]equtlrr]edl for thep(;)t _to execute a suite of primitive behaviors with a sngl
'tot e’?il e<V_V”:_e_ serl a aclesf € e\gauhsal 9'V‘_"t_ command had a significant impact on the executioe for
It to me= No. IS IS an example of a speech recogni IOEompletion of the task. Fig 4 indicates the averag

error.> | am ready. Hold. Ygu said hold?Yes. Getting xecution times for the individual commands undes t
ready to hold<The robot orients to the work surface an(gxplicit command conditions without the programmed

raises its right handl am ready Right open You said 5019 (CMD) at 25.14 sec/operation, and under macro
r?ght open? Yes. Opening right hand<With the rol_aot_’s program  execution conditions (PRG) at 15.00
right ,hand open, Userl places the t_able top withie sec/operation. We performed a statistical analgéithe
robot's grasp (Fig. 2C). | am ready Right close You \arjance (ANOVA) in these completion times examinin
said right close? Yes. Closing right hand. | am ready. the effects of Repetition (i.e. first and secoridl in either



the CMD or PRG mode), and Programming conditiog (i.

CMD vs PRG). Only the Programming condition had

hip to face Userl>l am ready. Left open. Opening left
&and. | am ready.<Userl places the first table leg within

significant effect on the completion times (ANOVA,the robot's left hand.> Left close Closing left hand.

Programming Effect: F(1,6) = 109, p < 0.0001). e3¢
results demonstrate that SLP not only eliminateshéred to
enumerate the successive commands, it also signifjc
reduces the task completion time.

Individual Command and Execution Times
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Fig. 3. Average command execution times for thédihg (Expl) and
Undoing (Exp2) task using spoken language for na-tommanding
(CMD) and for macro programming (PRG).

B. Experiment 2: Disassembling the Table

Part of the utility of a spoken language capabifily
robot programming (as for traditional programmimgj) be
to allow the human user to program arbitrary betayi
rather than just a single behavior. Experimentus ttests
whether the system that was developed for assegntiiim
table could equally well serve to allow the useptogram
the robot to aid in disassembling the table.

Disassembly resembles the reverse process of alysem

Userl will first ask the robot to hold the table ilwhhe
removes the leg. Userl will then put the robob ittte
“give it to me” posture, with the left hand opeivegit the
leg, and then issue to “prepare” command so thatdbot
passes the leg to User2 who then puts it awayebse of
reading, we dispense with the portion of the diatoghich
the robot asks for confirmation of each command.

1) Phase 1. Spoken language commanding.
Dialog: | am ready. Hold. Getting ready to hold. | am
ready. Right open Opening right hand. | am ready.
<User2 puts table in robot’s handRight close Closing
right hand<Robot grasps the tablebam ready.Wait.

<Robot grasps the legiam ready. Prepare. Preparing
to grasp <Robot orients to User2> | am ready. Left
open. <User2 takes the leg.bam ready.

2) Phase 2: Programming the Robot

As in the previous experiment, after one run wiith first
leg, Userl is now ready to program the robot. Agtie
user initiates the program storage by saying “Learde
then executes step-by-step the procedure for takieg off
and passing it to User2 with the help of the rolsotd
finally storing this program by saying “OK”. Theportant
point is that by using exactly the same primitiles in a
different sequence we were able to generate a t@eds
macro on the fly for a different, but related, tashus
demonstrating the generalization capability of tBEP
system.

3) First Execution of Stored Program Macro

| am ready. Macro. Running the macro. Getting ready
to hold. <Userl places the table in the robot’s right hand>
Closing right hand. Waiting for your signal< Userl
unscrews the leg and then tells the robot to caoatin
Continue. Opening right hand<Robot releases table,
userl places it on table surfacé>reparing to grasp.
<Right hand descends, left hand raises, prepadnzke
the leg> Giving you the objeckRobot rotates hip to face
Userl>. Closing left hand.<Robot takes the leg from
Userl>Preparing to grasp. <Robot orients to User2>
Opening left handRobot gives the leg to User2> The
second execution of the macro for the final leglentical,
Bnd the table is thus taken apart.

4) Performance analysis

As in Experiment 1, the use of the programming
capability for the third and fourth leg (executed?t51 and
2:51 respectively) vyielded significant reductions i
execution time as compared with the first two legs
(executed in 3:57 and 4:11 respectively). To campa
performance in the two experiments we performedna
ANOVA with the factors Experiment (Expl vs. Exp2),
Programming vs simple voice Commanding (PRG vs
CMD), and Repetition (First vs. second repetitianeach
condition). Figure 3 indicates that both for Exgrid Exp2
the completion times were elevated for the CMD RGP
conditions, i.e. action execution was slower when

Waiting for your signal. <Userl unscrews the first leg programming was not used. The ANOVA reveled timy o

while the robot holds the tableGontinue. | am ready.

the Programming effect was significant (F(1,6) 2@ <

Right open. Opening right hand<Robot releases table, 0.0001).

Userl takes the table and places it on the worlacer |

am ready. Prepare. Preparing to grasp. <Right hand
descends, left hand raises, preparing to takeetpellam
ready. Give it to me Giving you the object<This is a
bit counter-intuitive. With this command robot at#s its

V. DISCUSSION

Over the past several years we have experimentdd wi
spoken language control of different robot systems



including the AIBO ERS-7, the Khepera mobile rokand
the Lynx-6 arm (see
http://dominey.perso.cegetel.net/RobotDemos.htm for
video demos) [3-8]. Part of our goal in these mffdas
been to develop a generic system for commanding and
programming robots that can be rapidly adapted @ n
robotic platforms.

1) Lessons learned

In this context, the current research has yieldedtte
first time, the ability for a human user to emplsyoken
language to program a humanoid robot in real time t
participate with humans in two distinct cooperatiand
complex object manipulation tasks. Despite thisitpe [
outcome, however, we have not yet fully exploitée t 2]
potential richness of the predicate-argument sfreciof
grammatical constructions. There are two importar®l
considerations to note here. First, a 3 monthd feglidy

the

with an interacting robot [17] concluded that exp&ons [4]
on language-based interfaces have often been ¢ &nd
that “we need rich empirical experience of the ofsebust
: . (5]
and simple systems in order to formulate new afel/aat
questions,” justifying our simplified (and succespsf
approach. Second, this simplified approach hasdaigs in (6]
generating requirements for higher level predicate
argument representations for robot action and péae
that will allow us to more deeply exploit the conmiwative  [7]
richness of natural spoken language.
2) Related Research [8l

Communicative interaction that will allow humans to
truly cooperate with robots is an open and actinea aof

research. Progress towards this objective is beiade in el
part via well-documented methods for action leagrimat
include demonstration and imitation [13-14]. Leage [0
has been used in this context for correcting aadifging

what is being learned by demonstration [9]. Onehef [11]
fundamental requirements is to establish the grednd
meaning at the base of the communication, thataslink [12]

between human language, and robot action and percep
This has recently been explored and developed én th
domain of language based navigation [10, 11]. Rog
colleagues further establish these links via an daho
Grounded Situation Model that integrates perception
action and language in a common framework for laggu [14]
based human-robot cooperation [12]. We have made
progress with a system that can learn grammaticgb]
constructions which make the mapping between pagelic
argument representation of action as perceived mbat
vision system, and natural language sentenceslésatibe
that action, generalizing to new action scened]3,n this
context of language-based human-robot cooperatioa,
current research demonstrates - for the first timenhe
capability for a human user to tell a humanoid wibado in
a cooperative task so that in real time, the rqimforms
the task, and acquires new skills that significafdtilitate

[16]

[17]

the ongoing cooperative human-robot interaction.
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